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Editorial on the Research Topic 

Genetic response and resistance in plants towards abiotic and biotic stresses





Introduction

Plants worldwide are increasingly facing severe abiotic stresses such as extreme temperatures, salinity, nutrient deficiency and drought, as well as biotic stresses including damages from pests, pathogens (bacteria, viruses, fungi) and herbivores. These challenges are worsened by climate change, leading to ecological damage and food insecurity. Plants respond to both biotic and abiotic stresses through various mechanisms. These include molecular, cellular, and physiological changes, such as activating stress-responsive genes, producing protective proteins, and modifying hormone levels. These responses help plants mitigate damage, maintain growth, survive and adapt to adverse conditions. Understanding these responses is critical for developing stress-resistant crop varieties that can thrive in challenging environments. This Research Topic explores the genetic responses and resistance mechanisms that plants employ to withstand such stresses. The topic aims to synthesise knowledge on the genetic responses of various plant and crop species and their adaptations to biotic and abiotic stresses. The Research Topic includes 23 studies (19 research and 4 review articles) on natural genetic evolution, gene manipulation, and plant physiological and biochemical changes during stress response. Together, these research contributions advance our understanding of plant resilience and offer critical insights for sustainable agriculture and future research directions. The articles can be broadly categorised into plant responses to general (both biotic or abiotic), biotic or abiotic stress.





General stress responses in plants

Plant responses could be specific to biotic or abiotic stress and can also be triggered by both biotic and abiotic stress which could be categorised under general stress response. The two review articles by Wang et al. and Sun et al. meticulously discuss the roles of uncharacterised genes and actin-depolymerizing factor (ADF) in plant general stress response, respectively.

Wang et al. provided a comprehensive review of the role of uncharacterised genes in plant development and stress responses. The review summarizes the present knowledge of these genes encompassing their structures, classifications, and functions in plant growth and stress resistance. In addition, there has been progress in the techniques used to uncover the roles of these genes. Discovering the molecular functions of previously uncharacterised genes could reveal strategies to optimize key physiological processes in plants. This would enhance the functional network system of plants and offer more opportunities for adaptive improvement. Sun et al. reviewed “the roles of actin-depolymerizing factor (ADF) in plant stress responses”. This review provides an overview of the developments in plant ADF gene research. They concluded that (a) the plant ADF family genes could be explored across a broader spectrum to enhance plant stress resistance (b) the analysis of ADF gene regulation in stress resistance of plants and manipulation of ADF genes through genome-editing techniques are crucial avenues for future investigation in this field.





Plant responses to biotic stresses

Among several biotic stresses, the blast disease severely affects plant growth and crop production in rice. Overexpression of OsSRDP (Oryza sativa Stress Responsive DUF740 Protein) gene under AtRd29A promoter showed tolerance to rice blast (Magnaporthe oryzae) disease (Jayaraman et al.). Interestingly, these rice transgenic plants were significantly tolerant to abiotic stress including drought, salinity and cold demonstrated by physiological, biochemical and molecular assays. The novel OsSRDP gene identified in this study indicates the importance and functionality of DUF740 family gene in multiple stress tolerance in rice. In potatoes, late blight (Phytophtora infestans) is a major disease that leads to serious yield loss. Forty potato genotypes were screened for late blight resistance using an assay which identified five highly resistant wild species including PIN45 (S. pinnatisectum), CPH62 (S. cardiophyllum), JAM07 (S. jamesii), MCD24 (S. microdontum), and PLD47 (S. polyadenium) (Bhatia et al.). Transcriptome sequencing of these lines demonstrated several key candidate genes regulating late blight resistance and multiple signalling pathways. Differential gene expression (DGE) and gene ontology (GO) analysis revealed significantly important genes for stress-response, starch metabolism transcription factors, photosynthesis and phytohormones pathway. This research underscores the potential of DUF740 family genes for breeding rice varieties with enhanced tolerance to multiple stresses.

Stripe rust induced by Puccinia striiformis (Pst), is usually considered a major constraint for wheat production globally. Genome-wide transcriptome profiles in two wild emmer wheat genotypes with contrasting degree of resistance to (Pst) demonstrated the presence of key transcription factors (WRKY, AP2-ERF, bZIP and MADs), and pathways associated with the response and regulation of Pst infection in wheat (Ren et al.). These research findings contribute to understanding the molecular mechanisms of the response to strip rust.

Recently, aphid has become an emerging and most devastating pest of sorghum. A combination of transcriptomic and pathway analyses of sorghum genotypes (resistant Tx2783 and susceptible BTx623) demonstrated key transcription hubs and pathways associated with aphid response (Shrestha et al.). This study meticulously identified several genes associated with signal perception (NBS-LRR), signal transduction MAP kinases, salicylic acid and jasmonic acid pathways which shed light into the understanding of the molecular mechanism of host-pathogen interactions.

In addition to biotic challenges, plants also face several abiotic threats, including growth environment and nutrient conditions, which are described further.





Plant responses to abiotic stresses

The abiotic stress category included plant response to drought, salinity, heat stress, nutrient deficiency and toxic element accumulation. Rai et al. reviewed the role of WRKY proteins in plant salinity stress. The study provides a comprehensive examination of how salinity affects plants globally, emphasizing the critical need to address this issue for food security. The study delves into the mechanisms by which plants detect and respond to salt stress, highlighting the role of WRKY proteins in this process. WRKY proteins are key regulators that modulate various plant responses to salinity, helping plants to better cope with and survive in high-salinity environments.

Graci et al. reviewed plant response to heat stress in tomatoes, particularly during the reproductive stage which has a direct impact on yield. The review covers a wide range of genes and their roles in helping plants cope with high-temperature conditions, which is crucial for maintaining yield. The key genes include (a) transcriptional factors (TFs): TFs regulate the expression of other genes, helping plants respond to heat stress by activating or repressing specific pathways; (b) heat shock proteins (HSPs): HSPs act as molecular chaperones, protecting other proteins from denaturation and aggregation caused by high temperatures; (c) genes related to flowering and fruit set: these genes ensure the proper development of flowers, pollen, and fruit, which are crucial for plant reproduction and yield, even under heat stress; (d) epigenetic mechanisms (DNA methylation, histone modification, chromatin remodelling, and non-coding RNAs).

Interactive abiotic climate change factors like atmospheric CO2, temperature and water have complex effects on plant growth and survival. Opoku et al. investigated diverse physiological and yield responses of barley (C3 crop) and sorghum (C4 crop) to different climatic conditions and interactions. This complex association indicates sorghum is more vulnerable to climate change compared to relatively more stable barley. Furthermore, under some conditions with the combination of high CO2 and temperature, with enough available water, C4 crops may outperform. In contrast, the C3 crops perform better under drought stress combined with lower temperature conditions.

Functional characterisation of stress-responsive genes using transgenic plants is a well-established approach to comprehending their critical role in climate resiliency and further exploiting them for crop improvement program. Zhu et al. showed that a ‘mulberry 9-cis-epoxycarotenoid dioxygenase’ (MaNCED1) gene is actively involved in the regulation of plant growth and imparts tolerance to drought and salt in transgenic tobacco. They also suggested that abscisic acid coordinates with ethylene and auxin to control the seed germination, abiotic stress tolerance and seed growth. Sun et al. showed that Glycine max actin-depolymerizing factor (GmADF) genes are involved in diverse abiotic stresses in particular drought and salt stress in soybean. Segmental duplication is majorly associated with GmADF gene expansion during evolution. The potential candidate genes need to be tested and studied through functional studies for soybean improvement. Sun et al. investigated the ‘plant AT-rich sequences and zinc-binding proteins’ (PLATZ) gene family (that are significantly involved in environmental stress response) in Rosaceae species including apple, peach, pear and strawberry. Genome-wide identification analysis demonstrated 104 PLATZ genes in the apple genome. Expression, co-expression network and subcellular localization demonstrated specific MdPLATZ genes are majorly involved in drought and ABA stress. Chen et al. performed integrated metabolomic, transcriptomic, and physiological analysis of the effect of silicon dioxide nanoparticles on Ehretia macrophylla seedlings during severe drought stress. The differentially expressed genes (DEGs) regulated by silicon particles are mainly involved in pathways of auxin signal transduction and protein kinase signalling. They demonstrated that metabolism of α-linolenic acids and fatty acids plays an active role in improvement of drought tolerance in E. macrophylla plants.

Plant stress is generally regulated by multiple traits. However, most of the research studies are typically associated with single traits/genes. Genome-wide association studies (GWAS) emerged as an effective method that studies complex or multiple traits associated to single/multiple stress. In alfalfa, (Medicago sativa) Mnafgui et al. performed comprehensive GWAS for the traits related to biomass and growth of 129 accessions. A combined stress of salinity (abiotic) and Phoma medicaginis (biotic) infection was given to these genotypes and GWAS was carried out to characterize the significant association of SNPs and 7 growth traits. Key significant SNPs were identified for the number of healthy leaves, chlorotic leaves, length of the main stem, aerial weight (fresh & dry) and necrotic leaves. The study reveals significant markers for traits associated to cellular metabolism, cell wall rigidity and NBS-LRR gene family. Altogether, these analyses identified 5 alfalfa accessions tolerant to combined stress which could be important for the alfalfa breeding program. Sharma et al. conducted genome-wide identification and transcriptome-based expression profiling of the NHX gene family in wheat during salt stress. They are unevenly distributed across 18 chromosomes, with none on chromosomes 6A, 6B, and 6D. Segmental duplication events were crucial for the expansion of these genes. Phylogeny, protein-protein interactions, promoter and qRT-PCR analysis showed that key TaNHX genes are associated with salt stress tolerance in wheat. This research highlights the importance of the wheat NHX family in response to salt stress and provides a basis for further investigation. In another excellent genome-wide analysis by Zhong et al. in peanuts under abiotic stress and hormone treatments, regulatory mechanisms and expression profiles of TGA genes were revealed. The study identifies 20 genes classified into five groups. These genes showed different expression patterns in low temperature, drought stress and in response to hormonal stress. Among all the genes, AhTGA11 was functionally validated in Arabidopsis transgenic and hairy roots of transgenic soybean, demonstrating their significant involvement in low temperature, as well as drought by regulating jasmonic acid, salicylic acid and abscisic acid. These findings offer valuable insights for breeding abiotic-resistant peanut varieties.

In wheat, Saroha et al. identified heat-responsive micro-RNAs (miRNA) in contrasting genotypes during the reproductive stage under heat stress. Several miRNAs showed genotype-specific expression patterns while many differentially expressed novel miRNAs were identified under heat stress (HS). Degradome analysis clearly demonstrated the several hundred targets of miRNAs in heat stress indicating the vital role played by miRNA for HS tolerance. Heat stress modifies the plant transcriptome at the transcription level as well as alters alternative splicing (AS), and intron retention (IR). He et al. showed that in response to HS, the Arabidopsis plant showed a reduction in the expression of the NTC-related protein 1 - associated complex to provide the requirement for transcription of heat-responsive genes like heat shock proteins (HSPs) and heat shock factors (HSFs). These genes help to accumulate improperly spliced especially IR products and eventually cause harm to plants. TS et al. carried out a comprehensive genetic analysis of heat tolerance in hot pepper using QTL mapping. They developed a biparental F2 mapping population by crossing the heat tolerant (DLS-161-1) and heat susceptible (DChBL-240) genotypes which exhibit contrasting phenotypic differences for heat tolerance to characterise the genetic architecture underlying heat tolerance in hot pepper. Many QTLs for physiological traits, fruit yield per plant, chlorophyll content, morphological traits (including plant height) for heat tolerance were identified in this study. Further, fine mapping of these QTLs and new markers developed from these loci will offer better insights for the development of heat-tolerant varieties. Another heat-stress response study by Chaddad et al. demonstrated a meta-analysis of microarray data in A. thaliana under heat stress. They identified 1972 significant DEGs associated with heat tolerance specifically associated with pathways for heat-shock protein, mRNA splicing, unfolded protein binding and secondary metabolite biosynthesis. One of the key insights of the study is that heat stress affects the expression of genes not only at the transcriptional level but also at the post-transcriptional level.

The abiotic stress category also included studies on iron deficiency chlorosis (IDC), phosphorus use efficiency (PUE) and cadmium (Cd) accumulation. Kohlhase et al. showed that the QTL on soybean chromosome Gm03 is comprised of four unique linkage blocks, with every single block contains certain candidate genes for IDC. They validated the function of 3 candidate genes through virus-induced gene silencing by developing 3 single-gene constructs to target GmGLU1 (Glutamate Synthase, Glyma.03G128300), GmRR4 (Response Regulator, Glyma.03G130000), and GmbHLH38 (beta Helix Loop Helix, Glyma.03G130400 and Glyma.03G130600). Results showed that GmRR4 and GmGLU1 silenced plants affect the iron uptake/transport ability that leads to iron deficiency chlorosis. This study demonstrated the importance of the Gm03 QTL region and the need for it to be investigated in detail to validate the underlying candidate genes for IDC in soybean and related legume crops. Zeffa et al. performed a multi-locus GWAS for phosphorus use efficiency (PUE) in 132 maize inbred lines. The study identified 306 quantitative trait nucleotides (QTNs) associated with the 24 agronomic traits (including roots, shoots, plant height, phosphorus utilization and contents) and 186 potential candidate genes significantly associated with various molecular functions such as transcription regulators and factors, transporters, and transferase. In summary, the identified QTNs, favourable alleles and genes provide new insights into the genetic architecture of PUE and to develop better maize varieties. Li et al. investigated the mechanism of cadmium (Cd) accumulation by Sedum plumbizincicola where they demonstrated a novel protein associated to cadmium stress by using comparative transcriptome and iTRAQ proteome analysis. Altogether, the results illustrate that the newly identified protein Sedum plumbizincicola SIZ1 (SpSIZ1) showed interactions with SpABI5, that increase the expression of downstream genes of abscisic acid signalling pathway which helps for Cd tolerance.





Conclusions

The studies presented in this Research Topic highlight the diverse genetic, molecular and physiological mechanisms plants employ to counteract abiotic and biotic stresses. The identified stress tolerance mechanisms, novel QTLs/genes, and advanced methods and approaches described in these articles facilitate the knowledge and provide resources and future directions for crop improvement. Altogether, these advancements help to develop climate-smart crops with better productivity and climate resilience that plays a major role to ensure food security worldwide during climate change.
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As a common adverse environmental factor, heat stress (HS) not only drastically changes the plant transcriptome at the transcription level but also increases alternative splicing (AS), especially intron retention (IR) events. However, the exact mechanisms are not yet well understood. Here, we reported that NTC-related protein 1 (NTR1), which acts as an accessory component for spliceosome disassembly, is necessary for this process. The mutants of NTR1, both the T-DNA insertion and the point mutation identified through ethyl methanesulfonate (EMS) mutagenesis screening, are vulnerable to HS, indicating that NTR1 is essential for plant HS tolerance. At the molecular level, genes of response to heat and response to temperature stimulus are highly enriched among those of heat-induced but less-expressed ntr1 mutants. Moreover, a large portion of HS response (HSR) genes such as heat shock transcription factors (HSFs) and heat shock proteins (HSPs) are less induced by heat treatment, and more AS events, especially IR events, were found in heat-treated ntr1 mutants. Furthermore, HS suppressed the expression of NTR1 and NTR1-associated complex components. Thus, it is very likely that upon HS, the plant reduces the expression of the NTR1-associated complex to fulfill the fast demands for transcription of HSR genes such as HSFs and HSPs, which in turn results in the accumulation of improperly spliced especially IR products and eventually causes harm to plants.
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Introduction

As global warming has accelerated in recent decades and extremely high temperature frequently happens, heat stress (HS) becomes a more and more adverse factor to affect plant growth and development, especially the yield of crops (Dusenge et al., 2019; Jagadish et al., 2021). HS influences the physiological and biochemical processes of plants such as impairing photosynthetic activity, respiration, and water metabolism (Zhao et al., 2020; Jagadish et al., 2021). Being sessile, plants evolved exquisite systems to counteract these unfavorable conditions and exhibit certain HS tolerance. Plants respond quickly to HS with new proteome or metabolites produced, such as molecular chaperones and antioxidant enzymes, achieving some extent of HS resistance (Jespersen, 2020).

At the molecular level, when encountering HS, plant cells reprogram the transcriptome mainly through the heat shock transcription factor (HSF)–heat shock protein (HSP) regulons. Plant HSFs are stimulated by HS and play a central role in HS response to regulate the expression of downstream HS response (HSR) genes such as HSPs. For example, HSFA1s act as master regulators in Arabidopsis since they activate the expression of other transcription factors (TFs) like DEHYDRATION-RESPONSIVE ELEMENT BINDING PROTEIN 2A (DREB2A), HsfA2, HsfA7a, HsfBs, and MULTIPROTEIN BRIDGING FACTOR 1C (MBF1C), and hsfa1s quadruple mutants (hsfa1a/hsfa1b/hsfa1d/hsfa1e) exhibit a severe decrease of thermotolerance and reduced induction of HSR genes (Yoshida et al., 2011; Ohama et al., 2017). HsfA2 is steeply induced by HS and is needed for the extension of acquired thermotolerance (AT) (Charng et al., 2007; Lamke et al., 2016). In Arabidopsis, HsfB1 was reported as a repressor to repress expression of HSFA2, A7a, B1, and B2b (Ikeda et al., 2011). However, hsfb1 hsfb2b double mutant shows decreased AT than the wild type (Ikeda et al., 2011), indicating that HsfBs also promote HSR in Arabidopsis.

HSPs are chaperone proteins induced by HS as well as other stresses. They not only function for the renature of misfolded proteins caused by stress but also are involved in the post-translational regulation of HSFs. For instance, HSP70 and HSP90 could interact with HsfA1s through the temperature-dependent repression (TDR) domain of HsfA1s to repress the transactivation activity and nuclear localization of HsfA1 (Hahn et al., 2011). During HS, the increasing misfolded proteins cause dissociation of HSP70/HSP90 from HsfA1s, releasing HsfA1s to translocate to nuclear to activate downstream TFs (Ohama et al., 2016).

Non-coding RNAs are also engaged in HSR regulation. MiR398 is a direct target of HsfA1 and is rapidly induced by HS. Targets of miR398 are reactive oxygen species (ROS)-scavenging genes. Induced miR398 results in ROS accumulation and then activation of HsfA1, which forms a positive feedback loop (Guan et al., 2013). MiR156 is also induced by HS and regulates HS memory through the miR156-SPL (SQUAMOSA-PROMOTER BINDING-LIKE) module (Stief et al., 2014; Zhao et al., 2016). Targets of ta-siRNAs (TRANS-ACTING SMALL INTERFERING RNAs) and HTT1/2 (HEAT-INDUCED TAS1 TARGET 1/2) are activated by HsfA1a and induced by HS. However, overexpression of TAS1a results in a decrease in thermotolerance as the expression of TAS1-siRNAs increases, resulting in reduced expression of HTT1/2 (Li et al., 2014).

Alternative splicing (AS), utilizing alternative splicing sites to form different mature mRNAs, is a key process for eukaryotes to enrich gene-encoded products and also an important way to regulate gene functions. Stress promotes AS events in plants, which result in the accumulation of dysfunctional products (Laloum et al., 2018). Moreover, AS may perform a vital role in the regulation of key players for plant stress response (Ling et al., 2021). For instance, severe HS causes HsfA2 to generate a splicing variant, which encodes a small truncated HsfA2 isoform (S-HsfA2). S-HsfA2 is only detected during HS or the recovery period after HS and functions as an HSF to activate HsfA2 expression (Liu et al., 2013). HS induces the production of a DREB2A variant transcript to form a truncated protein without the C-terminal domain required for DREB2A degradation (Vainonen et al., 2012). bZIP60, a basic leucine-zipper domain-containing transcription factor, is associated with unfolded protein response (UPR) in Arabidopsis. HS-induced UPR causes AS of bZIP60 to remove a 23-bp sequence, resulting in the translocation of bZIP60 from the endoplasmic reticulum (ER) into the nucleus (Deng et al., 2011; Ding et al., 2020). Furthermore, HS causes more AS events especially intron retention (IR) events globally compared to normal conditions in high plants, which may result from HS-induced obstacle of pre-mRNA splicing, or be an adaption to HS (Ling et al., 2018; Ling et al., 2021). The components of the splicing machinery itself are also regulated by AS during HS, which is mainly seen from reports of splicing factors of serine/arginine-rich (SR) proteins, that bind to RNA and facilitate pre-mRNA splicing (Ling et al., 2021). For instance, HS induces AS of SR30 to produce more mRNA variants that encode the full-length SR30 protein (Filichkin et al., 2010). HS not only promotes the transcription of SR45a but also increases exon skipping (ES) of the fifth exon of SR45a to form a full-length SR45a protein with an intact C-terminal that contains an arginine-serine repeat (RS) domain (Gulledge et al., 2012). However, how HS leads to the increase of AS especially IR events in high plants and whether other components or accessories of the spliceosome are involved in the regulation of HSR are not clear yet.

NTR1 (NTC-related protein 1), also named SPLICEOSOMAL TIMEKEEPER LOCUS1 (STIPL1), is an accessory component involved in spliceosome disassembly and evolutionally conserved between animals and plants (Dolata et al., 2015). In plants, NTR1 together with Increased Level of Polyploidy1-1D (ILP1), the DEAH-box-containing RNA helicase PRP43, PRE-MRNA PROCESSING 8 (PRP8), small nuclear RNAs (snRNAs), or other components forms the intron-lariat spliceosome (ILS) complex, which is dismantled in the last stage of the spliceosome cycle for recycling the splicing factors (Wang et al., 2019). In Arabidopsis, NTR1 is crucial for circadian rhythm regulation since mutation of NTR1 causes AS splicing of circadian-associated genes (Jones et al., 2012). Additionally, NTR1 promotes microRNA (miRNA) biogenesis with ILP1 by assisting the transcription and splicing of MIRNA (MIR) genes in Arabidopsis (Wang et al., 2019). Here, we report that NTR1 plays an essential role in promoting plant HS tolerance, as NTR1 mutation results in mis-expression and increased false splicing of HSR genes, which contribute to the more vulnerable phenotype to HS for ntr1 mutants, and HS suppresses the expression of NTR1-associated complex.



Materials and methods


Plant materials and growth conditions

T-DNA mutants of NTR1 and their homolog gene STPL2 are referred to as salk_073187c (ntr1-1) (Dolata et al., 2015) and cs315805 (stpl2-T) (Jones et al., 2012), and ILP1 is referred to as salk_030650c (ilp1-1). The construction of an ethyl methanesulfonate (EMS) mutagenesis pool was described previously (Shen et al., 2016). Mutant hl761 was obtained from screening the EMS mutagenesis pool of pHSP18.2:LUC in Col-0 with increased LUC activity after heat treatment. The background pHSP18.2:LUC in the Col-0 transgenic line referred to the control plants (CK). Plant seeds were sowed to half Murashige and Skoog (MS) solid medium to germinate and then transferred to soil for growth in the greenhouse under light:dark (LD) photoperiod with 16-h light and 8-h dark at 22°C to 25°C.



Heat stress treatments

To score the phenotypes of HS tolerance, 7 days after germination (DAG) seedlings on half MS plates were treated with continuous heat exposure (38°C) for 16 h in the incubator (MIR-154, SANYO, Tokyo, Japan) and then moved to 22°C to recover for 5 days. Seedlings grown at 22°C for the same time duration were used for negative control.



Luciferase imaging assays

The 7-DAG seedlings on half MS plates were treated for 1 h at 38°C first, and then the LUC activities for plants were imaged using a charge-coupled device (CCD) camera (DU934-BV, ANDOR Technology, South Windsor, CT, USA) after being sprayed with 1 mM of d-luciferin in 0.1% Triton X-100. The LUC signals were captured and processed using the Andor SOLIS software.



RNA extraction and RT-qPCR

RNA was extracted from 10-DAG seedlings on half MS plates. For heat treatment, 10-DAG seedlings were treated at 38°C for the designed time period, collected, and then flash-frozen in liquid nitrogen for RNA extraction by using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). For semi-quantitative PCR and RT-qPCR, cDNAs were synthesized using Prime Script™ RT reagent Kit with gDNA Eraser (Takara, Maebashi, Japan). RT-qPCR was performed on an ABI Prism 7900HT sequence detection system using AceQqPCR SYBR Green Master Mix (High ROX Premixed) Q141 (Nanjing, China), and TUB2 (AT5G62690) was used as the internal control. The primers used are listed in Table S2.



RNA-seq and analysis

For the RNA-seq experiment, the 10-DAG seedlings of hl761 mutants and the control plants (CK) were used as materials. Seedlings were collected at three time points of heat treatment (38°C), which were before heat treatment and 15-min and 60-min heat treatment. Two biological replicates were used for analysis. Total RNA was extracted using the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions. The RNAs were sequenced by Illumina HiSeq 2500 platform at the company Annoroad (Beijing, China). RNA-seq reads were aligned to the Arabidopsis reference genome (TAIR10) using HISAT2 (Kim et al., 2019), and gene counts were determined using HTSeq (Anders et al., 2015). The differentially expressed genes (DEGs) were identified with Bioconductor package DESeq2 (Love et al., 2014) in R language with a fold change ≥1.5 or ≤2/3 with a false discovery rate (FDR) ≤0.05. Gene Ontology (GO) enrichment analysis was analyzed using agriGO (Tian et al., 2017). For differential AS events, analysis was performed with rMATS (with a threshold of 0.05 and false discovery rate ≤0.05) (Shen et al., 2014).



Histological analysis of β-glucuronidase staining

About 10-day-old seedlings of the transgenic plants expressing pNTR1:GUS grew on half MS medium and were used as material. Before harvest, plants were heat treated at 38°C for 1 h or kept at 22°C as control. Then, seedlings were incubated in 90% acetone on ice for about 30 min and stained in β-glucuronidase (GUS) staining solution (100 mM of phosphate buffer, pH 7.0, 0.5 mM of potassium ferrocyanide, 0.5 mM of potassium ferricyanide, 0.1% Triton X-100, and 10 mM of EDTA, pH 8.0, 10% methanol, and 1 mM of X-gluc). The GUS staining levels were quantified with ImageJ.




Results


The identification of NTR1 mutant hl761

To seek key regulators for HSR, we constructed an EMS mutant pool with plants harboring the reporter gene firefly luciferase (LUC) driven by the promoter the Arabidopsis HSP18.2, which is fast and highly induced by HS (Takahashi and Komeda, 1989; Matsuhara et al., 2000), and screening for mutants with altered LUC activity. One mutant, hl761 (hl for high light), exhibited obviously increased LUC activity compared to the control plants after 1-h heat treatment at 38°C (Figures 1B, C). Through mapping, a point mutation localized at gene NTR1 (AT1G17070) was identified, which causes a G to A transition at the 656th nucleotide, in turn resulting in the 219th amino acid change from glycine to glutamate (G219E) (Figure 1A). NTR1 protein contains three conserved domains: a Tuftelin interacting protein N terminal (TIP-N) domain at N-terminal, a G-patch domain (GP) at the middle, and a GC-rich sequence DNA-binding factor-like protein (GCFC) domain at C-terminal. The position of hl761 mutation localized in the GP domain, which has seven highly conserved glycine residues and appears in many RNA binding proteins for an RNA binding function (Figure S1). To confirm that the increasing LUC activity is due to hl761 mutation, we crossed hl761 to a reported NTR1 T-DNA insertion allele ntr1-1 (salk_073187c) (Dolata et al., 2015) and then scored the LUC activity after 38°C heat treatment. As expected, the F1 plants of hl761 cross ntr1-1 showed a similar extent increase of LUC activity (Figures 1D, E). We also made another complementation test by introducing pNTR1:NTR1 to hl761 mutants. The results showed that NTR1 could fully restore the LUC phenotype, as both two independent reference transgenic lines behaved similarly to the control plants for the LUC activity (Figures 2A, B). The expression level of gene LUC and native HSP18.2 was also quantified. Although both LUC and HSP18.2 were highly induced by HS, the expression level was much higher in hl761 mutants than in the control plants (Figures 2C, D), which is consistent with the LUC protein activity. Together, these results suggest that NTR1 mutation accounts for the acute increase of LUC in hl761 mutants.




Figure 1 | Mutant hl761 harbors a point mutation of NTR1. (A) Schematics of the position of hl761 mutations in the genome and protein. The black triangle shows the insertion place for T-DNA mutant ntr1-1. The color boxes in the lower panel indicate the conserved domains of NTR1. TIP-N, Tuftelin interacting protein N terminal domain; GP, G-patch domain; GCFC, GC-rich sequence DNA-binding factor-like protein domain. (B) LUC activity in 38°C 1-h heat-treated hl761 mutant and control plant (CK) seedlings. (C) Quantification of LUC activities in seedlings shown in (B) Error bar stands for SE, n = 20. (D) LUC activity for the cross-complementation test. Samples were 38°C heat treated for 1 h. (E) Quantification of LUC activities in seedlings shown in (D) Error bar stands for SE, n = 10. n.a, not applicable; CK, background line for hl761..






Figure 2 | Heat-induced high LUC activity in hl761 is complemented by introduced NTR1. (A) LUC activity in 38°C 1-h heat-treated seedlings of control plant (CK), hl761 mutant, and two independent complemental reference lines, which have single copied pNTR1:NTR1 transgene. (B) Quantification of LUC activities in seedlings shown in (A) Error bar stands for SE, n = 20. (C) Relative expression of native HSP18.2 in 38°C 1-h heat-treated seedlings of CK, hl761, and complemental line 1 (Com1). The expression is relative to that of CK without heat treatment. Error bars indicate the SD of three biological replicates. (D) LUC gene expression in 38°C 1-h heat-treated seedlings of CK, hl761, and complemental line 1 (Com1). The expression is relative to that of CK without heat treatment. Error bars indicate the SD of three biological replicates. Asterisks indicate statistically significant differences (**p < 0.01 in Student’s t-test). CK, background line for hl761.





NTR1 is essential for plant HS tolerance

Next, we speculated whether NTR1 has a function on plant HSR, so we scored the HSR phenotype of hl761. Not like the control plants, hl761 mutants could not recover from 16 h of continuous heat treatment at 38°C, while the complemental lines survived almost the same as the control (Figures 3A, B). Furthermore, ntr1-1, the null T-DNA insertion allele, was also sensitive to HS treatment (Figures 3C, D and Figure S2), indicating that NTR1 is vital for plants in HS tolerance. STIPL2 is the homolog of NTR1, with 61.27% similarity between these two proteins. High conservation lies in the G-path domain and the C-terminal GCFC domain but not the N-terminal TIP-N domain between these two proteins (Figure S1). Intriguingly, attenuation of STIPL2 alone did not lead to a decrease in heat tolerance since the null T-DNA mutant of STIPL2 behaved the same as the wild-type plants (Figures 3C, D and Figure S2). Coincidentally, although the G-path domain showed high conservation between NTR1 and STIPL2, an arginine in STIPL2 replaces a glycine in NTR1 in the glycine-rich conserved core region (Figure S1), which may account for the function variation on heat stress regulation. However, we could not rule out the possible function of STIPL2 since the wild-type-like phenotype could be due to functional redundancy between NTR1 and STIPL2, which is also implied by the fact that no double mutant of ntr1-1 stipl2-T or the hl761 stipl2-T could be obtained, as the double mutants may be embryo lethal and could not set seed properly.




Figure 3 | NTR1 is required for plant heat stress tolerance. (A) Heat stress phenotype of CK, hl761, and two complemental lines. Left, seedlings were heat treated at 38°C for 16 h and then recovered at 22°C. Right, the same time duration of seedlings is kept at 22°C. CK, background line for hl761. (B) The survival rate of heat-treated CK, hl761, and two complemental lines. Error bars indicate the SD of three biological replicates. Asterisks indicate statistically significant differences (**p < 0.01 in Student’s t-test). (C) Heat stress phenotype of T-DNA insertion mutants of NTR1 and its homolog STIPL2. Left, seedlings were heat treated at 38°C for 16 h and then recovered at 22°C. Right, the same time duration of seedlings is kept at 22°C. (D) The survival rate of heat-treated Col and T-DNA insertion mutants of NTR1 and STIPL2. Error bars indicate the SD of three biological replicates. Asterisks indicate statistically significant differences (ns, no significance; **p < 0.01 in Student’s t-test).



In addition to being sensitive to HS, hl761 mutant plants showed phenotypes such as small plant size, small and ground leaves, and short root length, which was similar to the T-DNA allele ntr1-1 (Figures S3A–D). The expression pattern of NTR1 was constitutive in plants, as it could be detected in all plant parts (Figure S3E).



NTR1 mutation results in HSR gene mis-expression under HS

To investigate the mechanism of HS tolerance regulation by NTR1, especially at which stage of HSR NTR1 may influence, we performed transcriptome sequencing with the control plants (A) and hl761 (B) mutants at three time points of heat treatment at 38°C: 0, 15, and 60 min (Figure 4A; the RNA-seq flowchart is illustrated in Figure S4). Through principal component analysis (PCA), all the samples could be discriminated at two dimensions. Apparently, heat treatment is the primary factor, as 60-min heat-treated samples were clearly separated from others (Figure 4B), while the distribution of 15 min was quite close to the untreated ones (Figure 4B), indicating that plants with 15-min heat treatment just lie in the early stage of HSR. For PC2, plants were discriminated according to plant genotype (Figure 4B), suggesting that mutation of NTR1 leads to the separation. When looking at the DEGs, 15-min treatment caused a small portion of genes altering expression in both genetic backgrounds (571 upregulated and 371 downregulated for the control and 369 upregulated and 286 downregulated for hl761) (Figure 4C, Table S1); however, much more gene expression altered for 60 min (3,752 upregulated and 3,717 downregulated for the control and 3,637 upregulated and 3,382 downregulated for hl761 compared to time point 15 min) (Figure 4C; Table S1), suggesting that 60-min heat treatment is enough to cause enormous response for gene expression in plants. While comparing hl761 and the control plants, HS also increased the DEG number (495 upregulated and 536 downregulated for untreated, 709 upregulated and 740 downregulated for 15-min treatment, and 1,445 upregulated and 1,531 downregulated for 60-min time point) (Figure 4C; Table S1). Considering the number of upregulated and downregulated genes, heat treatment resulted in a comparable scale of altered genes of both different times of treatment and different genetic backgrounds (Figure 4C).




Figure 4 | Heat stress triggers gene expression changes in plants. (A) The heat stress experiment design for RNA-seq. (B) Principal component analysis (PCA) of samples for sequencing. (C) Differentially expressed gene (DEG) numbers between different samples. Boxes up the 0 axis of y value represent upregulated DEGs, and boxes below the 0 axis represent downregulated DEGs. The number of DEGs is indicated outside the boxes. (D) Gene Ontology (GO) annotation analysis for the biological function of DEGs of hl761 vs. CK (B_A) at three time points of heat treatment. CK, background line for hl761. The y-axis represents the gene fraction of the GO term.



For a better understanding of how NTR1 regulates plant heat tolerance, we performed GO annotation analysis for the biological function of DEGs. As expected, when comparing different time points of heat treatment, for both genotypes, the terms of response to temperature stimulus, response to heat, and heat acclimation were significantly enriched for heat-induced genes (A2_A1 up, A3_A2 up, B2_B1 up, and B3_B2 up) (Table 1). However, this was not the case for heat-repressed genes. It is quite intriguing that the term response to cold was also enriched for heat-induced genes (Table 1), indicating these genes may respond to both cold and heat. When comparing DEGs between the two genotypes, the GO term of the rhythmic process was significantly enriched for all three time points (B1_A1, B2_A2, and B3_A3) (Figure 4D), which is in agreement with the role of NTR1 in circadian rhythm regulation. Another enriched term in all three time points was response to temperature stimulus (Figure 4D), indicating that mutation of NTR1 results in the expression variation of stimulus-response genes, which is understandable, as decreased heat tolerance was observed in hl761 mutants. Moreover, significant enrichment for the term of response to heat and response to temperature stimulus was observed for all three time points, especially for 60-min heat treatment with both directions of gene expression (upregulated and downregulated) (Table 1), suggesting that HS could significantly cause the mis-expression of HSR genes in hl761 mutants.


Table 1 | Genes of response to temperature stimulus and response to heat are enriched in differentially expressed genes (DEGs) between different times of heat treatment or different genotypes.



Meanwhile, when comparing common DEGs of hl761 vs. the control for different times of heat treatment, a great majority of common DEGs were shared between 0- and 15-min heat treatment for both the upregulated and downregulated genes (B1_A1 and B2_A2) (Figures 5A, B), and 60-min heat treatment conspicuously amplified the number of DEGs (B3_A3) (Figures 5A, B). However, when comparing the DEGs of hl761 vs. the control at 60-min heat treatment (B3_A3) with heat-inducing (A3_A1 up) or heat-repressing genes (A3_A1 down), significant overlap was observed between downregulated genes in hl761 (almost a half, 676 out of 1,531) and the heat-inducing ones (Figure 5C), and also between upregulated genes in hl761 (654 out of 1,445) and the heat-repressing ones (Figure 5D). Closely checking these common DEGs, among the 676 heat-induced but less expressed in 60-min heat-treated hl761, the GO terms of response to temperature stimulus and response to heat were the most two significantly enriched ones (Figure 5E). The expression of genes for term response to heat was sharply induced by 60-min heat treatment but significantly less expressed in hl761 mutants compared to the control plants (Figure 5F). However, for genes heat-repressed and upregulated in 60-min heat-treated hl761, no significant enrichment of these temperature-related terms was found. Therefore, those heat-induced but downregulated in hl761 HSR genes may account for the low heat tolerance for hl761 mutants.




Figure 5 | NTR1 promotes HSR gene transcription under heat stress. (A, B) Venn diagrams of common genes between upregulated (A) and downregulated (B) DEGs in hl761 vs. CK for different times of heat treatment. CK, background line for hl761. (C) Venn diagram showing the significant overlap between heat stress-induced and downregulated DEGs in hl761 vs. CK upon 38°C 60-min treatment. (D) Venn diagram showing the significant overlap between heat stress-repressed and upregulated DEGs in hl761 vs. CK upon 38°C 60-min treatment. p-Values (Fisher’s exact test) for overlapping between gene sets are labeled. (E) Gene Ontology (GO) annotation analysis for the biological function of the 676 common genes shown in (C). (F) Expression heatmap of the 676 common genes shown in (C) The heatmap shows the Z-score value of the FPKM of each gene. HSR, heat stress response; DEGs, differentially expressed genes; FPKM, fragments per kilobase of exon per million mapped fragments.



However, if comparing the DEGs for different heat treatment times in the same background (A2_A1, A3_A2, B2_B1, and B3_B2), for both heat-induced and heat-repressed genes, DEGs in hl761 exceedingly overlapped with those in the control (Figures S5A, B). Thus, hl761 shared a common set of genes in response to HS with the control plants at the gene expression level; in other words, disruption of NTR1 does not affect the ability to respond to HS for plants.



A large portion of HSFs and HSPs are less induced by heat in hl761 mutants

To further explore the function of NTR1 in HSR gene regulation during HS and also to verify the RNA-seq data, we quantified the expression of HSFs and HSPs by real-time PCR. Out of 20 genes (Figure 6) checked for the same treatment as the RNA-seq samples, 19 showed a similar tendency of variations between both the two genotypes and different treatment times. All the genes checked were induced by heat, especially by 60-min treatment except HSFA4C. The majority of them were less induced in hl761 mutants compared to the control upon 60-min heat treatment, such as HSFA1D, HSFA3, HSFA7A, HSFA7B, HSFA1B, HSP23.5, HSP60, HSP70, HSP89.1, HSP90.7, HSA32 (HEAT STRESS ASSOCIATED 32), ROF1, and BAG6 (BCL-2-ASSOCIATED ATHANOGENE 6) (Figure 6 and Figure S6). However, a few genes such as HSFA1E, DREB2A, HSP18.2, HTT1, HTT2, and HTT3 showed more expression in hl761 for 60-min heat treatment (Figure 6 and Figure S6). Others such as HSFB1, HSFB2A, HSFB2B, HSFA2, HSP101, HOP3, and APX1 had no obvious difference (Figure 6 and Figure S6). At the early stage (15-min treatment) of HS, HSFA7A and HSFA7B were strongly induced by heat in both backgrounds but were much less expressed in hl761 mutants (Figure 6). Consistent with the RNA-seq results, these data suggested that the integrative effects of the mis-expression for HSR genes, especially those less induced in hl761, result in the decreased HS tolerance of the mutants.




Figure 6 | A large portion of HSFs and HSPs are downregulated by NTR1 mutation under heat stress. Gene expression in seedlings of CK and hl761 before heat treatment, and 15 min and 60 min upon 38°C heat treatment were quantified. The expression is relative to that of CK before heat treatment. Error bars indicate the SD of three biological replicates. Asterisks indicate statistically significant differences (*p < 0.05, **p < 0.01 in Student’s t-test). CK, background line for hl761..





NTR1 mutation amplifies the mis-splicing of HSR genes induced by HS

As NTR1 was reported for its essential role in AS regulation, we speculated whether NTR1 is also involved in AS controlling during HS. We analyzed the differential AS between different samples by rMATS. It is clear that heat treatment, especially 60-min heat treatment, promotes AS in plants, with a steep increase of IR and skipped exon (SE) events in both the control and hl761 mutants (A3_A2 and B3_B2) while much more IR in hl761 for 60- vs. 15-min heat treatment (B3_B2) (Figure 7A). When comparing AS events between the two genotypes, many IR events occurred in hl761 without heat treatment (B1_A1) (Figure 7A), consistent with the previous report (Ling et al., 2018). The 60-min heat treatment could induce all types of AS events obviously (B3_A3), with much more IR and SE events (Figure 7A).




Figure 7 | NTR1 mutation amplifies the alternative splice of HSR genes induced by heat stress. (A) Differential AS events compared between plants with different times of heat treatment or between different genotypes. A3SS, alternative 3′-splice site; A5SS, alternative 5′-splice site; MXE, mutually exclusive exon; IR, intron retention; SE, skipped exon. (B) Venn diagrams of common genes with different AS events between hl761 mutants and CK at different times of heat treatment. (C) Venn diagrams of common genes with different AS events and DEGs of hl761 vs. CK after 60-min heat treatment. (D) Venn diagrams of common genes between genes with different AS events of hl761 vs. CK after 60-min heat treatment and heat-induced or heat-repressed genes by 60-min heat treatment. (E) Venn diagram of common genes between genes with different AS events of hl761 vs. CK after 60-min heat treatment and genes with heat-induced AS events. (F) Examples of heat stress response (HSR) genes with altered AS induced by heat stress. CK, background line for hl761; AS, alternative splicing; DEGs, differentially expressed genes.



Considering genes with differential AS, like the number of DEGs, heat treatment significantly exaggerated the number of differentially spliced genes (341 for B1_A1, 622 for B2_A2, and 1,689 for B3_A3) (Figures 7B, F). GO analysis of biological process with these AS genes in hl761 under 60-min heat treatment (B3_A3) showed that in addition to terms related to RNA metabolic process, the terms response to temperature stimulus and response to heat were significantly enriched (Figure S7). We also examined the AS events for several HSR genes by RT-PCR. Most genes examined showed more IR in hl761 than the control after 60-min heat treatment, such as HSFA2, HSFA4A, HSFA7A, HSFA7B, HSFB1, HSFB2A, and HSFB2B (Figure 8), although some of them (HSFA2, HSFB1, HSFB2A, HSFB2B, HOP3, APX1) showed no obvious difference of expression in hl761 or even higher in hl761 after 60-min heat treatment (HSFA4A, HTT2, and HTT3).




Figure 8 | NTR1 mutation alters the AS of HSFs and HSPs under heat stress. Three biological repeats are presented. Below the gel pictures are the schematic of the gene structure. Gray boxes indicate the exons, black boxes indicate the 5′ or 3′-UTR, lines in between indicate the introns, and blue lines show the primer position for RT-PCR. CK, background line for hl761; AS, alternative splicing.



Thus, it is interesting to know the connection between AS and gene transcription. We examined common genes between differentially spiced (B3_A3 AS) and DEGs of 60-min heat-treated hl761 vs. the control (B3_A3 up and B3_A3 down). Surprisingly, only a small portion of AS genes were differentially expressed (about 20%), and no noticeable bias toward NTR1 promoted or suppressed genes (Figure 7C). The transcription for the majority of AS genes (1,322 out of 1,689) was similar between both backgrounds (Figure 7C). However, the expression of about one-half of B3_A3 AS genes was heat responsive, more than threefold for heat-induced (532 of 1,689) to heat-repressed genes (166 of 1,689) (Figure 7D). Moreover, a high overlap was observed for heat-induced AS (A3_A1 AS) and NTR1-dependent AS (B3_A3 AS) (Figure 7E), indicating that during HS, mutation of NTR1 may result in similar AS events to heat-induced ones. All these data suggested that NTR1 not only affects gene transcription but also functions during HS for maintaining normal splicing of HSR genes.



NTR1 shows a preference for impeding the expression of intron-containing genes

In Arabidopsis, about one-third of the genes have no introns (data from gene annotated in TAIR 10). NTR1, as an accessory component of spliceosome, is involved in pre-mRNA splicing. Our data indicated that NTR1 also affects gene transcription, and no clear bias was observed for gene repression or promotion. Then, it is intriguing to ask whether there is any connection between transcription and splicing. We compared the DEGs in hl761 of discrete time of heat treatment for genes with or without intron. For NTR1-promoted genes (B_A down), more genes with intron were affected than genes without intron (ratio about 3:1 for B1_A1 and B3_A3 downregulated genes) (Figures 9A–C). However, for NTR1-repressed genes (B_A up), NTR1 affected far more intron-containing genes (ratio more than 10:1 for all three time points of heat treatment) (Figures 9A–C), although the totally similar scales of genes were affected for both directions (upregulated and downregulated). Therefore, NTR1 is preferred to suppress transcription for intron-containing genes, which is understandable as the involvement of NTR1 in the spliceosome disassembly complex. For genes without intron, about half of them are translated to proteins in Arabidopsis. Among them, NTR1 had more impact on the expression of protein-coding genes for both promoting and suppressing expression, while much more frequently for the promotion (more than 10:1 for protein-coding to no coding genes) (Figures 9D–F) than suppression (ratio about 4:1) (Figures 9D–F).




Figure 9 | NTR1 shows a preference for impeding the expression of intron-containing genes. (A–C) Venn diagrams of common genes between DEGs of hl761 mutants vs. the control plants (CK) before heat treatment (A), and 15-min (B) and 60-min (C) heat treatment and intron-containing genes or that without intron. (D–F) Venn diagrams of common genes between DEGs of hl761 mutants vs. the control plants (CK) before heat treatment (D), and 15-min (E) and 60-min (F) heat treatment and total genes without intron or subset protein-coding genes. DEGs, differentially expressed genes.





HS suppresses the expression of NTR1 and components of the NTR1-associated complex

NTR1 is critical to plant HS tolerance and for the regulation of HSR gene expression during HS. We were probing whether the expression of NTR1 itself is regulated by HS. Then, NTR1 expression levels after heat treatment were examined. Interestingly, 1-h heat treatment at 38°C could reduce almost two-thirds of NTR1 expression (Figures 10A, B), suggesting that NTR1 expression is suppressed by HS. To further confirm the repression effect on NTR1 expression by HS, the transgenic plants harboring the GUS reporter gene driven by NTR1 promoter (pNTR1:GUS) were subjected to heat treatment for 1 h at 38°C. As expected, the GUS signals were clearly reduced after heat treatment (Figures 10C, D), confirming the suppression of NTR1 by HS.




Figure 10 | HS suppresses the expression of NTR1 and other components of the NTR1-associated complex. (A) Semi-quantification of the expression of NTR1 upon 1-h heat treatment at 38°C. (B) The expression of NTR1 upon 1-h heat treatment at 38°C quantified by qPCR. The expression is relative to that of untreated samples. Error bars indicate the SD of three biological replicates. Asterisks indicate statistically significant differences (**p < 0.01 in Student’s t-test). (C) β-Glucosidase (GUS) staining of pNTR1:GUS transgenic plants with (right) or without (left) 38°C 1-h heat treatment. Bar = 1 mm. (D) Quantification of GUS intensity for plants in panel (C) Error bar stands for SD, n = 20. Asterisks indicate statistically significant differences (**p < 0.01 in Student’s t-test). (E) Relative expression of ILP1, PRP43a, and PRP8 in 38°C 1-h heat-treated seedlings of CK and hl761. The expression is relative to that of CK without heat treatment. Error bars indicate the SD of three biological replicates. Asterisks indicate statistically significant differences (*p < 0.05, **p < 0.01 in Student’s t-test). CK, background line for hl761; HS, heat stress.



Since NTR1 is involved in the complex with ILP1, PRP43, and PRP8 and is closely associated with ILP1, we speculated whether the mutation of other complex components also causes the decrease of plant HS tolerance. Not surprisingly, ilp1 mutants behaved similarly to ntr1 mutants with reduced tolerance to HS (Figure S8). Therefore, we speculated that HS may also result in the suppression of other components of the NTR1-associated complex. As expected, just like NTR1, the expression of ILP1, PRP43a, and PRP8 in the control plants was significantly decreased after heat treatment (Figure 10E), and this reduction was also detected for ILP1 and PRP43a in the hl761 background (Figure 10E). Furthermore, the expression of these three genes in hl761 mutants was higher than that in the control plants, although there was no statistical difference for PRP8, suggesting that NTR1 impedes the transcription of these genes during HS (Figure 10E). Therefore, HS suppresses the expression of the NTR1-associated complex.




Discussion

Stress induces the reprogramming of the transcriptome in plant cells. Cold treatment leads to a rapid transcriptional and AS activity wave in a few hours (Calixto et al., 2018). HS also quickly evokes gene expression variation and AS events in plants (Ling et al., 2021; Ding and Yang, 2022). Here, we showed that 1-h heat treatment at 38°C is enough to result in transcription changes and AS for thousands of genes. NTR1, as an accessory component of spliceosome, plays an important role in this process.

NTR1 affects the expression of HSR genes at both transcriptional and post-transcriptional levels under HS. The majority of HS-induced genes checked were less induced in hl761 mutants than in the control upon 60-min heat treatment, and genes for response to temperature stimulus and response to heat were significantly enriched in common genes for heat-induced but downregulated in 60-min heat-treated hl761. Moreover, NTR1 mutation amplified HS induced AS especially IR events and caused different AS (mainly IR) of HSR genes during HS. Thus, the mis-expression and the false splicing of the pre-mRNAs for these HSR genes in ntr1 mutants may account for the reduced HS tolerance of the mutants. Notably, only a small portion of NTR1-dependent AS genes were differentially expressed in hl761 after the 60-min heat treatment (Figure 7C), indicating that the majority of these genes were regulated only by AS under HS.

NTR1 was reported for its role in circadian rhythm and miRNA biogenesis regulation (Jones et al., 2012; Wang et al., 2019). It is interesting to know whether NTR1 regulates plant HS response through the regulation of miRNAs. As expected, the miR167 precursor, a potential target of NTR1 (Shen et al., 2014), was detected in the downregulated DEGs in hl761 before heat treatment (B1_A1 down, Table S1). However, we found that only two microRNA precursors, miR824 and miR850, are downregulated in hl761 after 1-h heat treatment (B3_A3 down, Table S1). The function of miR850 has not been documented yet, and miR824 was reported for the regulation of stomatal development and flowering (Kutter et al., 2007; Hu et al., 2014; Szaker et al., 2019). HS elevates the expression of miR824 (Szaker et al., 2019), which is less induced in 1-h heat-treated hl761 mutants. Therefore, it is possible that NTR1 adjusts plant development through the miR824 pathway during HS, which is worthy of further investigation.

Although researchers have noticed that HS stimulates AS, in plants, the exact mechanism is not well understood. The research for AS regulation in HS normally focused on the AS events for particular key TFs. The splicing factors involved in HS response are mainly related to the SR proteins, whose expression is regulated by AS (Zhao et al., 2021). However, whether HS regulates other splicing-related factors are seldom reported. As a spliceosome accessory, NTR1 is essential for plants in maintaining the correct splice of pre-mRNAs under HS, since much more AS events especially IR events were observed in hl761 mutants compared to the control plants after HS. Meanwhile, HS strongly reduces the expression of NTR1 and other components of the NTR1-associated complex. There appears to be feedback presented for the regulation of NTR1 complex during heat response as the expression of ILP1 and PRP43a was much higher in hl761 mutants after heat treatment. However, how HS suppresses the transcription of NTR1 and NTR1 complex requires further investigation. Therefore, HS increases the false AS, especially because IR may have resulted from the suppression of the NTR1-associated complex.

At the transcription level, plants could quickly respond to HS. A 15-min heat treatment at 38°C is adequate to trigger expression change of early response HSR genes, for instance, activating expression of a big portion of small HSPs and transcription factors such as MBF1C, HSFA2, HSFA7A, and HSFA7B. A 60-min heat treatment at 38°C is enough to cause the expression change of thousands of HSR genes, which means a fast and high amount of requirements for the transcription of HS-induced genes. Considering the function of NTR1 on splicing and the co-localization of NTR1 with RNA polymerase II (RNA PolII) (Dolata et al., 2015), it is likely that NTR1 or NTR1-associated spliceosome disassembly complex may have a negative effect as physical obstacles on RNA PolII occupation on chromatins when the fast transcription of heat-induced genes occurs during plant heat responses.

Based on all the data we obtained here, we propose a model for the strategy that plants may adopt to respond to HS. When encountering HS, a huge number of HSR genes especially as the HSFs and the HSPs are induced. On the one hand, the NTR1-associated complex assists the process of pre-mRNAs. On the other hand, great transcriptional events happen to fulfill the high requirement of HSR gene products, which makes the presence of NTR1 or NTR1-associated spliceosome disassembly complex a restrictive factor for transcription. In such a scenario, plants reduce the expression of the NTR1-associated complex to ensure the transcription. Thus, the decrease of NTR1 machinery results in the accumulation of improper spliced products, which eventually cause harm to the plants.
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Functional characterization of stress-responsive genes through the analysis of transgenic plants is a standard approach to comprehend their role in climate resilience and subsequently exploit them for sustainable crop improvement. In this study, we investigated the function of LOC_Os04g59420, a gene of DUF740 family (OsSRDP-Oryza sativa Stress Responsive DUF740 Protein) from rice, which showed upregulation in response to abiotic stress in the available global expression data, but is yet to be functionally characterized. Transgenic plants of the rice OsSRDP gene, driven by a stress-inducible promoter AtRd29A, were developed in the background of cv. Pusa Sugandh 2 (PS2) and their transgene integration and copy number were confirmed by molecular analysis. The three independent homozygous transgenic plants (AtRd29A::OsSRDP rice transformants) showed better resilience to drought, salinity, and cold stresses, but not heat stress, as compared to the non-transformed PS2, which corresponded with their respective relative transcript abundance for OsSRDP. Transgenic plants maintained higher RWC, photosynthetic pigments, and proline accumulation under drought and salinity stresses. Furthermore, they exhibited less accumulation of reactive oxygen species (ROS) than PS2 under drought stress, as seen from the transcript abundance studies of the ROS genes. Under cold stress, OsSRDP transgenic lines illustrated minimal cell membrane injury compared to PS2. Additionally, the transgenic plants showed resistance to a virulent strain of rice blast fungus, Magnaporthe oryzae (M. oryzae). The promoter analysis of the gene in N22 and PS2 revealed the presence of multiple abiotic and biotic stress-specific motif elements supporting our observation on multiple stress tolerance. Based on bioinformatics studies, we identified four potential candidate interaction partners for LOC_Os04g59420, of which two genes (LOC_Os05g09640 and LOC_Os06g50370) showed co-expression under biotic and drought stress along with OsSRDP. Altogether, our findings established that stress-inducible expression of OsSRDP can significantly enhance tolerance to multiple abiotic stresses and a biotic stress.




Keywords: rice, LOC_Os04g59420, DUF740 family, abiotic stress, ROS, rice blast disease



Introduction

The abundance of genome sequence information, combined with RNA-seq and microarray data under a variety of suboptimal growth conditions, and the more prevalent stresses in the climate change scenario have unraveled many hypothetical stress-responsive genes in plants that have yet to be characterized at the molecular, biochemical, and phenotypic levels. This holds good even for the extensively researched genomic model systems like Arabidopsis (Truernit et al., 2012; Ruiz-Sola et al., 2017) and rice (Sandhu et al., 2017; Sureshkumar et al., 2019; Sevanthi et al., 2021). DUF (Domain of Unknown Function) proteins are one kind of expressed, hypothetical proteins, which are conserved across organisms, but their specific protein fragments or domains remains unknown. The number of DUF families has increased in the protein (Pfam) database due to the rapid advancement of sequencing technologies and their extensive application in plant biology. So far, approximately 4,000 DUF families (almost 22% of all families in 2019) are included in the Pfam database, and most of them are poorly characterized (Punta et al., 2012; Bateman et al., 2019; El-Gebali et al., 2019). Several plant-specific DUF proteins play an important role in various biological processes of plant growth and development, defense responses to diseases and insect pests, and adaptation responses to abiotic stresses (Palmeros-Suarez et al., 2017; Zhang et al., 2019; Kaur et al., 2020; Yang et al., 2020).

To date, a few DUF gene families have been characterized in response to abiotic stress in Arabidopsis and rice. For example, Arabidopsis TBL3 and TBR genes, encoding a DUF231 domain-containing protein, are involved in secondary cell wall formation in higher plants (Bischoff et al., 2010). Arabidopsis ESK1, another member of the DUF231 gene family, acts as a negative regulator of cold acclimation (Xin et al., 2007). Under abscisic acid (ABA) and water-deficit stress in Arabidopsis, two RING-DUF1117 E3 ubiquitin ligase genes, AtRDUF1 and AtRDUF2, were shown to be stimulated, while the suppression of their gene expression led to a reduced level of tolerance to drought stress (Kim et al., 2012). Overexpression of a wheat transcription factor TaSRG, which contains a DUF662 domain, in Arabidopsis and rice resulted in enhanced tolerance to salt stress (He et al., 2011). Another salt-responsive gene, TaSRHP, containing a DUF581 domain from wheat in transgenic Arabidopsis plants, showed enhanced tolerance to both salt and drought stresses (Hou et al., 2013). Under optimal conditions, the sorghum (SbSGL) gene encoding the DUF1645 protein family has been shown to be involved in the regulation of seed development and yield in rice (Zhang et al., 2018). The mutant of the DUF1517 family gene in Arabidopsis thaliana exhibited enhanced sensitivity to cold stress, while the heterologous expression of AmDUF1517 in atduf1517 Arabidopsis mutants significantly rescued their cold sensitive phenotypes (Gu and Cheng, 2014). Also, the overexpression of cold stress-responsive AmDUF1517 has significantly enhanced tolerance to various stresses in transgenic cotton (Hao et al., 2018).

Overexpression of DUF1644 protein family genes from rice, OsSIDP361 and OsSIDP366, improved tolerance to salt and drought stresses in transgenic rice (Guo et al., 2016; Li et al., 2016). While overexpression of the OsDSR2 gene of the DUF966 family from rice has been demonstrated to act as a negative regulator of abiotic stress via ABA signaling (Luo et al., 2014), OsSGL, a grain length-enhancing gene encoding a protein with a DUF1645 domain, is shown to act as a positive regulator of drought stress tolerance in transgenic rice and Arabidopsis (Cui et al., 2016). Zhong et al. (2019) extensively analyzed the expression pattern of 12 genes in the OsDUF668 family and revealed that all the genes were consistently upregulated under drought stress, while four of them were also upregulated in response to rice blast disease. Likewise, in another study on rice, Li et al. (2018) examined various members of the OsDUF810 family. Among them, OsDUF810.7 was found to be involved in salt and drought stress tolerance. Furthermore, the functions and expression levels of several DUF genes in rice, such as OsDUF866, OsDUF946, OsDUF1191, and OsDUF617, have been reported under various abiotic stresses and ABA treatment (Li et al., 2017a; Li et al., 2017b; Lv et al., 2019; Li et al., 2021). Apart from stress regulation, some of the DUF family proteins are involved in controlling lemma and palea development and leaf rolling in rice (Li et al., 2012; Yang et al., 2016) and the regulation of sexual reproduction and polar growth of plant cells in Arabidopsis (Jones-Rhoades et al., 2007; Cao et al., 2010). Still, several DUF domain-encoding genes remain uncharacterized in rice. Based on putative functional annotation, 133 DUFs containing protein-expressing genes in rice are listed in the MSU database. Thus, for sustainable crop productivity and maintenance of the ecological balance, it is imperative to identify and characterize genes that can impart better stress tolerance, and DUF gene family members are appropriate candidates for the same.

Here, we report, for the first time, the functional analysis of LOC_Os04g59420 gene, a member of the DUF740 family (OsSRDP-Oryza sativa Stress-Responsive DUF740 Protein) in rice. As the OsSRDP gene (Pfam: PF05340) was found to be upregulated under one or more abiotic stresses in the publicly available genome-wide expression data of rice (Sandhu et al., 2017), this gene was chosen for functional analysis. We have cloned this gene from a drought- and heat-tolerant rice cultivar, Nagina22 (N22), under the transcriptional control of stress-inducible promoter AtRd29A and developed transgenic plants in the background of a drought-susceptible rice cultivar Pusa Sugandh 2 (PS2) and assayed the transgenic plants under diverse abiotic stresses and a biotic stress.



Materials and methods


Identification of stress-responsive gene(s) for functional validation

Two publicly available genome-wide expression datasets, E-MEXP-2401 and GSE6901, from rice genotypes N22 and IR64, pertaining to different abiotic stress treatments, were analyzed to identify differentially expressed genes using the standard RMA approach and GEO2R scripts in the limma package v3.28.2, as reported earlier (Jayaraman et al., 2021). Of the seven “expressed protein” genes upregulated in N22 and IR64 in the genome-wide and gene-specific expression analysis, LOC_Os04g59420 showed upregulation under drought stress in both genotypes; in addition, it also showed upregulation under salinity and cold stresses in IR64 (Jain et al., 2007; Lenka et al., 2011). This gene was also found to be drought stress responsive in cv. IR20, from the meta-analysis of drought stress-specific microarray data in rice (Sandhu et al., 2017; http://14.139.229.201/RiceMetaSys). Hence, LOC_Os04g59420 gene encoding for a DUF740 gene family was selected for functional characterization through gene complementation under stress-inducible expression for drought and other major abiotic stresses as well as a major biotic stress, rice leaf blast caused by M. oryzae.



Bioinformatics analysis of LOC_Os04g59420

The nucleotide and protein sequence of LOC_Os04g59420 were obtained from the MSU Rice Genome Annotation Project Database and Resource (RGAP) (http://rice.plantbiology.msu.edu). Since this gene was annotated as “expressed protein” in RGAP and lacked proper annotation in the RAP-db database (https://rapdb.dna.affrc.go.jp/), the Pfam (http://pfam.sanger.ac.uk/) and InterPro (http://www.ebi.ac.uk/Tools/pfa/iprscan/) databases were utilized to search for information about this gene. To determine the molecular weight (MW) and theoretical isoelectronic point (pI) of LOC_Os04g59420, the ProtParam tool available in the ExPASy server was used (http://web.expasy.org/protparam). Furthermore, this gene was investigated for its functional relationships using a co-expression analysis network, Ricefrend (https://ricefrend.dna.affrc.go.jp/). We also looked for transposon insertion, if any, in the target gene locus from the database, Rice Transposon Insertion Polymorphism Information (RTRIP), available in the public domain (Liu et al., 2020; http://ibi.zju.edu.cn/Rtrip/index.html). We further carried out the phylogenetic analysis of the LOC_Os04g59420-like genes of rice using MEGA10 software in terms of their protein domains.



Assessment of the OsSRDP gene and its promoter sequences between N22 and PS2 genotypes

The reference sequence of the OsSRDP gene was derived from the MSU-RGAP (http://rice.plantbiology.msu.edu). Seven pairs of overlapping primers were designed covering the ~2-kb upstream promoter region and the ~1.4-kb genic region of the OsSRDP gene using the Primer Quest Tool software (Supplementary Table 1). PCR amplification was carried out using the PrimeStar GXL DNA polymerase (Takara Bio Inc, Japan) according to the manufacturer’s protocol and the obtained PCR products were purified using the NucleoSpin PCR purification kit (Macherey-Nagel gmbh & co.kg, Germany). The quantified PCR products were sequenced by Applied Biosystems 3700 XL Genetic Analyser (Applied Biosystems, USA) using standard procedure. The sequence data generated were assembled into contigs by using BioEdit Software version 7.2.6.1 (Hall, 1999). Detection of single-nucleotide polymorphism (SNP) and insertion/deletion (InDels) was carried out by comparing the OsSRDP sequence between N22 and PS2 as (1) they are well-known contrasts for abiotic stress tolerance (Jayaraman et al., 2021) and (2) they were the donor and WT genotypes used in the present experiment. The 2-kb upstream sequence of the OsSRDP gene from N22 and PS2 obtained was used as an input in the PlantCARE (Lescot et al., 2002) for cis-acting regulatory elements analysis. To identify the positions of exons and introns, amino acid sequences, and gene structure, the gene prediction software FGENESH (www.softberry.com) was used. The protein sequences were also submitted to the online server I-TASSER for protein structure prediction (http://zhanglab.ccmb.med.umich.edu/I-TASSER/).



Construction of recombinant plasmid (pC1300::SRDP) and rice transformation

The full-length coding region of OsSRDP was amplified from drought-tolerant rice cv. N22 using gene-specific primers (Supplementary Table 1) flanked by KpnI and SalI restriction sites, and the amplified fragment was cloned into the pGEM-T Easy vector (Promega, USA) and sequenced for confirmation. Furthermore, the complete OsSRDP gene fragment was excised from the pGEM-T vector by KpnI and SalI double digestion and sub-cloned into the pCAMBIA1300 plant transformation vector, which has a stress-inducible promoter, AtRd29A; NOS terminator; and hptII gene as a plant selection marker (Supplementary Figure 6A). This plant transformation construct, pCAMBIA1300-pAtRd29A-OsSRDP-NosT (pC1300::SRDP), was used for rice genetic transformation. Agrobacterium strain EHA105 was transformed with the pC1300::SRDP construct developed using the standard freeze–thaw method (Hofgen and Willmitzer, 1988). A drought stress-sensitive popular aromatic rice cv. PS2 was used for the Agrobacterium-mediated rice transformation. The entire protocol from callus induction and selection to regeneration of putative transgenic plants was followed as mentioned by Jayaraman et al. (2021). The regenerated putative transgenic T0 plants were acclimatized in soil and maintained at the National Phytotron Facility (NPF, ICAR - IARI, New Delhi, India) for further generation advancement.



Molecular characterization of putative transgenic plants

The genetically transformed plants were confirmed for their transgene integration through PCR using two pairs of appropriate primers, one pair from the selection marker, hptII, and the second one from SRDP29A, using AtRd29A promoter (Forward primer) and OsSRDP gene sequences (Reverse primer; Supplementary Table 1). Southern analysis was carried out to determine the transgene copy number. Hybridization was performed using hptII as a probe labeled with α [32P]-dCTP as described previously (Jayaraman et al., 2021). For segregation analysis, T1 and T2 progenies were screened for hygromycin resistance. This allowed us to eliminate the null plants for the transgene in the T1 generation. The genetic segregation analysis was done by the goodness of fit (χ2) test, and this allowed us to raise only those T1 plants that showed 3:1 segregation for the transgene. In the T2 generation, the hygromycin selection was used to identify the homozygous T1 plants so that only the progenies of those homozygous plants could be maintained in T2 and forwarded to T3.



Evaluation of AtRd29A::OsSRDP transgenic lines under various abiotic stresses and optimal growth conditions

Three independent homozygous (T3) AtRd29A::OsSRDP transgenic lines, along with the wild-type plants (PS2), were evaluated under various abiotic stresses. All stress experiments were carried out in three independent biological replications with each replication represented by three technical replications. Thus, the total number of samples evaluated was nine for each parameter under independent stress treatments. Drought, salinity, and cold and heat stress experiments were conducted as described in Jayaraman et al. (2021) and briefly presented here. To administer drought stress, healthy seeds of the three homozygous T3 transgenic lines of PS2 as well as the WT (PS2) were germinated at 28°C under dark conditions for 2 days and then transplanted at three plants per pot (12-inch-diameter earthen pots) and maintained at a transgenic screen house of ICAR-NIPB, New Delhi, India. Once the plants reached active tillering stage (represented by 9 or 10 leaf stage), drought stress was imposed by withholding water for 14 days by which time the soil moisture content (SMC) had declined to 18.5%–20% compared to the initial SMC of 57.5%–60%. After drought stress, re-watering was done for 10 days for plant recovery.

For biochemical (proline, chlorophyll, carotenoids content, and ROS scavenging) and physiological (relative water content) studies, the sampling was done by collecting the three topmost leaves from three different plants in case of each replication. The samples meant for RNA isolation and biochemical tests were immediately frozen in liquid nitrogen and stored at −80°C. For relative water content (RWC) measurements, the samples were collected in pre-weighed bags and brought to the laboratory immediately for observation of fresh weight. The samples were then placed in petri dishes filled with water for turgidity measurements. RWC, total chlorophyll, carotenoids, proline, malondialdehyde (MDA) content, and relative electrolyte leakage (REL) were measured as per Jayaraman et al. (2021). ROS scavenging potential by nitrobluetetrazolium (NBT) and diaminobenzidine (DAB) staining methods in leaf tissues were executed as described by Kaur et al. (2016). SMC was determined by a gravimetric method. All the physiological and biochemical assays were carried out on each of the three replications using three technical replicates.

For imposing salt stress, the three transgenic lines and WT were grown in basal Yoshida nutrient solution as described by Yoshida et al. (1976) under controlled growth conditions. The nutrient solution was replaced every fourth day to prevent contamination. Once the seedlings attained the fourth to fifth leaf stage, they were transferred to the Yoshida medium containing 150 mM NaCl for 7 days to impose salt stress. After this, the seedlings were transferred to Yoshida medium without NaCl and the observations were made after 6 days of recovery. All the biochemical parameters except the ROS scavenging test were done, as in the case of the drought stress experiment, by collecting the second leaf from the top of each plant at three plants per replication. For both the high- and low-temperature stress treatments, the transgenic lines and the WT were initially grown in pots containing soilrite under optimal growth conditions. Once the seedlings attained the fourth to fifth leaf growth stage, they were subjected to cold stress for 12 days at 12°C with a 16-h light/8-h dark cycle. This was followed by a recovery period of 10 days. Similarly, heat stress was also imposed on four to five leaf stage old plants by exposing them to 40°C for 3 days (Jayaraman et al., 2021). The survival rate was calculated by the number of healthy green plants in the pot/hydroponic system before stress divided by the number of green plants after imposing the stress.

Simultaneously, a parallel experimental setup was also maintained under optimal growth conditions to compare the performance of AtRd29A::OsSRDP transgenic plants and WT plants. Fifteen single plants per event were used for measuring the major agronomic traits, namely, number of productive tillers, total panicle weight, grain weight, 100-seed weight, and biomass as per Tiwari et al. (2015).



Assessment of root morphology traits

For analysis of root system architecture under suboptimal conditions, drought stress was imposed on 21-day-old seedlings of WT and three homozygous (T3) AtRd29A::OsSRDP transgenic lines, by withholding water for 7 days. The images of the root samples were scanned, and extracted in tiff format, and analyzed for root morphology parameters using WinRhizo software as described by Sevanthi et al. (2021).



Evaluation of AtRd29A::OsSRDP transgenic lines under M. oryzae infection

AtRd29A::OsSRDP (T4) transgenic plants and the WT plants were grown in a glasshouse under optimal conditions (25 ± 2°C and 16-h-day/8-h-night cycle) to evaluate their efficacy against rice blast disease caused by M. oryzae. Another stable transgenic rice line, AtRd29A::OsCHI2 (Chalcone isomerase2; LOC_Os06g10210), developed in our laboratory (Jayaraman et al., 2021) showing multiple stress tolerance was also grown and infected along with WT and AtRd29A::OsSRDP transgenic plants. The fungal inoculums of M. oryzae strain Mo-ni-0025, was cultured on potato dextrose agar (PDA) followed by Mathur’s media as per Karkute et al. (2022). After 8–10 days of reproductive growth in Mathur’s media, 5 ml of autoclaved double-distilled water was added and used for the preparation of conidial suspension (1×105 conidia/ml concentration). Fresh leaves from 21-day-old rice plants were sprayed with the suspension and observed for disease symptoms by the end of 72 hpi.



Expression analysis of OsSRDP and ROS scavenging genes under multiple abiotic stresses

The expression level of the OsSRDP and ROS scavenging genes (OsSOD and OsPOD) under different abiotic stresses were analyzed in the AtRd29A::OsSRDP transgenic lines as well as in the WT plants using quantitative real-time PCR (qRT-PCR). As mentioned earlier, second leaves from the top were used for RNA isolation from each plant sampled. Within each replication, the RNA from the three independent samples were pooled at an equimolar concentration and used for cDNA synthesis. The qRT-PCR experiment was performed in three technical replicates. The primer details are given in Supplementary Table 1. Relative expression was calculated for fold change using the 2−ΔΔCt method (Livak and Schmittgen, 2001). OsActin was used as a reference gene to normalize the expression data.



Statistical analysis

All the experiments were conducted in a randomized block design (RBD) with two treatments (control and specific stress) in three replications. Each replication was represented by three independent plants grown in three independent pots. Each parameter under independent stress experiments were analyzed individually for their analysis of variance (ANOVA) using the MSTAT-C software. Duncan’s Multiple Range Test (DMRT) was applied to identify significant variation between transgenic lines and WT plants under control and stress conditions (p ≤ 0.05).




Results

OsSRDP (LOC_Os04g59420), an unannotated and uncharacterized drought-responsive gene, identified from multiple gene expression databases (Jayaraman et al., 2021), was chosen for functional analysis, for which transgenic plants of OsSRDP driven by a stress-inducible promoter (AtRd29A) in the background of a drought-susceptible rice cv. PS2 were developed and evaluated under different abiotic stresses and a biotic stress, rice blast fungus.


In silico characterization of LOC_Os04g59420

The gene sequence of OsSRDP (Oryza sativa Stress-Responsive DUF740 Protein, LOC_Os04g59420) obtained from the RGAP7 (Rice Genome Annotation Project 7) database (http://rice.plantbiology.msu.edu/) showed a cDNA of 684 bp encoding a putative protein of 227 amino acids with a calculated molecular mass of 24.7 kDa and an isoelectric point (pI) of 10.35. Sequence analysis using the Introproscan database revealed that the query protein contains a highly conserved DUF740 domain (PF05340), which belongs to the family of Octopus-like proteins (IPR008004). Another domain, DUF995, was also present but at a suboptimal e-value of 0.086. Interestingly, this gene had no transposon insertion in any of the 3,000 rice genotypes for which whole genome sequence information as well as transposon information is available (Liu et al., 2020; http://ibi.zju.edu.cn/Rtrip/index.html).



Structural analysis of the OsSRDP gene and its promoter in N22 and PS2

The gene, OsSRDP, and its promoter (2 kb long) were sequenced from both PS2 and N22. Sequence data revealed nine SNPs between N22 and PS2, including six transversions, one transition, and two 3-bp-long InDels in the genic sequence (Supplementary Figure 2B). These variations resulted in Figure 1A, one amino acid deletion (36: L to null) and one missense substitution (222: P to R) in PS2 as compared to N22. Thus, the alleles of the gene OsSRDP had distinctly different structures in N22 and PS2 (Supplementary Figure 3). A length difference in one of the helix, a secondary structure, was observed. Results of the ligand binding analysis showed that N22 and PS2 differed for the primary ligand pyridoxal 5’ phosphate; furthermore, an additional ligand, Zn, was predicted for N22 but not for PS2. The EC number prediction scores and subsequent GO scores, as well as the C-scores of ligand prediction, were robust for N22 but weak for PS2 (Supplementary Figure 4, Supplementary Table 5). This suggests that the alleles of OsSRDP in N22 and PS2 may have some functional differences. The promoter analysis of the OsSRDP gene revealed 11 transitions, 7 transversions, and a 2-bp-long InDels between N22 and PS2 (Supplementary Figure 2A). Furthermore, PlantCARE-based cis-acting regulatory element analysis revealed changes in the number of motifs for the salicylic acid responsiveness element (TCA-element) between N22 and PS2 (two elements in N22 against one in PS2) and the creation of one new meristem expression, related element (CAT-box) in PS2. More importantly, there were a multitude of stress-responsive elements in the promoter of OsSRDP; out of the 35 cis-regulatory elements predicted in the 2-kb-long promoter region, there were 13 abiotic stress- and 5 biotic stress-specific motifs, providing support for the stress-responsive nature of the gene (Figure 1B; Supplementary Table 4).




Figure 1 | Assessment of the OsSRDP gene and its promoter sequences from N22 and PS2. (A) Variation of amino acid sequences of the OsSRDP gene from N22 and PS2. The red color highlight indicates the variation. (B) Schematic illustration of stress-related cis-acting regulatory elements in the promoter region of the OsSRDP gene from N22 and PS2. Different cis-acting elements in the 2-kb upstream region from the start codon of OsSRDP are illustrated by different colors in the bar chart and distributed on the sense strand and reverse strand indicated above and below the middle lines, respectively.





Development of OsSRDP transgenic PS2 rice plants

Full-length coding region of the OsSRDP gene, 684 bp in size, was obtained by PCR amplification from cDNA of N22 (Supplementary Figure 5). The developed recombinant pC1300::SRDP construct was screened for gene integration by PCR using hptII and SRDP29A primers and confirmed with the expected product size of 1 kb and 700 bp, respectively (Supplementary Figures 6B, C), and restriction digestion also confirmed the integration of gene construct and gene of interest into the putative recombinant pC1300::SRDP plasmid (Supplementary Figure 6D). From the tissue culture regenerated plants, 22 AtRd29A::OsSRDP putative transformants (T0) were generated in the indica variety PS2 following hygromycin resistance selection (Supplementary Figure 7).



Molecular confirmation of AtRd29A::OsSRDP transgenic rice plants

PCR analysis of regenerated putative T0 transgenic plants using SRDP29A and hptII gene-specific primers revealed that 13 were PCR positive (Supplementary Figures 8A, B). The stable inheritance of hygromycin resistance by the T1 progeny lines confirmed their integration into the rice genome. Only four T0 transgenic plants gave enough T1 seeds to allow genetic analysis of the transgene inheritance. Of these, three T1 lines, DUF-1, DUF-2, and DUF-3, exhibited a monogenic segregation ratio (3:1), while the line DUF-4 showed a digenic ratio of 15:1 (Supplementary Table 2). Hence, only the former three lines were forwarded to subsequent generations. The PCR analysis of the three selected single transgene integration of T1 and T2 transgenics (DUF-1, DUF-2, and DUF-3) showed the expected PCR product of approximately 700 bp and 1 kb specific to SRDP29A and hptII gene-specific primers, respectively (Supplementary Figures 10, 11), while no such amplified DNA fragments were found in the negative control (non-transgenic PS2). The T2 progeny of the three AtRd29A::OsSRDP transgenic lines, DUF-1, DUF-2, and DUF-3, that did not give rise to any hygromycin-susceptible plants were identified as homozygous lines (Supplementary Figure 9) and they were only included for Southern blot analysis, prior to phenotyping and stress tolerance assays. Southern hybridization analysis showed a single hybridization in all three events with different restriction patterns and sizes of ~4 kb, 7 kb, and 5 kb, respectively, for DUF-1, DUF-2, and DUF-3 lines, indicating independent single-gene inheritance of the transgene in each of the transgenic events. The non-transgenic plant (PS2) did not show any hybridization signal (Supplementary Figure 8C). These three homozygous and single-copy AtRd29A::OsSRDP transgenic lines were analyzed further in the T3 generation for the transcript analysis of the transgene, and the evaluation of abiotic stress-relevant physiological and biochemical traits under drought, salinity, and cold stresses. T4 generation transgenic plants were assayed for resistance to rice blast fungus, M. oryzae.



Analysis of OsSRDP gene expression under various abiotic stresses

We analyzed the transcript level of the OsSRDP gene by quantitative RT-PCR in all the three independent T3 transgenic rice lines carrying stable single copy chromosomal integration of the transgene and their corresponding WT plants under abiotic stresses to understand the functional role of OsSRDP. Under drought stress, the transcript level of the OsSRDP gene in AtRd29A::OsSRDP transgenic rice lines increased by 9-fold (DUF-1), 7.5-fold (DUF-2), and 11-fold (DUF-3) as compared to WT plants (Supplementary Figure 12A). Similarly, under salt stress, the expression level of the OsSRDP was 1.3-2.3 fold higher in transgenic rice lines compared to the WT plants (Supplementary Figure 12B). When plants were exposed to cold stress, the OsSRDP expression in DUF-1, DUF-2, and DUF-3 was 5.6, 7.7, and 3.2-folds higher as compared with WT plants, respectively (Supplementary Figure 12C).

Since these results indicated only the expression of OsSRDP, for which an endogenous copy is also available in the WT as well as the transgenic plants, we compared the expression differences under control as well as stress conditions using WT expression as the baseline. This showed that there was no change between the transgenic lines and WT plants for the target gene expression, under control conditions. However, all transgenic lines showed significantly higher expression levels (2.4-6, 1.5-2.5, and 2.1-3 fold) of transgene than WT plants under drought, salt, and cold stress, respectively (Supplementary Figure 12D). Both of these comparisons clearly indicated that the transgene expression was elicited by the stress-inducible AtRd29A promoter under drought, salinity, and cold stress conditions.



Transgenic stress-inducible OsSRDP confers drought tolerance in rice at active tillering stage

To assess the function of stress-inducible expression of OsSRDP on drought tolerance in rice, drought stress was imposed on three independent T3 transgenic lines along with the WT plants. Under well-watered conditions, no morphological differences could be observed between the WT and transgenic AtRd29A::OsSRDP lines (Figure 2A). WT plants showed drought stress symptoms of leaf rolling and wilting within 7 days, while AtRd29A::OsSRDP transgenic lines remained healthy and were able to retain turgidity without any stress symptoms during this short stress period (Figure 2B). After 14 days of drought treatment, WT plants underwent either severe wilting or died (completely dried up), while the transgenic plants remained green, though they did show leaf rolling and wilting (Figure 2C). Following 10 days after re-watering, all the AtRd29A::OsSRDP transgenic plants recovered more vigorously, whereas just one or a few leaves of WT plants recovered greenness (Figure 2D). Both the WT and the AtRd29A::OsSRDP plants maintained RWC within the range of 89%–92.5% in optimal growth conditions, which declined to 58%–70% RWC in the transgenic plants and 40% in the WT plants after 14 days of drought stress (Figure 2E). The AtRd29A::OsSRDP transgenic lines DUF-1 and DUF-3 showed a higher RWC than did the DUF-2 lines before and after water stress. Ten days after re-watering, RWC increased up to 67%–75% in all the transgenic plants as compared to WT plants (49%), whose leaves had almost dried out. Similarly, degradation of photosynthetic pigments in AtRd29A::OsSRDP transgenic plants ranged from 17% to 34%, while it was 45% in WT plants (Figures 2G, H). After 10 days of re-watering, AtRd29A::OsSRDP transgenic plants exhibited a higher quantum of photosynthetic pigments (8%–27%) compared to WT plants (10%). AtRd29A::OsSRDP transgenic rice plants showed 18, 14, and 20-folds more accumulation of proline in the DUF-1, DUF-2, and DUF-3 lines, respectively, after 14 days of water-deficit stress (Figure 2F). They also showed a lesser reduction of proline content (1.4-1.6 fold) than WT plants (2.6 fold), after 10 days of re-watering.




Figure 2 | Phenotypic and physio-biochemical trait analyses of the AtRd29A::OsSRDP transgenic rice plants and WT in response to water-deficit stress. (A) Phenotypic appearance of WT and AtRd29A::OsSRDP transgenic rice plants at the active tillering stage under well water condition, before imposing drought stress, (B, C) WT and AtRd29A::OsSRDP transgenic plants subjected to drought stress for 7 and 14 days, respectively, and (D) recovery of plants after 10 days of re-watering. (E) Relative water content, (F) proline content, (G) total chlorophyll, and (H) carotenoids after 14 days of drought stress. Each value is the average of three independent biological replicates and the vertical bar indicates ± SD. Standard error of means (SD/√N; N = 3) are used as error bars, and alphabets above the vertical bars represent statistically significant differences (Duncan’s Multiple Range Test: p ≤ 0.05) between WT and transgenic lines.





Analysis of root system architecture (RSA) in AtRd29A::OsSRDP transgenic plants under drought stress

Since DUF740 has been implicated in plant development, especially on root system in Arabidopsis (Truernit et al., 2012; Ruiz-Sola et al., 2017), RSA was studied in the AtRd29A:: OsSRDP transgenic lines and WT plants under well-watered conditions as well as in response to drought stress. Interestingly, no noticeable differences could be observed between WT and transgenic plants in the root phenotype or RSA parameters, namely, total root length, diameter, surface area, and volume of root under either well-watered or moisture-deficit conditions (Figure 3; Supplementary Figure 13). As shown in Figures 3D, E, the root diameter and volume of root of the AtRd29A::OsSRDP transgenic lines showed a reduction of 3%–7% and 9%–18% under drought stress, respectively, which were statistically equivalent to those of WT plants (8% and 25%). Similar trends were observed in other root phenotyping traits such as total root length and root surface area in the AtRd29A::OsSRDP transgenic lines with respect to WT plants (PS2) after 7 days of water-deficit stress (Figures 3B, C). Fresh and dry weight of root of the AtRd29A::OsSRDP transgenic plants also showed a similar trend of statistically equivalent reduction (23.6%–26.3% and 20.9%–25.8%) akin to WT plants (28.3% and 29.1%) at the end of drought stress treatment (Figures 3F, G). These results showed that stress-induced expression of OsSRDP does not have any significant impact on enhancing the root system architecture in transgenic rice plants, even under drought stress.




Figure 3 | Root system architecture of AtRd29A::OsSRDP transgenic lines and WT plants under drought stress. (A) Comparative root architecture system images of WT and three AtRd29A::OsSRDP transgenic lines (DUF-1, DUF-2, and DUF-3) under control and drought stress conditions. All root images were captured using a flatbed scanner (Epson Perfection V700) with a resolution of 400 dpi on 28-day-old seedlings. (B–G) Comparison of root phenotyping traits between AtRd29A::OsSRDP transgenic rice lines and WT plants under control and drought stress. (B) Total root length, (C) root surface area, (D) root volume, (E) root diameter, (F) root fresh weight, and (G) root dry weight. Each value is the average of three independent biological replicates and the vertical bar indicates ± SD. Standard error of means (SD/√N; N = 3) are used as error bars, and alphabets above the vertical bars represent statistically significant differences (Duncan’s Multiple Range Test: p ≤ 0.05) between transgenic rice lines (AtRd29A::OsSRDP) and WT (PS2).





AtRd29A::OsSRDP transgenic plants showed less ROS accumulation in response to drought stress

Accumulation of hydrogen peroxide (H2O2) and superoxide anion ( ) radicals in leaf tissues studied through NBT and DAB histochemical staining in the WT and the AtRd29A::OsSRDP transgenic rice lines following 2 weeks of drought stress revealed much stronger dark blue NBT staining in WT than that of the three AtRd29A::OsSRDP transgenic lines (Figure 4A). Likewise, WT plants showed more reddish brown DAB staining compared to AtRd29A::OsSRDP transgenic lines during water stress (Figure 4B). These results revealed that WT plants had a significantly higher accumulation of ROS (H2O2 and  ) as compared to the AtRd29A::OsSRDP transgenic plants under drought treatment.




Figure 4 | Histochemical detection of ROS accumulation in leaves of WT and AtRd29A::OsSRDP transgenic rice plants under drought stress. Detection of superoxide anion (A) and hydrogen peroxide (B) by NBT and DAB staining, respectively. Dark blue spots represent the presence of   and brown color shows the presence of H2O2.





Stress- induced expression of OsSRDP in rice results in improved salinity and cold stress tolerance

AtRd29A::OsSRDP transgenic lines as well as WT grew well in normal YS medium and produced new leaves, which was similar in physiological appearance (Figure 5A). Furthermore, there were no differences in the photosynthetic pigments (total chlorophyll and carotenoids), proline content, and fresh weight among WT and AtRd29A::OsSRDP transgenic seedlings under normal YS medium. After the imposition of salt stress with 150 mM NaCl for 7 days, most of the WT plant’s leaves were severely withered, while AtRd29A::OsSRDP transgenic seedlings survived moderately without serious rolling and wilting of leaves (Figure 5B). More than half of the transgenic seedlings could recover by the sixth day while almost 85% of WT seedlings became pallid and died (Figure 5C), with survival rates of 43%–53% in the former compared to the latter (17%; Figure 5I). The AtRd29A::OsSRDP transgenic lines maintained less decay (8%–9%) of photosynthetic pigments than WT plants in the presence of 150 mM NaCl stress, which was not statistically significant (Figures 5D, E). Moreover, the transgenic seedlings showed significantly less reduction of fresh weight (45.5%–51.7%) and dry weight (40%–47.4%) as compared to the corresponding WT (54.4 and 52.3%) under salt stress (Figures 5G, H). Transgenic plants also showed significantly (2.3-fold) higher levels of proline accumulation compared to WT plants under salt stress (Figure 5F).




Figure 5 | Salt stress analyses of wild-type and OsSRDP transgenic rice plants. (A) The seedlings of WT and AtRd29A::OsSRDP transgenic lines were grown in basal nutrient solution (Yoshida’s solution) under normal conditions. (B) Then, the fourth to fifth leaf stages of both rice seedlings were transferred into nutrient solution containing 150 mM NaCl for 7 days and (C) recovery for 6 days in basal nutrient solution. (D) Total chlorophyll, (E) carotenoid content, (F) accumulation of proline content, (G, H) relative fresh and dry weight of AtRd29A::OsSRDP transgenic lines and WT seedlings under control and salt stress conditions, respectively, and (I) the survival rate of WT and AtRd29A::OsSRDP transgenic rice lines following 7 days of salt treatment. Each value is the average of three independent biological replicates, and the vertical bar indicates ± SD. Standard error of means (SD/√N; N = 3) are used as error bars, and alphabets above the vertical bars represent statistically significant differences (Duncan’s Multiple Range Test: p ≤ 0.05) between WT and AtRd29A::OsSRDP transgenic lines.



In case of cold stress tolerance, there were no variations observed in the physiological indices between the transgenic rice lines and WT plants under normal growth conditions (Figure 6A). After 12 days of cold stress, WT plants showed severe yellowish and wrinkled leaves, unlike transgenic lines (Figure 6B). In contrast, the transgenic seedlings showed moderate wilting, retaining their greenness, and showing new younger leaves upon recovery (Figure 6C), with an average survival rate of 47%–62%, significantly higher than that of the WT plants (21%) (Figure 6F). In addition, under normal conditions, we observed a similar basal level of electrolyte leakage and MDA content in the transgenic lines and WT plants. However, after 12 days of cold stress, we found >40% electrolyte leakage in WT plants, while it was<30% in the transgenic lines (Figure 6E). Likewise, the MDA contents of three different AtRd29A::OsSRDP transgenic lines were significantly lesser (0.6-1 fold) when compared with that of WT plants (Figure 6D).




Figure 6 | Cold stress tolerance assays of AtRd29A::OsSRDP transgenic lines with WT plants. (A) Phenotype of the fourth to fifth leaf stages of WT and OsSRDP transgenic rice seedlings, before cold treatment. (B) The fourth to fifth leaf stages of WT and AtRd29A::OsSRDP transgenic seedlings were under cold stress at 12°C for 12 days, and (C) recovery for 10 days under normal growth conditions. MDA content (D), relative electrolyte leakage (E), the survival rates of wild-type and AtRd29A::OsSRDP transgenic rice plants after 10 days of recovery (F). Each value is the average of three independent biological replicates and the vertical bar indicates ± SD. Standard error of means (SD/√N; N = 3) are used as error bars, and alphabets above the vertical bars represent statistically significant differences (Duncan’s Multiple Range Test: p ≤ 0.05) between wild-type and AtRd29A::OsSRDP transgenic lines.



All the AtRd29A::OsSRDP transgenic plants were sensitive to heat stress and wilted within 2–2½ days of exposure to higher temperature, akin to the WT plants; before heat stress, both of them appeared similar and healthy (Supplementary Figure 14A). As transgenic plants were highly sensitive to heat stress (Supplementary Figure 14B), we abandoned the experiment.



Upregulation of ROS scavenging genes in the AtRd29A::OsSRDP transgenic lines under multiple abiotic stresses

The expression level of OsSOD (superoxide dismutase) and OsPOD (peroxidase) was significantly higher in the transgenic plants, 8-13 and 2.7-6 folds, respectively, as compared to WT plants under water-deficit stress (Figures 7A, B). Similarly, the expression level of the OsSOD gene increased more than 4.6-6.7 and 5.2-8.6 folds in AtRd29A::OsSRDP transgenic lines in comparison to the WT plants under salt and cold stresses, respectively (Figures 7C, E). The transcript level of the OsPOD gene was significantly higher by 1.9-3.3 and 2.8-5 folds under salt and cold stresses, in the transgenic rice lines (Figures 7D, F). Thus, the upregulation of ROS scavenging genes was found to be associated with the tolerance of AtRd29A::OsSRDP transgenic plants under multiple abiotic stresses.




Figure 7 | Expression level of ROS scavenging genes in WT and AtRd29A::OsSRDP transgenic lines under different abiotic stresses. Quantitative RT-PCR analyses of ROS scavenging genes OsSOD and OsPOD under drought stress (A, B), salt stress (C, D), and cold stress (E, F). Each value represents the mean of relative expression over three biological and three technical replicates, normalized with respect to OsActin as an internal control. Standard error of means (SD/√N; N = 9) are used as error bars, and alphabets above the vertical bars represent statistically significant differences (Duncan’s Multiple Range Test: p ≤ 0.05) between transgenic rice lines (AtRd29A::OsSRDP) and WT (PS2).





AtRd29A::OsSRDP transgenic plants showed resistance to rice blast fungus M. oryzae

Effect of rice blast disease was evaluated on AtRd29A::OsSRDP transgenic plants along with the WT (PS2) and multiple stress tolerance AtRd29A::OsCHI2 transgenic plants (Jayaraman et al., 2021) by spraying fungal spores in the form of suspension. The disease symptoms were recorded in the form of chlorotic lesions after 72 hpi. In the case of AtRd29A:: OsSRDP transgenic plants, no lesions were observed on the leaves (Figure 8), whereas WT and AtRd29A::OsCHI2 transgenic plants showed lesions of size ranging from 1 mm to 4 mm diameter. The numbers of average lesions in the WT and AtRd29A::OsCHI2 plants were 7 and 10 per leaf, respectively (Supplementary Figure 15). These results clearly indicated that AtRd29A::OsSRDP transgenic plants were resistant to rice blast disease, while the WT (PS2) and OsCHI2 transgenic plants were susceptible.




Figure 8 | AtRD29A::OsSRDP transgenic PS2 rice plants exhibited resistance to rice blast fungus M. oryzae. Rice blast disease symptoms of WT (PS2) and AtRd29A::OsSRDP transgenic lines (DUF-1, DUF-2, and DUF-3) infected with the M. oryzae strain (Mn-ni-25) after 72 hpi. Conidial suspensions (1×105 conidia/ml in 0.02% Tween-20) were sprayed onto the leaf surfaces of 21-day-old rice seedlings.






Discussion

Functional genomics holds the key to precision breeding through reverse genetics tools, which has so far remained a comparatively less exploited approach in the identification of genes for the breeding of improved varieties, clones, and hybrids. Assigning function to the expressed uncharacterized genes, identified from genome and transcriptome sequencing studies, can be a worthwhile exercise in the identification of novel genes of functional value. Genes harboring domains of unknown functions (DUFs) are excellent candidates in this regard. The DUF gene family has a multitude of members within as well as across species, thus assuming evolutionary and biological significance (Finn et al., 2016; Bateman et al., 2019; El-Gebali et al., 2019). In the present study, we selected one such gene, OsSRDP (LOC_Os04g59420), with a DUF740 domain from rice, implicated in abiotic stress response, for functional validation. For transformation, we selected the allele from a drought-tolerant N22 (and source cultivar in which differential expression has been observed) with the hypothesis that it can complement the drought stress sensitivity of PS2 (a stress-sensitive variety) without compromising on growth and yield when placed under the control of a stress-inducible promoter AtRd29A.

The ortholog of OsSRDP in Arabidopsis (At3g46990), with 60% amino acid sequence homology to rice, has evidence for protein level expression and has been reported to be transcribed during seed germination, root, and silique development (https://www.arabidopsis.org/servlets/TairObject?accession=locus:2075606), whereas OsSRDP has been reported to have transcriptional evidence in germinating seeds and panicles of rice (http://rice.uga.edu/). However, there is no information on the expression of OsSRDP in root tissues of rice. Hence, to understand the expression pattern of this gene in various rice tissues, including roots, we estimated its transcript abundance in plumule, radicle, young root, shoot, and pre- and post-emergence panicles in the WT and the transgenic plants under optimal growth conditions. The results revealed that this gene is expressed in all the tested tissues both in the WT and transgenic plants, with more abundance in the transgenic plants in radicle, plumule, and root tissues; equal expression in shoot tissues; and more expression in the panicles of the WT plants (Supplementary Figure 16). Thus, our analyses could provide evidence for its expression in root tissues. Overall, the candidate gene’s expression in all the tissues was similar to its Arabidopsis orthologs. However, to date, this gene remains uncharacterized, though different members of the DUF740 family have been functionally elucidated (Truenit et al., 2012; Ruiz-Sola et al., 2017). We further observed that under optimal growth conditions, the transgenic plants were similar to the WT plants for all major agronomic traits, namely, number of productive tillers, total panicle weight, grain weight, 100-seed weight, and biomass (Supplementary Figure 17).

By Blast-P search, we identified all the DUF740 domain-encoding genes in rice, which accounted for 11 genes, of which 8 had a single DUF740 domain and the remaining 3 had two DUF740 domains (Supplementary Table 3). The 11 genes could be classified into three distinct clades with two, four, and five members in each of these clades (Supplementary Figure 1). More interestingly, except for two DUF740 genes, namely, LOC_Os06g11510 and LOC_Os03g08970 in clade III, none of them, including OsSRDP in clade IA, had any transposon element (TE) insertion, adding support to their functional relevance. The TE insertions were MITES in the upstream region (200 bp) of LOC_Os03g08970 and Copia in the CDS of LOC_Os06g11510.

Since we originally found OsSRDP from drought stress-specific microarray data, we explored whether any of these DUF740 domain genes are implicated in drought stress response, using RiceMetaSys database (Sandhu et al., 2017). Besides OsSRDP, two other genes, namely, LOC_Os03g08970 and LOC_Os02g46420, showed differential response under drought stress. However, the direction of response was different in these two genes; LOC_Os03g08970 was upregulated under drought stress while LOC_Os02g46420 was downregulated (Supplementary Table 3). An earlier study confirmed the expression of OsSRDP under drought stress in a pair of drought-sensitive (IR64) and -tolerant (N22) genotypes (Jayaraman et al., 2021). The presence of multiple stress-responsive cis-acting regulatory elements in OsSRDP also provided evidence for its stress-responsive nature (Figure 1; Supplementary Figures 2, 3). These background analyses provided us with compelling reasons for functional characterization of OsSRDP.

All the physiological and biochemical assays for abiotic and biotic stress tolerance studies were conducted in three independent, single-copy, and homozygous transgenic plants (T3 and T4), which ensured not only seed availability for various experiments and tests for multiple parameters but also robust results as segregation during gamete formation was ruled out. AtRd29A::OsSRDP transgenic plants showed enhanced drought tolerance as demonstrated from their RWC, proline content, photosynthetic pigments, ROS accumulation, expression of ROS scavenging enzymes, and recovery after drought stress (Figures 2, 4, 7A, B). In most plants, average initial wilting RWC is approximately 60%–70% (https://plantstress.com/leaf-relative-water-content-rwc/) and average % reduction in RWC is 20%–40% under drought stress and only severely desiccated and drying leaves show 30%–40% reduction in RWC. In rice, the daytime RWC is reported to be approximately 84%–95% across genotypes (Bunnag and Pongthai, 2013; Dien et al., 2019) and we observed a similar trend. RWC of the transgenic plants was ~58%–70% after drought stress, indicating that they are in the initial stages of wilting; in case of WT, it was 40%, showing that the WT is experiencing severe stress (Figure 2E). Furthermore, in terms of % reduction in RWC after stress, the WT showed a 56% reduction, which was nearly double compared to the transgenic plants (26%–36%), reflecting the extreme desiccation in the former. It is known from previous studies that the increase in proline content is directly proportional to the degree of drought stress tolerance response; however, it is also known that it comes down soon after the withdrawal of the stress (Dien et al., 2019). In our study, while the increase in proline content was directly proportional to the degree of stress tolerance, the decrease was comparatively slower even after 10 days of recovery (Figure 2F).

A DUF740 domain containing OCTOPUS like (OPS-like) gene from Arabidopsis, At2g38070, encoding for the OPS2 gene has been shown to function in the differentiation of root protophloem, similar to the OPS gene (Truernit et al., 2012; Ruiz-Sola et al., 2017). Thus, we studied the RSA under control and drought conditions but could not find any gross morphological changes (Figure 3; Supplementary Figure 13). It is important to note here that the function of the specific ortholog of OsSRDP in Arabidopsis, At3g46990, has not been characterized, and no phenotype information on the insertion mutants of this gene is available yet. Though our expression analyses did confirm its expression in rice roots, the phenotype observations made on RSA suggested no role for OsSRDP in root development. Thus, the mechanism of enhanced drought tolerance by OsSRDP is not through RSA modulation. Similarly, the inflorescence of WT and transgenic plants was similar in appearance under control as well as all stress conditions. Thus, to conclude on the developmental role of OsSRDP, if any, knockout lines will be required. The present study rather focused mainly on the abiotic stress tolerance role of the OsSRDP. Among the four different abiotic stresses imposed, the AtRd29A::OsSRDP transgenic lines were susceptible only to heat stress (Supplementary Figure 14B), as found in our earlier study, wherein OsCHI2 gene driven by AtRd29A expression also failed to show heat stress tolerance (Jayaraman et al., 2021). It could be due to the passive response of the AtRd29A promoter against heat stress (Yamaguchi-Shinozaki and Shinozaki, 1994; Jayaraman et al., 2021). Hence, to decipher the role of the OsSRDP gene in heat stress, either constitutive promoter-driven overexpression lines or heat stress specific promoter-driven transgenic lines will be required.

A more interesting outcome from this study is that the OsSRDP transgenic rice plants showed enhanced tolerance to multiple stresses (Figures 2, 5, 6, 9) including biotic stress. We have been working on characterizing unknown/uncharacterized and conserved genes for drought stress tolerance and recently reported that OsCHI2 from rice imparted tolerance to multiple abiotic stresses (Jayaraman et al., 2021). Hence, the OsCHI2 transgenic rice plants developed earlier and OsSRDP plants developed in the present study were tested for resistance to one of the most important biotic stresses of rice, blast disease, caused by M. oryzae. While AtRd29A::OsCHI2 transgenic plants were susceptible to rice blast disease (Supplementary Figure 15), AtRd29A::OsSRDP transgenic lines showed a resistance reaction (Figure 8). We further checked the expression of this gene in several leaf transcriptomes of rice blast disease available in the public domain (Sureshkumar et al., 2019), but could not find any evidence for its differential expression under blast infection.




Figure 9 | A proposed model depicting the function of the OsSRDP (LOC_Os04g59420) gene, a member of the DUF740 family, in the regulation of multiple abiotic stresses and biotic stress tolerance. Stress-inducible expression of OsSRDP in transgenic PS2 rice plants exhibited enhanced tolerance to drought, salt, and cold stresses through higher plant water status, photosynthetic pigments, osmo-protectant accumulation, enhanced ROS scavenging capacity through upregulation of ROS scavenging genes, lower accumulation of lipid peroxidation (MDA), and minimal cell membrane injury. In addition, the transgenic rice lines were also resistant to rice blast fungus M. oryzae.



We further looked for the interacting partners of this gene using RiceFREND, which showed that LOC_Os04g33370, LOC_Os05g09640, LOC_Os06g50370, and LOC_Os11g27329 were the primary interacting genes annotated as Cytochrome P450-like protein, Leucine rich repeat (LRR) domain N terminal-containing gene, Zinc finger C3HC4 RING-like domain-containing protein, and a serine carboxypeptidase protein (https://ricefrend.dna.affrc.go.jp/; Supplementary Figure 18A). Among them, only LOC_Os06g50370, a Zinc finger C3HC4 RING-like domain-containing protein, was found to be differentially expressed in the transgenic lines of Nipponbare overexpressing a resistant Pish gene when challenged with the Kyu77 strain of M. oryzae (Tanabe et al., 2014; Sureshkumar et al., 2019). Furthermore, the ortholog of LOC_Os06g50370 from Arabidopsis is characterized as NEP-1 (Necrosis and ethylene production)-interacting protein. NEP proteins are common to three kingdoms of pathogens, leading to a typical microbe-associated molecular pattern (MAMP) to make the host susceptible to infection and colonization (Oome et al., 2014). Such NLP (NEP-1 like family) genes have been reported from M. oryzae (MoNLP) and the family of MoNLP has been reported to be dispensable for infection in rice, especially in susceptible host (Fang et al., 2017). The expression analysis of the M. oryzae challenged plants in our study showed that this was indeed the case, with the level of LOC_Os06g50370 transcripts in independent transgenic rice lines being 2.5-5 folds higher than that of WT plants (Supplementary Figure 18F). Thus, our study indicated that a susceptible host plant transformed with OsSRDP could provide a sufficient effect to recognize the MAMP of the pathogen and counter its infection, most likely through its interacting partner of NEP-1-interacting protein. Though the Leucine rich repeat (LRR) domain, N terminal-containing gene, Os05g188700, is orthologous to an Arabidopsis ortholog, which is implicated in response to jasmonic acid response, we could not find any expression support for this gene. Thus, the consistent resistance reaction shown by all the OsSRDP transgenics could have a molecular basis in the form of LOC_Os06g50370.

A similar search for the expression of the interacting partners of OsSRDP under drought stress revealed that only LOC_Os06g50370 was differentially expressed in a drought stress-tolerant rice cv. Dhaggadeshi (Sandhu et al., 2017). Furthermore, two other interacting partners, LOC_Os05g09640 and LOC_Os11g27329, were differentially expressed under low nitrogen and drought stress in rice seedlings (Sevanthi et al., 2018). Expression analysis of primary interacting partners revealed that in the transgenic plants exposed to water-deficit stress, the expression levels of LOC_Os06g50370 and LOC_Os05g09640 were significantly higher in the AtRd29A::OsSRDP transgenic lines (5-8 and 12-20 folds, respectively) as compared to WT plants (Supplementary Figures 18D, E). No transcript-level support could be found for the rest of the two interacting partners identified (Supplementary Figures 18B, C). Overall, the bioinformatics and expression evidence amply supported by the biochemical data in terms of ROS scavenging capacity and accumulation osmo-protectant, proline, and better physiological parameters under different abiotic stresses thus substantiates the multiple stress tolerance nature of the LOC_Os04g59420 gene (Figure 9). Development and testing of genome-edited or knockout lines will prove useful in establishing their role at the molecular and functional level.



Conclusion

Our study has established a role for OsSRDP (LOC_Os04g59420) under multiple abiotic and biotic stress conditions. By developing and testing AtRd29A::OsSRDP transgenic rice plants, we established the drought, salinity, and cold stress tolerance ability of this gene. Its added advantage as a rice blast disease-tolerant gene makes it a novel and very useful resource in commercial and sustainable rice breeding. Based on the co-expression analysis, we have identified the plausible interacting partner in LOC_Os04g59420, which could be playing a key role in imparting multiple stress tolerance. Exploring the molecular mechanism of this gene using functional genomics tools can help to elucidate its function unequivocally.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



Author contributions

KJ performed all of the experiments and data interpretation, and drafted the original manuscript. AMS helped in molecular, physiological, and biochemical experimentation; data analysis; manuscript drafting; and editing. KVR helped in the analysis of data and Southern blot analysis. GJ and AUS performed biotic stress experiment. PKM conceptualized and designed the experiments, revised the manuscript, and supervised the entire work. TM provided the original concept and edited the manuscript. All authors contributed to the article and approved the submitted version.



Funding

Financial support was provided by i) the ICAR - National Agricultural Science Fund (NFBSFARA) for the project on “Phenomics of moisture deficit and low temperature stress tolerance in rice, Funding Number: NFBSFARA/Phen-2015/2010-11”  ii) ICAR- Funded project '' Biological Nitrogen Fixation in Rice '' which is a part of '' Incentivizing Research in Agriculture '', and iii) ICAR - National Institute for Plant Biotechnology.



Acknowledgments

The authors are thankful to the Director, ICAR - NIPB, New Delhi, India for all support and the laboratory facility for this work. We are thankful to Dr. Viswanathan Chinnusamy, Principal Scientist and Head, Division of Plant Physiology, ICAR - IARI, New Delhi, India, for his valuable suggestions and comments during the conception and early stage of this work. We thank Dr. Bhupinder Singh, Principal Scientist and Head, Centre for Environment Science and Climate Resilient Agriculture (CESCRA), ICAR - IARI, New Delhi, India, for providing the radioactivity lab facility.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.947312/full#supplementary-material



References

 Bateman, A., Coggill, P., and Finn, R. D. (2019). DUFs: Families in search of function. acta. Cryst. Sect. F. Stru. Biol. Cryst. Commun. 66, 1148–1152. doi: 10.1107/S1744309110001685

 Bischoff, V., Nita, S., Neumetzler, L., Schindelasch, D., Urbain, A., Eshed, R., et al. (2010). TRICHOME BIREFRINGENCE and its homolog AT5G01360 encode plant specific DUF231 proteins required for cellulose biosynthesis in arabidopsis. Plant Physiol. 153, 590–602. doi: 10.1104/pp.110.153320

 Bunnag, S., and Pongthai, P. (2013). Selection of rice (Oryza sativa l.) cultivars tolerant to drought stress at the vegetative stage under field conditions. Amer. Jour. Plant Sci. 4 (9), 1701–1708. doi: 10.4236/ajps.2013.49207

 Cao, X., Yang, K. Z., Xia, C., Zhang, X. Q., Chen, L. Q., and Ye, D. (2010). Characterization of DUF724 gene family in Arabidopsis thaliana. Plant Mol. Biol. 72 (1), 61. doi: 10.1007/s11103-009-9551-5

 Cui, Y., Wang, M., Zhou, H., Li, M., Huang, L., Yin, X., et al. (2016). OsSGL, a novel DUF1645 domain-containing protein, confers enhanced drought tolerance in transgenic rice and arabidopsis. Front. Plant Sci. 7, 2001. doi: 10.3389/fpls.2016.02001

 Dien, D. C., Mochizuki, T., and Yamakawa, T. (2019). Effect of various drought stresses and subsequent recovery on proline, total soluble sugar and starch metabolisms in rice (Oryza sativa l.) varieties. Plant Prod. Sci. 22 (4), 530–545. doi: 10.1080/1343943X.2019.1647787

 El-Gebali, S., Mistry, J., Bateman, A., Eddy, S. R., Luciani, A., Potter, S. C., et al. (2019). The pfam protein families database in 2019. Nuc. Acids Res. 8 (47), 427–432. doi: 10.1093/nar/gky995

 Fang, Y. L., Peng, Y. L., and Fan, J. (2017). The Nep1-like protein family of Magnaporthe oryzae is dispensable for the infection of rice plants. Sci. Rep. 7 (1), 4372. doi: 10.1038/s41598-017-04430-0

 Finn, R. D., Coggill, P., Eberhardt, R. Y., Eddy, S. R., Mistry, J., Mitchell, A. L., et al. (2016). The pfam protein families database: towards a more sustainable future. Nuc. Acid. Res. 4 (44), 279–285. doi: 10.1093/nar/gkv1344

 Gu, L., and Cheng, H. (2014). Isolation, molecular cloning and characterization of a cold responsive gene, AmDUF1517 from. Ammopiptanthus mongolicus. Plant Cell. Tiss. Org. 117 (2), 201–211. doi: 10.1007/s11240-014-0433-4

 Guo, C., Luo, C., Guo, L., Li, M., Guo, X., Zhang, Y., et al. (2016). OsSIDP366, a DUF1644 gene, positively regulates responses to drought and salt stresses in rice. J. Inte. Plant Bio. 58 (5), 492–502. doi: 10.1111/jipb.12376

 Hall, T. A. (1999). BioEdit: A user-friendly biological sequence alignment Editor and analysis program for windows 95/98/NT. Nucle. Acids Sympo. Seri 41, 95–98. doi: 10.14601/phytopathol_mediterr-14998U1.29

 Hao, Y., Lu, G., Wang, L., Wang, C., Guo, H., Li, Y., et al. (2018). Overexpression of AmDUF1517 enhanced tolerance to salinity, drought, and cold stress in transgenic cotton. J. Inte. Agric. 17 (10), 2204–2214. doi: 10.1016/S2095-3119(17)61897-5

 He, X., Hou, X., Shen, Y., and Huang, Z. (2011). TaSRG, a wheat transcription factor, significantly affects salt tolerance in transgenic rice and arabidopsis. FEBS. Lett. 585, 1231–1237. doi: 10.1016/j.febslet.2011.03.055

 Hofgen, R., and Willmitzer, L. (1988). Storage of competent cells for Agrobacterium transformation. Nucl. Acid. Res. 16 (20), 9877. doi: 10.1093/nar/16.20.9877

 Hou, X., Liang, Y., He, X., Shen, Y., and Huang, Z. (2013). A novel ABA-responsive TaSRHP gene from wheat contributes to enhanced resistance to salt stress in Arabidopsis thaliana. Plant Mol. Bio. Rep. 31 (4), 791–801. doi: 10.1007/s11105-012-0549-9

 Jain, M., Nijhawan, A., Arora, R., Agarwal, P., Ray., S., Sharma, P., et al. (2007). F-box proteins in rice. genome-wide analysis, classification, temporal and spatial gene expression during panicle and seed development, and regulation by light and abiotic stress. Plant Physiol. 143 (4), 1467–1483. doi: 10.1104/pp.106.091900

 Jayaraman, K., Raman, K. V., Sevanthi, A. M., Sivakumar, S. R., Gayatri,, Viswanathan, C., et al. (2021). Stress-inducible expression of chalcone isomerase2 gene improves accumulation of flavonoid and imparts enhanced abiotic stress tolerance. Env. Exp. Bot. 190, e104582. doi: 10.1016/j.envexpbot.2021.104582

 Jones-Rhoades, M. W., Borevitz, J. O., and Preuss, D. (2007). Genome-wide expression profiling of the arabidopsis female gametophyte identifies families of small, secreted proteins. PloS Genet. 3, 1848–1861. doi: 10.1371/journal.pgen.0030171

 Karkute, S. G., Kumar, V., Tasleem, M., Mishra, D. C., Chaturvedi, K. K., Rai, A., et al. (2022). Genome wide analysis of von willebrand factor a (vWA) gene family in rice for its role in imparting biotic stress resistance with emphasis on rice blast disease. Rice. Sci. 29 (4), 375–384. doi: 10.1016/j.rsci.2021.11.007

 Kaur, N., Sharma, I., Kirat, K., and Pati, P. K. (2016). Detection of reactive oxygen species in Oryza sativa l. (rice). Bio. Proto. 6 (24), e2061. doi: 10.21769/BioProtoc.2061

 Kaur, V., Yadav, S. K., Wankhede, D. P., Pulivendula, P., Kumar, A., and Chinnusamy, V. (2020). Cloning and characterization of a gene encoding MIZ1, a domain of unknown function protein and its role in salt and drought stress in rice. Protoplasma 257 (2), 475–487. doi: 10.1007/s00709-019-01452-5

 Kim, S. J., Ryu, M. Y., and Kim, W. T. (2012). Suppression of arabidopsis RING-DUF1117 E3 ubiquitin ligases, AtRDUF1 and AtRDUF2, reduces tolerance to ABA mediated drought stress. Biochem. Biophys. Res. Commun. 420 (1), 141–147. doi: 10.1016/j.bbrc.2012.02.131

 Lenka, S. K., Katiyar, A., Chinnusamy, V., and Bansal, K. C. (2011). Comparative analysis of drought responsive transcriptome in indica rice genotypes with contrasting drought tolerance. J. Plant Biotech. 9, 315–327. doi: 10.1111/j.1467-7652.2010.00560.x

 Lescot, M., Dehais, P., Thijs, G., Marchal, K., Moreau, Y., Van de Peer, Y., et al. (2002). PlantCARE, a database of plant cis-acting regulatory elements and a portal to tools for in silico analysis of promoter sequences. Nucl. Acids Res. 1, 30(1):325–7. doi: 10.1093/nar/30.1.325

 Li, M., Guo, L., Guo, C., Wang, L., and Chen, L. (2016). Overexpression of a DUF1644 protein gene, SIDP361 enhances tolerance to salt stress in transgenic rice. J. Plant Biol. 59 (1), 62–73. doi: 10.1007/s12374-016-0180-7

 Li, C., Hou, D., Zhang, L., Li, X., Fan, J., Dong, Y., et al. (2021). Molecular characterization and function analysis of the rice OsDUF617 family. Bio. Biotech. Equip. 35 (1), 862–872. doi: 10.1080/13102818.2021.1934541

 Li, L. H., Lv, M. M., Li, X., Ye, T. Z., He, X., Rong, S. H., et al. (2018). The rice OsDUF810 family: OsDUF810.7 may be involved in the tolerance to salt and drought. Mol. Biol. 52 (4), 567–575. doi: 10.1134/S0026898418040122

 Li, X., Sun, L., Tan, L., Liu, F., Zhu, Z., Fu, Y., et al. (2012). TH1, a DUF640 domain-like gene controls lemma and palea development in rice. Plant Mol. Biol. 78 (4-5), 351–359. doi: 10.1007/s11103-011-9868-8

 Liu, Z., Wang, T., Wang, L., Zhao, H., Yue, E., Yan, Y., et al. (2020). RTRIP: a comprehensive profile of transposon insertion polymorphisms in rice. J. Plant Biotech. 18 (12), 2379–2381. doi: 10.1111/pbi.13425

 Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2-DDCT method. Methods 25, 402–408. doi: 10.1006/meth.2001.1262

 Li, L., Xie, C., Ye, T., Xu, J., Chen, R., Gao, X., et al. (2017a). Molecular characterization, expression pattern and function analysis of the rice OsDUF866 family. Bio. Biotech. Equip. 31 (2), 243–249. doi: 10.1080/13102818.2016.1268932

 Li, L., Ye, T., Xu, J., Xie, C., Gao, X., Chen, R., et al. (2017b). Molecular characterization and function analysis of the rice OsDUF946 family. Bio. Biotech. Equip. 31 (3), 477–485. doi: 10.1080/13102818.2017.1289122

 Luo, C., Guo, C., Wang, W., Wang, L., and Liang, C. (2014). Overexpression of a new stress repressive gene OsDSR2 encoding a protein with a DUF966 domain increases salt and simulated drought stress sensitivities and reduces ABA sensitivity in rice. Plant Cell. Rep. 33 (2), 323–336. doi: 10.1007/s00299-013-1532-0

 Lv, M., Hou, D., Zhang, L., Fan, J., Li, C., Chen, W., et al. (2019). Molecular characterization and function analysis of the rice OsDUF1191 family. Bio. Biotech. Equip. 33 (1), 1608–1615. doi: 10.1080/13102818.2019.1684843

 Oome, S., Raaymakers, T. M., Cabral, A., Samwel, S., Bohm, H., Albert, I., et al. (2014). Nep1-like proteins from three kingdoms of life act as a microbe-associated molecular pattern in arabidopsis. Proc. Natl. Acad. Sci. 111 (47), 16955–16960. doi: 10.1073/pnas.1410031111

 Palmeros-Suarez, P. A., Massange-Sanchez, J. A., Sanchez-Segura, L., Martinez-Gallardo, N. A., Espitia Rangel, E., Gomez-Leyva, J. F., et al. (2017). AhDGR2, an amaranth abiotic stress induced DUF642 protein gene, modifies cell wall structure and composition and causes salt and ABA hyper-sensibility in transgenic arabidopsis. Planta 245 (3), 623–640. doi: 10.1007/s00425-016-2635-y

 Punta, M., Coggill, P. C., Eberhardt, R. Y., Mistry., J., Tate, J., Boursnell, C., et al. (2012). The pfam protein families database. Nuc. acids. Res 40, 290–301. doi: 10.1093/nar/gkr1065

 Ruiz-Sola, M. A., Coiro, M., Crivelli, S., Zeeman, S. C., Schmidt Kjolner Hansen, S., and Truernit, E. (2017). OCTOPUS-LIKE 2, a novel player in arabidopsis root and vascular development, reveals a key role for OCTOPUS family genes in root metaphloem sieve tube differentiation. New. Phyto. 216 (4), 1191–1204. doi: 10.1111/nph.14751

 Sandhu, M., Sureshkumar, V., Prakash, C., Dixit, R., Solanke, A. U., Sharma, T. R., et al. (2017). RiceMetaSys for salt and drought stress responsive genes in rice: a web interface for crop improvement. BMC Bioinfo. 18 (1), 432. doi: 10.1186/s12859-017-1846-y

 Sevanthi, A. M. V., Kandwal, P., Kale, P. B., Prakash, C., Ramkumar, M. K., Yadav, N., et al. (2018). Whole genome characterization of a few EMS induced mutants of upland rice variety nagina 22 reveals a staggeringly high frequency of SNPs which show high phenotypic plasticity towards the wild type. Front. Plant Sci. 9. doi: 10.3389/fpls.2018.01179

 Sevanthi, A. M. V., Sinha, S. K., Rani, M. V. S., Saini, M. R., Kumari, S., Kaushik, M., et al. (2021). Integration of dual stress transcriptomes and major QTLs from a pair of genotypes contrasting for drought and chronic nitrogen starvation identifies key stress responsive genes in rice. Rice 14 (1), 49. doi: 10.1186/s12284-021-00487-8

 Sureshkumar, V., Dutta, B., Kumar, V., Prakash, G., Mishra, D. C., Chaturvedi, K. K., et al. (2019). RiceMeta SysB: a database of blast and bacterial blight responsive genes in rice and its utilization in identifying key blast-resistant WRKY genes. Database (Oxford) 2019, baz015. doi: 10.1093/database/baz015

 Tanabe, S., Yokotani, N., Nagata, T., Fujisawa, Y., Jiang, C. J., Abe, K., et al. (2014). Spatial regulation of defense related genes revealed by expression analysis using dissected tissues of rice leaves inoculated with Magnaporthe oryzae. J. Plant Phy. Patho. 2, 4. doi: 10.4172/2329-955X.1000135

 Tiwari, K. K., Singh, A., Pattnaik, S., Sandhu, M., Kaur, S., Jain, S., et al. (2015). Identification of a diverse mini-core panel of Indian rice germplasm based on genotyping using microsatellite markers. Plant Breed. 134 (2), 164–171. doi: 10.1111/pbr.12252

 Truernit, E., Bauby, H., Belcram, K., Barthelemy, J., and Palauqui, J. C. (2012). OCTOPUS, a polarly localised membrane-associated protein, regulates phloem differentiation entry in Arabidopsis thaliana. Development 139 (7), 1306–1315. doi: 10.1242/dev.072629

 Xin, Z., Mandaokar, A., Chen, J., Last, R. L., and Browse, J. (2007). Arabidopsis ESK1 encodes a novel regulator of freezing tolerance. Plant J. 49 (5), 786–799. doi: 10.1111/j.1365-313x.2006.02994.x

 Yamaguchi-Shinozaki, K., and Shinozaki, K. (1994). A novel cis-acting element in an arabidopsis gene is involved in responsiveness to drought low-temperature or high-salt stress. Plant Cell 6, 251–264. doi: 10.1105/tpc.6.2.251

 Yang, S. Q., Li, W. Q., Miao, H., Gan, P. F., Qiao, L., Chang, Y. L., et al. (2016). REL2, a gene encoding an unknown function protein which contains DUF630 and DUF632 domains controls leaf rolling in rice. Rice 9 (1), 37. doi: 10.1186/s12284-016-0105-6

 Yang, Q., Niu, X., Tian, X., Zhang, X., Cong, J., Wang, R., et al. (2020). Comprehensive genomic analysis of the DUF4228 gene family in land plants and expression profiling of ATDUF4228 under abiotic stresses. BMC Genomics 21, 12. doi: 10.1186/s12864-019-6389-3

 Yoshida, S., Forno, D. A., Cock, J. A., and Gomez, K. A. (1976). Laboratory manual for plant physiological studies of rice. Ed 3 (Manila, Philippines: International Rice Research Institute).

 Zhang, Y., Zhang, F., and Huang, X. (2019). Characterization of an Arabidopsis thaliana DUF761 containing protein with a potential role in development and defense responses. Theo. Exp. Plant Phys. 31 (2), 303–316. doi: 10.1007/s40626-019-00146-w

 Zhang, B., Zhang, X., Xu, G., Li, M., Cui, Y., Yin, X., et al. (2018). Expression of sorghum gene SbSGL enhances grain length and weight in rice. Mol. Breed. 38, 40. doi: 10.1007/s11032-018-0799-9

 Zhong, H., Zhang, H., Guo, R., Wang, Q., Huang, X., Liao, J., et al. (2019). Characterization and functional divergence of a novel DUF668 gene family in rice based on comprehensive expression patterns. Genes (Basel) 10 (12), 980. doi: 10.3390/genes10120980


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Jayaraman, Sevanthi, Raman, Jiwani, Solanke, Mandal and Mohapatra. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 18 January 2023

doi: 10.3389/fpls.2022.1109784

[image: image2]


Identification of PLATZ genes in Malus and expression characteristics of MdPLATZs in response to drought and ABA stresses


Yaqiang Sun 1,2,3, Yunxiao Liu 1, Jiakai Liang 1, Jiawei Luo 1, Fan Yang 1, Peien Feng 1, Hanyu Wang 1, Bocheng Guo 1, Fengwang Ma 1* and Tao Zhao 1*


1 State Key Laboratory of Crop Stress Biology for Arid Areas, College of Horticulture, Northwest A&F University, Yangling, Shaanxi, China, 2 Shaanxi Key Laboratory of Apple, College of Horticulture, Northwest A&F University, Yangling, Shaanxi, China, 3 Xinjiang Production & Construction Corps Key Laboratory of Protection and Utilization of Biological Resources in Tarim Basin, Tarim University, Alar, Xinjiang, China




Edited by: 

Dong Liang, Sichuan Agricultural University, China

Reviewed by: 

Xuewen Xu, Yangzhou University, China

Yushan Qiao, Nanjing Agricultural University, China

*Correspondence: 

Tao Zhao
 tao.zhao@nwafu.edu.cn
 
Fengwang Ma
 fwm64@nwsuaf.edu.cn

Specialty section: 
 This article was submitted to Plant Abiotic Stress, a section of the journal Frontiers in Plant Science


Received: 28 November 2022

Accepted: 30 December 2022

Published: 18 January 2023

Citation:
Sun Y, Liu Y, Liang J, Luo J, Yang F, Feng P, Wang H, Guo B, Ma F and Zhao T (2023) Identification of PLATZ genes in Malus and expression characteristics of MdPLATZs in response to drought and ABA stresses. Front. Plant Sci. 13:1109784. doi: 10.3389/fpls.2022.1109784



Plant AT-rich sequences and zinc-binding proteins (PLATZ) play crucial roles in response to environmental stresses. Nevertheless, PLATZ gene family has not been systemically studied in Rosaceae species, such as in apple, pear, peach, or strawberry. In this study, a total of 134 PLATZ proteins were identified from nine Rosaceae genomes and were classified into seven phylogenetic groups. Subsequently, the chromosomal localization, duplication, and collinearity relationship for apple PLATZ genes were investigated, and segmental duplication is a major driving-force in the expansion of PLATZ in Malus. Expression profiles analysis showed that PLATZs had distinct expression patterns in different tissues, and multiple genes were significantly changed after drought and ABA treatments. Furthermore, the co-expression network combined with RNA-seq data showed that PLATZ might be involved in drought stress by regulating ABA signaling pathway. In summary, this study is the first in-depth and systematic identification of PLATZ gene family in Rosaceae species, especially for apple, and provided specific PLATZ gene resource for further functional research in response to abiotic stress.
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Introduction

Drought stress is a main limiting environmental factor for plants growth and crop yield, which could affect plant physiological and biochemical metabolism, eventually leading to food and societal problems (Ergo et al., 2018; Rahmati et al., 2018). To date, numerous studies have been performed to investigate the underlying mechanisms of drought stresses in plant. To cope with drought stress, plants has evolved a series of physiological adaptations, such as changes of the morphological characteristics, osmotic regulation, and endogenous hormones levels (Silva et al., 2010; Bhargava and Sawant, 2013, Liu et al., 2014).

Transcription factors (TF) play essential roles in multiple physiological processes in plants, in which it could recognize and bind to cis-acting elements in the promoter regions of target genes to regulate downstream signaling pathways (Mitchell and Tjian, 1989; Ptashne and Gann, 1997; Riechmann et al., 2000). At present, more than fifty TFs families have been identified in plants. The zinc finger transcription factor is one of the largest TF families in plants, including ERF, PHD, PLATZ, ZFP, TZF, and WRKY (Zhang et al., 2022). Previous studies have found that they were involved in various environmental stresses, especially drought stress (Han et al., 2019; Sun et al., 2019). Among them, C2H2 zinc finger proteins (ZFPs) and CCCH-tandem zinc finger proteins (TZFs) have been found to be participated in plant development and abiotic stress responses. For example, the zinc finger protein TaZFP1B increased drought tolerance in transgenic wheat plants by regulating the expression of oxidative stress responsive genes and reducing the ROS accumulation (Cheuk et al., 2020). Similarly, the rice OsTZF5 overexpression lines showed increased drought tolerance with high single-plant level and per unit grain yield compared with the NT plants (Selvaraj et al., 2020). Besides, other zinc finger proteins such as OsMSR15, OsDRZ1, AtZAT18, MtPHD6, and CmBBX19, were also identified as key regulators of plant drought tolerance (Zhang et al., 2016; Yin et al., 2017; Yuan et al., 2018; Quan et al., 2019; Xu et al., 2020).

The plant AT-rich sequences and zinc-binding (PLATZ) proteins belong to a novel class of plant specific zinc finger transcription factor, with two distant-conserved domains (Nagano et al., 2001). PLATZ genes play important roles in several biological processes, including plant growth and development (Gonzalez-Morales et al., 2016; Kim et al., 2018; Zenda, 2019; Jun et al., 2020; Liu et al., 2020; Dong et al., 2021). In rice, GL6 as a rice grain length QTL, positively affected grain length and yield by regulating cell division (Wang et al., 2019). ZmPLATZ12, specifically expressed in endosperm starchy cells in maize (Zea mays), can affect endosperm development and storage reserve, by interacting with RPC53 and TFC1 (Li et al., 2017). ORESARA15 (ORE15), a PLATZ-type transcriptional activator in Arabidopsis, positively regulates the expression of leaf size related- and senescence related-genes (Kim et al., 2018). Furthermore, PLATZ proteins in plants are also involved in response to abiotic stresses (Zhang et al., 2018; Blair et al., 2019; Zenda, 2019; Liu et al., 2020; Dong et al., 2021). For example, the PLATZ family member AIN1 participated in the regulation of ROS homeostasis in Arabidopsis after ABA treatment (Dong et al., 2021). Overexpression of soybean GmPLATZ1 delayed germination and cotyledon development in transgenic Arabidopsis under ABA and osmotic stresses (So et al., 2015). In Glycine max and Zea mays, the expressions of GmPLATZ1, GmPLATZ17, and ZmPLATZ were induced under drought treatment (So et al., 2015; Zenda, 2019; Zhao et al., 2022).

Apple (Malus domestica), a representative species of the Rosaceae family, is one of the most economically important fruit crops in the world. The unique light environment and temperate climate of China’s Loess Plateau, making it become one of the most productive apple cultivation areas in the world (Yan et al., 2015). However, a limited water supply threatens the sustainable production of apple in this region (Wang et al., 2018). PLATZ genes play vital roles in resistance to abiotic stress in plants. However, the PLATZ gene family has not been identified and functional characterized in Rosaceae species. Here we present a genome-wide analysis of the PLATZ proteins in Rosaceae species, especially in Malus. The expression patterns of apple PLATZ genes in different tissues were investigated using public transcriptomic data, the expressions of MdPLATZ genes in apple roots under abiotic stress in Malus were estimated by quantitative real-time PCR. In addition, the co-expression network of PLATZ genes was constructed in Malus. In general, our findings provide a valuable insight into the evolutionary history of PLATZ genes in Rosaceae species and will be useful for future studies dissecting the regulatory mechanisms of PLATZ genes.



Materials and methods


Identification of PLATZ genes in the apple genome

Genome annotations of apple genomes (M. domestica cv. Golden delicious (Md), M. domestica cv. Hanfu (Mdhf), M. domestica cv. Gala (Mdg), M. sieversii (Msi), M. baccata (Mb), and M. sylvestris (Msy)) and three other Rosaceae species genomes Fragaria vesca v4.0 (FvesH4), Prunus persica (ppe), and Pyrus communis L. (Pycom) were downloaded from the Genome Database for Rosaceae (https://www.rosaceae.org/) (Jung et al., 2019). The genome annotations of Arabidopsis thaliana and Oryza sativa were retrieved from TAIR (https://www.arabidopsis.org/) and Phytozome (https://phytozome-next.jgi.doe.gov/), respectively. The hidden Markov model (HMM) profile of the PLATZ domain (PF04640) was downloaded from the Pfam database (http://pfam.xfam.org/) and then was exploited for the identification of the PLATZ genes in the species described above. Putative PLATZ gene sequences were submitted to Simple Modular Architecture Research Tool (SMART) website (http://smart.embl-heidelberg.de/) to check the completeness of the PLATZ conserved domain (Finn et al., 2011). The physicochemical parameters of each gene were calculated using the ExPASy (https://web.expasy.org/protparam/), including molecular weight (MW) and theoretical isoelectric point (pI) tool. In addition, the subcellular localization of PLATZs was investigated using Cell-PLoc 2.0 (Chou and Shen, 2008).



Phylogenetic relationship and conserved motif analysis of PLATZ genes

Multiple sequence alignment was conducted using the MUSCLE tool integrated in MEGA6.0, with default parameter (Larkin et al., 2007). The maximum likelihood (ML) tree was constructed based on the full-length protein sequences using the MEGA software with a bootstrap of 1000 replications. The tree file was visualized using FigTree v1.4.2 software, and then was modified using Interactive Tree of Life (iTOL) (http://itol.embl.de/). To obtain the conserved motifs, the PLATZ proteins in apple were analyzed using Multiple Em for Motif Elicitation (MEME) Version 5.4.1 (http://meme-suite.org/meme/tools/meme) with the default parameters. The visualization of PLATZ domains was performed using TBtools v1.098 (Chen et al., 2020). The exon/intron structures of PLATZ family genes in apple were analyzed by the Gene Structure Display Server online program with default parameters (GSDS: http://gsds.cbi.pku.edu.ch) (Hu et al., 2015). Finally, the upstream 2 kb genomic DNA sequences of all MdPLATZ genes were extracted, and then submitted to PlantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) to predict the cis-acting elements in the promoter region.



Gene duplication and evolutionary rate analysis

MCScanX was applied to identify tandem and segmental duplications of PLATZ genes among Malus species, and the syntenic relationships were plotted using the Circos software (http://circos.ca/) (Wang et al., 2012). The rate of Ka (nonsynonymous substitutions site)/Ks (synonymous substitutions site) was applied to assess the evolutionary rate of PLATZ genes, which was calculated by TBtools (v1.098).



Expression pattern analysis using RNA-seq data

The RNA-seq data of PLATZ genes in 16 different tissues of the Malus was downloaded from the NCBI database (https://www.ncbi.nlm.nih.gov), including root, stem, leaf, tree shoot apex, dormant buds, flower, stigma, style, ovary, filament, anther, pollen, petals, sepal, receptacle, and fruit, the registration numbers were listed in Supplementary Table 3. The FPKM (fragments per kilobase of transcript per million fragments mapped reads) of all PLATZ genes were calculated using Hisat2 and Stringtie software (Pertea et al., 2016)(Supplementary Table 4). Then, differentially expressed genes were identified with the following threshold values: log2fold change ≥1, FDR (false discovery rate) ≤ 0.05. In addition, the Pearson correlation of the expressions of MdPLATZ genes in different tissues were calculated using GraphPad Prism tool, with p < 0.01 considered as significantly different among different samples.



Plant material and treatment

The tissue-cultured M. domestica cv. Golden delicious plants were initially grown on MS (Murashige and Skoog) agar media. After rooting on MS agar media, the apple seedlings were transferred to small plastic pots containing a mixture of soil/perlite and then were cultured in a climate chamber with a 16 h light/8 h dark photoperiod and 55-65% relative humidity at 24°C. Stress treatments were performed to the apple seedlings as described previously (Zhao et al., 2020), including drought and ABA. For the drought treatment, the apple plants roots were collected at 0, 12, 24, 72, and 120 hours after drought stress. For the abscisic acid (ABA) treatment, the apples roots were sampled at 0, 3, 9, 12, and 24 hours after treatments. All the samples were snap-frozen in liquid nitrogen and stored at -80°C for RNA extraction. Three biological replicates were collected at each time point. The correlation coefficients among MdPLATZ genes under drought and ABA treatments were calculated using the Pearson correlation in GraphPad Prism tool, with p ≤ 0.01 considered as significantly different among different samples.



RNA isolation and expression profiling analysis

The experiment of qRT-PCR was applied to detect the expression patterns of the MdPLATZ genes in roots after drought and ABA treatments. Total RNA was isolated using the RNAprep Pure Plant Kit (TIANGEN, Beijing, China) according to the manufacturer’s instructions. cDNA was synthesized from total RNA using the HiScript II 1st Strand cDNA Synthesis Kit (+gDNA wiper) (Vazyme, Nanjing, China), and used as the qRT-PCR template. The primer pairs used in this study were listed in Supplementary Table 5. The MdEF-1α gene was used as the reference gene to normalize the gene expression in each qRT-PCR experiment. The relative expression of each gene was calculated based on the 2-△△CT method (Livak and Schmittgen, 2001). All statistical analyses were performed by t tests, with p ≤ 0.05 considered as significantly different among different groups.



Subcellular localization of MdPLATZ proteins

The coding sequences of MdPLATZ2, MdPLATZ10, and MdPLATZ11 were cloned by the designed primers (Supplementary Table 5). Then the sequences (without the termination codons) were individually cloned into the pRI101-GFP vector. Subsequently, validated vectors were individually transformed into Nicotiana benthamiana leaves with nuclear localization plasmid pHBT-NLS-mCherry and 35S::MdPLATZ2/10/11::GFP vectors. The empty vector was used as a control. After incubation in the dark place for 48 h, the fluorescence signals in the leaves of the transfected plants were observed under the fluorescence microscope (Leica SP5).



Co-expression network analysis of PLATZ family genes

The co-expressed genes of apple PLATZ genes were predicted using the AppleMDO database (http://bioinformatics.cau.edu.cn/AppleMDO/) (Da et al., 2019). Subsequently, the genes were predicted to be correlated with 17 MdPLATZ genes were identified and then applied to construct the co-expression network using Gephi v0.9.2 (Bastian et al., 2009). Gene Ontology (GO) and Kyoto encyclopedia of gene and genome (KEGG) enrichment analysis was performed among these genes and displayed using agriGO v2.0 (Tian et al., 2017) and KOBAS tool (Bu et al., 2021).




Results


Identification of the PLATZ family genes in Malus species

Using the HMM profile of the PLATZ domain (PF04640), a total of 104 candidate PLATZ proteins were identified from six apple genomes. A total of 14, 17, 17, 19, 19, and 18 PLATZ proteins were identified in the genomes of Mdhf, Md, Mdg, Msi, Msy, and Mb, respectively (Supplementary Figure 1; Supplementary Table 1). The lengths of the PLATZ CDS regions varied from 399 bp (Mdgplatz15) to 2679 bp (Mbplatz6), and the putative proteins were predicted to encode 133 to 893 amino acids in length. The MW for the predicted PLATZ proteins ranged from 15.31499 kDa to 99.11895 kDa, and the isoelectric points ranged from 6.1 to 9.94. Moreover, the subcellular localization of PLATZs was predicted by Cell-PLoc, and most PLATZ proteins were located in the cell nucleus (Supplementary Table 1).



Phylogenetic analysis of the PLATZ genes

To understand the evolutionary relationships of PLATZ genes, a phylogenetic tree based on full-length protein sequences was constructed by the maximum likelihood method. A total of 161 PLATZ homologous genes from 11 representative species, including 6 Malus species (104 PLATZ proteins), Fragaria vesca v4.0 (10 PLATZ proteins), Prunus persica (9 PLATZ proteins), Pyrus communis L. (11 PLATZ proteins), A. thaliana (12 PLATZ proteins), and Oryza sativa (15 PLATZ proteins). As shown in Figure 1, the PLATZ genes were phylogenetically categorized into seven groups (I to VII), In detail, 17, 18, 32, 14, 16, 25, and 16 PLATZ genes were identified from group I to group VII, respectively. The PLATZ genes in O. sativa were separated from Rosaceae species and A. thaliana, implying that PLATZs in apple were more closely related to AtPLATZs. In addition, most Pyrus PLATZs and Malus PLATZs formed sister clades (Figure 1; Supplementary Figure 2), which suggested that the PLATZ genes in pear and Malus had a closer evolutionary relationship.




Figure 1 | The maximum-likelihood phylogenetic tree of the PLATZ genes. I-VII represent seven groups marked in different colors. The blue, orange, and green pentacles represent the PLATZ genes from Malus, other Rosaceae species (Fragaria vesca v4.0, Prunus persica, and Pyrus communis L.), and model plants (A. thaliana and O. sativa), respectively.





Gene structural characterization and conserved motifs among Malus PLATZ genes

The gene structure similarities could provide a clue of the gene family evolution history. Among 104 apple PLATZs, most gene members in the same groups shared similar exon/intron structures in terms of exon/intron number and exon length (Figure 2). For example, the PLATZ genes in subfamily III contain three exons, while those in subfamily V mostly have four exons, except for Mdhfplatz19. Interestingly, the gene structure appeared to be more variable in subfamilies VI, in which the number and length of the exons were remarkably distinct. The number of introns in all Malus PLATZ genes ranged from 1 (Mbplatz16) to 12 (Mbplatz6), indicating that some introns in PLATZ genes were lost during evolution. The numbers of exons in the same apple species varied greatly, ranging from 2 (Mdgplatz14) to 13 (Mdgplatz16), indicating that they might be involved in different biological processes. In addition, the PLATZ homologous genes among different apple species exhibited slight variation. For apple PLATZ 10, exon lengths were different between Mdg and Msy.




Figure 2 | Distribution of conserved motifs and exon–intron structures of the PLATZ family genes in Malus species. The phylogenetic tree was constructed by MEGA-6, using full-length amino acid sequences (1000 Bootstrap replicates and LG substitution model). Different colors in the branches indicate different groups. Green and yellow boxes indicate the coding sequences and the untranslated regions, black lines represent the introns. A total of 8 motifs (motif 1-8) were predicted by MEME tool, and the boxes with different colors indicate different motifs.



Exploring the motifs distribution is meaningful to understanding gene function and their evolutionary history (Han et al., 2022). We further investigated the conserved motifs of PLATZ genes, and 8 distinct motifs were identified in apple by the MEME program, designated motifs 1-8 (Supplementary Figure 3). The number and relative position of motifs in PLATZ members were relatively conserved in Malus. Among them, most apple PLATZ members contained motif 2, motif 7, motif 1, motif 5, motif 6, and motif 4. As expected, most members clustered into the same groups contained common motif structures. Interestingly, some motifs were found to be specific in groups. For instance, motif 8 was present in the genes of group I and part of group II. Motif 1, motif 6, and motif 4 were specific for group VII. These results indicated that PLATZ proteins in these groups might have different biological functions. Additionally, we found motif 5, motif 6, and motif 4 were specific to Msyplatz12, and motif 1 was specific to Msyplatz22 (Figure 2). In summary, most genes clustered into the same groups had similar gene structures and conserved motifs, suggesting that proteins from the same groups may have similar biological functions. The divergences in the number of motifs and exons in different groups, indicating that these genes were involved in multiple biological processes.



Duplications and collinearity analysis of PLATZ genes in Malus

The identified 86 Malus PLATZs were mapped and positioned on 17 chromosomes (Figure 3), except for Mb PLATZ genes (without chromosome information). There was no PLATZ gene found on the Chromosome 1, 4, and 8. Furthermore, in order to explore the gene duplication and the diversity of PLATZs genes in Malus species, both intra- and intergenomic syntenic analyses of the PLATZ genes were carried out among the five Malus species. A total of 40 PLATZ genes showed a syntenic relationship within Malus species. Specifically, there were nine pairs of segmental duplications on the chromosomes of the Mdg genome (Figure 3A), and most of the duplicated PLATZ genes belongs to the same groups. In the genomes of Md and Msi, six and nine segmental duplication gene pairs were found of PLATZ genes, respectively (Figures 3B-D). Eight segmental duplication gene pairs were found in MdhfPLATZ and MsyPLATZ gene families, and one tandem duplication event occurred between MsyPLATZ3 and MsyPLATZ12 on chromosome 10 (Figures 3C-E). In addition, we calculated the Ka and Ks values of gene pairs within five genomes, and all genome Ka/Ks ratios were lower than 1, indicating that these gene pairs had experienced purifying selection (Figure 3F). To further analyze the evolutionary process of apple PLATZ genes, a comparative analysis of genome collinearity was conducted between Md and other four Malus (Mdhf, Mdg, Msi, and Msy) species. Notably, the results showed that the homologous genes between Md and other four Malus were tightly linked, with 30 homologous gene pairs in Msi, followed by Mdg (29 homologous gene pairs), Msy (28 homologous gene pairs), and Mdhf (25 homologous gene pairs) (Figure 4).




Figure 3 | Synteny relationships of the PLATZ genes in Malus species. (A–E) The chromosomal distribution and intra-genomic collinearity of the Mdg, Md, Mdhf, Msi, and Msy genomes. Different homologous gene pairs are connected by different colored lines in five Malus species. The light red ribbons represent syntenic blocks in the Malus genome, and the segmental duplication events are marked in different colors. (F) Boxplot showing the statistics of Ka/Ks values of the gene pairs in five apple species.






Figure 4 | Collinear analysis between Md and other four Malus species (Mdhf, Mdg, Msi, and Msy). The position distribution of the PLATZ gene was marked with boxes on 17 chromosomes. Collinear gene pairs in apple genomes were linked by gray lines, the black lines inter-connectted the collinear gene pairs of the PLATZ gene family.





Tissue expression patterns of MdPLATZ genes in Malus domestica

To investigate the spatiotemporal expression patterns of the MdPLATZ gene family members, the transcriptomic data obtained from 16 different apple tissues were used (see materials and methods, Figure 5; Supplementary Table 2). In general, the expression patterns of MdPLATZ genes varied greatly in different tissues, indicating that they might be involved in multiple biological functions in M. domestica. Most MdPLATZs exhibited higher expression in shoot apex, filament, and bud, but lower expression in pollen (Figure 5). Seven MdPLATZ (Mdplatz1, Mdplatz2, Mdplatz4, Mdplatz6, Mdplatz7, Mdplatz11, and Mdplatz19) genes displayed higher expression tendencies in root, leaf, and stem tissues. Interestingly, eight genes (Mdplatz3, Mdplatz4, Mdplatz5, Mdplatz7, Mdplatz10, Mdplatz11, Mdplatz17, and Mdplatz20) showed distinct expression patterns in bud and fruit tissues collected at different developmental stages.




Figure 5 | Expression of MdPLATZ genes in different tissues including root, stem, leaf, tree shoot apex, dormant buds, flower, stigma, style, ovary, filament, anther, pollen, petals, sepal, receptacle, and fruit.



The correlation analyses of PLATZ genes were conducted, and the results suggested that multiple MdPLATZ genes were significantly correlated with each other (Supplementary Figure 4). Specifically, Mdplatz2 was significantly positively correlated with Mdplatz1, Mdplatz11, and Mdplatz19 (p < 0.01), and significantly negatively correlated with Mdplatz20 (p < 0.01). Mdplatz10 was positively correlated with Mdplatz3, Mdplatz4, and Mdplatz5 (p < 0.01), and was negatively correlated with Mdplatz11 (p < 0.01). In addition, Mdplatz6, Mdplatz9, Mdplatz13, Mdplatz16, Mdplatz18, and Mdplatz20 were tightly correlated with each other, indicating that these genes might have synergistic relationships in response to external stresses. Mdplatz7, Mdplatz15, and Mdplatz17 were weakly correlated with other MdPLATZ genes, indicating that those genes may participated in distinct functional modules during development (Supplementary Figure 4).



Expression patterns of MdPLATZ genes under drought and ABA treatment

The promoter sequences (upstream 2000 bp) of PLATZ genes were queried at PlantCARE, the results showed that most MdPLATZs contained ABA- and drought-responsive cis-acting regulatory elements (Supplementary Table 3). Subsequently, the qRT–PCR was performed to investigate the expression patterns of MdPLATZ genes in Md roots under drought and ABA treatments. The results showed that 10 MdPLATZ genes were differentially expressed after drought stress. Four genes, Mdplatz9, Mdplatz10, Mdplatz11, and Mdplatz13, were significantly upregulated in roots, while six PLATZ genes, containing Mdplatz3, Mdplatz4, Mdplatz17, Mdplatz18, Mdplatz1, and Mdplatz19, were significantly downregulated under drought stress (Figure 6A). The correlation analysis results suggested that multiple MdPLATZ genes were significantly correlated with each other under drought stress (Figure 6B). As a result, Mdplatz7 was positively correlated with Mdplatz13 (group II) and Mdplatz9 & 20 (group III) (p < 0.01), whereas Mdplatz2 was negatively correlated with Mdplatz15 (group II), Mdplatz19, and Mdplatz18 & 20 (group III) (p < 0.01). Furthermore, the Mdplatz13, Mdplatz6 & 16 (group VI), and Mdplatz9 & 18 & 20 (group III) genes showed positively correlation relationship with each other, implying that these genes may be regulated cooperatively and may have relevant functional associations during drought stress (Figure 6B).




Figure 6 | Expression analysis of MdPLATZs under drought and ABA treatments. (A) The expression levels of MdPLATZs in apple roots under drought stress. (B) Pearson’s correlation of the expression patterns of 17 MdPLATZ genes under drought stress. (C) The expression levels of MdPLATZs in apple roots under ABA treatment. (D) Pearson’s correlation of expression patterns in 17 MdPLATZ genes under ABA treatment. **indicates a significance correlation at the levels of p < 0.01.



To understand the roles of PLATZ genes in apple roots under ABA treatment, the qRT-PCR was conducted, and the results showed that eight PLATZ genes, such as Mdplatz1, 4, 13, 6, and 16 (group VI), and Mdplatz9, 17, and 19 (group III) were significantly upregulated after ABA treatment. Conversely, Mdplatz2, Mdplatz1, Mdplatz13, and Mdplatz18 showed a downregulated tendency under ABA treatment (Figure 6C). Subsequently, the correlation analysis results showed that the expression patterns of some MdPLATZ genes were significantly correlated under ABA treatment (Figure 6D). The Mdplztz7 and Mdplztz4 showed negatively correlated relationship (p < 0.01), while Mdplztz10 and Mdplztz19 showed a significant positive correlation relationship (p < 0.01). Mdplatz4 was positively correlated with Mdplatz3, Mdplztz5, and Mdplztz11, but negatively correlated with Mdplztz13 and Mdplatz20 (p < 0.01). Similarly, Mdplatz9, Mdplatz13, Mdplatz16, Mdplatz18, and Mdplatz20 were positive correlated with each other (Figure 6D).



Subcellular localization of MdPLATZs in Malus domestica

According to the prediction, most PLATZ genes in M. domestica were located in the nucleus (Supplementary Table 1). In order to better understand the characteristics of these proteins, three MdPLATZ genes with high expression levels in root under drought and ABA treatments, were selected for transient expression. As illustrated in Figure 7, the complete coding sequences (excluding the stop codons) of MdPLATZ2, MdPLATZ10, and MdPLATZ11 were cloned into the pRI101-GFP vector under the control of the CaMV 35S promoter. The N. benthamiana leaves were used to transiently expressed a nuclear localization plasmid pHBT-NLS-mCherry. The GFP signals of 35S::MdPLATZ2/10/11::GFP were observed in the nucleus and colocalization with the red fluorescence of NLS-mCherry protein in the nucleus. The signal of control vectors was detected in nucleus and cell membrane (Figure 7). These results suggested that three MdPLATZ proteins were located exclusively in the nucleus to participate in various biological processes.




Figure 7 | Subcellular localization of three MdPLATZ proteins. 35S::MdPLATZ2, 35S::MdPLATZ 10, 35S::MdPLATZ11::GFP, pHBT-NLS-mCherry, and 35S::GFP control were transiently expressed in N. benthamiana leaves and were detected under a confocal microscope. Scale bars represent 10 μm.





Gene co-expression network analysis of MdPLATZs

A co-expression network was constructed for PLATZ and their co-expressed genes (412 genes), predicted by AppleMDO database. The results showed that multiple genes, including GRF9, KNOX, and NF-YA3, might be regulated by MdPLATZs (Figure 8A; Supplementary Table 4). Subsequently, the expression patterns of MdPLATZ co-expression genes in apple leaves under drought stress were studied using public transcriptome data. As shown in Figure 8B, most co-expression genes were significantly up-regulated under drought stress, such as DEAR3, AYHB15, bHLH79, GRF9, KNOX, and IBM1, indicating that co-expression genes may play a vital role in response to drought stress (Figure 8B; Supplementary Table 4). Furthermore, the co-expression genes were functionally annotated using GO annotations. The result showed that the co-expression genes contained 17 GO categories, which belonged to cellular component, biological process and molecular function (Figure 8C). Obviously, multiple genes were annotated as “protein binding”, “transcription regulatory region sequence-specific DNA binding”, and “response to abscisic acid” categories (Figure 8C). In addition, the KEGG enrichment analysis results showed that multiple co-expression genes were enriched into “plant hormone signal transduction pathway” and “Metabolic pathways” (Figure 8D).




Figure 8 | The co-expression network of MdPLATZ genes in Malus. (A) Co-expression network between 17 MdPLATZ and their co-expressed genes. The light green nodes indicate co-expressed genes, and the dark green nodes represent MdPLATZs. (B) Expressions of 412 PLATZ co-expressed genes in apple leaves from RNA-seq data under drought stress. (C, D) GO and KEGG enrichment analysis of the 412 co-expressed genes.






Discussion

Rosaceae species (apples, pears, peaches, and strawberries, etc) are important economic fruit species worldwide, which provide unique contributions to healthy diet for human (Farinati et al., 2017). At present, drought stress is a great challenge to the growth and development of Rosaceae fruits, especially in apple. With the development of sequencing technology, a bunch of Rosaceae genomes had been completed, which laid a foundation for researchers to study the regulatory mechanisms of Rosaceae species in response to drought stress. PLATZ family genes are zinc-dependent DNA binding proteins, that had been proven to be involved in multiple biological processes in plants, including plant growth regulation, drought response, salt response, and leaf senescence regulation (Gonzalez-Morales et al., 2016; Li et al., 2021).

A total of 134 PLATZ genes were identified in the nine Rosaceae species genomes. The difference in the number of PLATZs genes among species suggested a gene duplication or deletion event occurred in Rosaceae species. Previous studies showed that an extra round of WGD event was shared in Maloideae (pear and apple) (Zhao et al., 2021a). The amount of PLATZ proteins in peach and strawberry were less than those in Malus and pear. Interestingly, the numbers of PLATZ proteins in cultivated apple species (Mdhf, Md, and Mdg) were less than those of the wild species (Msi, Msy, and Mb) within Malus species, indicating that the PLATZ genes might have occurred multiple loss or gain events during apple evolution. Tandem duplication and segmental duplication are the main driving force responsible for the expansion and diversification of gene families (Zhao et al., 2021b). Subsequently, the gene syntenic relationships and duplication events (tandem and segmental duplication) of PLATZ genes were analyzed in Malus species to investigate their evolutionary history. A total of 40 pairs of collinearity genes were detected in Malus PLATZ family genes, which were randomly distributed on nine to fourteen chromosomes. In addition, multiple segmental duplications and one tandem duplication were identified in Malus, indicating that segmental duplication is a major factor in the expansion of PLATZ in Malus. Similar results were also found in Brassica rapa and Fagopyrum tataricum (So et al., 2015; Azim et al., 2020).

In this study, the number of introns and exons of PLATZs were distinct among different groups, which might be related with their functional diversity. The transcriptome data showed that MdPLATZ genes expressed differentially in different tissues, which further supported that they might participate in different biological processes. Among them, seven MdPLATZ genes (Mdplatz1, Mdplatz2, Mdplatz4, Mdplatz6, Mdplatz7, Mdplatz11, and Mdplatz19) showed higher expression levels in roots, indicating that they might be involved in the root development, nutrient transport, or ion homeostasis. Previous study in Arabidopsis found that AtPLATZ1 (orthologous of Mdplatz1) could regulate the growth of taproots under ABA treatment (Dong et al., 2021). AtPLATZ3 (orthologous of Mdplatz3) was highly expressed in the leaves, and played a role in promoting leaf growth by accelerating cell proliferation (Jun et al., 2020). In addition, AtPLATZ7 (orthologous of Mdplatz7) in Arabidopsis was preferentially expressed in the roots, which could control the size of the root meristem through ROS signals (Yamada et al., 2020). In this study, nine genes (Mdplatz1, Mdplatz3, Mdplatz4, Mdplatz5, Mdplatz7, Mdplatz10, Mdplatz11, Mdplatz17, and Mdplatz20) showed distinct expression patterns among buds and fruits collected from different developmental stages. These results indicated that those genes might be involved in the development of buds and fruits, which will be further investigated in the future studies.

Recently, increasing evidences have indicated that PLATZ genes are involved in drought stress (So et al., 2015; Zenda, 2019; Zhao et al., 2022). Drought stress induces the expression of AtPLATZ4 in Arabidopsis, thereby affecting the expression of PR1, ABI3, ABI4 and ABI5 (Liu et al., 2020). In Malus, Mdplatz2, Mdpaltz9, Mdpaltz10, and Mdplatz11 were also significantly induced under drought stress (Figure 7). These results indicate that the MdPLATZ genes played important roles in response to drought stress.

Gene co-expression network can provide useful evidence for determining gene regulation and attributing gene function to biological processes (Nayak et al., 2009; Rizwan et al., 2022). In this study, our co-expression network analyses revealed that the MdPLATZ genes were significantly correlated with multiple genes, including NAC, bHLH79, GRF9, and NF-YA3. Especially, most MdPLATZ co-expressed genes were significantly changed in apple under drought stress, such as DEAR3, AYHB15, bHLH79, GRF9, KNOX, and IBM1, which was consistent with previous studies. For example, PbKNOX gene was found to be highly expressed under drought stress, and was involved in plant growth and development in Pyrus (Liu et al., 2022). In Camellia sinensis, CsbHLH79 was found to be positively correlated with drought and cold stresses (Samarina et al., 2020). ZmNF-YA3 binds to the promoter of bHLH92, FAMA, and MYC4 to improve drought tolerance in maize (Su et al., 2018). Furthermore, GO and KEGG enrichment analysis results showed that multiple co-expression genes were enriched into plant hormone signaling transduction pathway, which is in line with the fact that plants cope with various environmental stresses via regulating hormone synthesis and hormone signal transduction (Li et al., 2008; Xu et al., 2013; Zhang et al., 2022). Last but not least, a number of MdPLATZ genes were upregulated under ABA treatments in apple roots. Thus, we surmised that MdPLATZs and their co-expressed genes might be responsive to drought stress by mediating the ABA signaling pathway.



Conclusion

The identification, structural and functional characterization of PLATZ genes were carried out in Rosaceae species with a highlight in Malus. Transcriptomic data showed that most MdPLATZ genes were extensively expressed in 16 apple tissues. Among them, MdPLATZ2, MdPLATZ10, and MdPLATZ11 showed high expression levels in apple roots under drought and ABA treatments.
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Late blight (Phytophthora infestans) is a serious disease of potatoes. The aim of this study was to screen wild potato species and identify differentially expressed genes (DEGs) associated with late blight resistance. Wild potato species such as PIN45 (Solanum pinnatisectum), CPH62 (Solanum cardiophyllum), JAM07 (Solanum jamesii), MCD24 (Solanum microdontum), PLD47 (Solanum polyadenium), and cv. Kufri Bahar (control) were tested by artificial inoculation of P. infestans under controlled conditions. Transcriptomes of the leaf tissues (96 h post-inoculation) were sequenced using the Illumina platform. Statistically significant (p < 0.05) DEGs were analyzed in wild species by comparison with the control, and upregulated (>2 log2 fold change, FC) and downregulated (<−2 log2 FC) genes were identified. DEGs were functionally characterized with Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. Selected genes were validated by real-time PCR analysis to confirm RNA-seq results. We identified some upregulated genes associated with late blight resistance in wild species such as cytochrome P450, proline-rich protein, MYB transcription factor MYB139, ankyrin repeat-containing protein, and LRR receptor-like serine/threonine-protein kinase in PIN45; glucosyltransferase, fructose-bisphosphate aldolase, and phytophthora-inhibited protease 1 in CPH62; steroid binding protein and cysteine proteinase 3 in JAM07; glycine-rich cell wall structural protein 1 and RING finger protein in MCD24; and cysteine proteinase 3 and major latex protein in PLD47. On the other hand, downregulated genes in these species were snakin-2 and WRKY transcription factor 3 in PIN45; lichenase and phenylalanine ammonia-lyase 1 in CPH62; metallothionein and LRR receptor-like serine/threonine-protein kinase in JAM07; UDP-glucoronosyl/UDP-glucosyl transferase family protein and steroid binding protein in MCD24; and cytoplasmic small heat shock protein class I and phosphatase PLD47. Our study identified highly resistant wild potato species and underlying genes such as disease resistance, stress response, phytohormones, and transcription factors (e.g., MYB, WRKY, AP2/ERF, and AN1) associated with late blight resistance in wild potato species.




Keywords: genes, late blight resistance, potato, screening, Solanum species, transcriptome sequencing





Introduction

Late blight, caused by the oomycetes Phytophthora infestans (Mont.) de Bary, is the most devastating disease of potatoes (Hawkes, 1990). This pathogen is highly variable, which poses problem in its management, and therefore, cultivated potatoes lack a durable resistance source. The genus Solanum is one of the richest sources of genetic diversity in plant species, but only a small fraction of diploid wild species has been utilized in potato improvement (Bradshaw et al., 2006). In the past, the race-specific resistance sources have been identified in the hexaploid wild species Solanum demissum, and resistance have been deployed in potato breeding. However, the R genes were gradually defeated due to the emergence of new strains and new effector molecules of P. infestans. Hence, there is a need for new resistance source against P. infestans. A number of wild potato species have been found to be highly resistant to late blight such as Solanum pinnatisectum, Solanum cardiophyllum, Solanum jamesii, Solanum microdontum, and Solanum polyadenium (Tiwari et al., 2015) and characterized at molecular level by simple sequence repeat (SSR) markers and phenotypes (Tiwari et al., 2019). However, these wild species have been utilized at limited scale due to the sexual barriers with common potato (Jansky, 2006). However, resistance have been incorporated from wild species into the cultivated potato via somatic hybridization and other biotechnological tools (Tiwari, 2023). For instance, we have demonstrated the use of S. pinnatisectum and S. cardiophyllum via somatic hybridization for late blight resistance in potato (Sarkar et al., 2011; Chandel et al., 2015). Furthermore, selected lines of five wild species, namely, PIN45 (S. pinnatisectum, CGN 17745), CPH62 (S. cardiophyllum, PI 283062), JAM07 (S. jamesii, PI 498407), MCD24 (S. microdontum, PI 218224), and PLD47 (S. polyadenium, CGN 17747) have been registered as elite genetic stocks for their unique traits (late blight resistance and wild species) with the National Active Germplasm Site (NAGS) by the Indian Council of Agricultural Research-National Bureau of Plant Genetic Resources (ICAR-NBPGR), New Delhi, India. However, these wild species have not been characterized at transcripts level for late blight resistance genes.

With the availability of the potato genome sequence (Potato Genome Sequencing Consortium, 2011) and post-genomics advancements (Tiwari, 2023), it is now possible to analyze complete genes information at a whole genome level in potato. Many reports are available on transcriptome analysis in potato for late blight resistance (Gao and Bradeen, 2016; Yang et al., 2018; Yang et al., 2020; Frades et al., 2015) and other abiotic-stress-related N stress (Tiwari et al., 2020). Gao and Bradeen (2016) revealed that that R gene and ethylene and stress responsive genes contribute to the RB gene-mediated incompatible potato–P. infestans interactions in both the foliage and tubers of potato. Various transcriptome-based studies revealed gene networks governing late blight resistance after P. infestans infection on host–pathogen interaction. The study provides an overview of compatible and incompatible P. infestans interaction in potato S. tuberosum Gp. The Andigena genotype (03112-233) is resistant to isolate 90128 but susceptible to the super race isolate CN152 (Duan et al., 2020). Li and Zhao (2021) analyzed the transcriptome in grafted scions onto potato rootstock to improve late blight resistance. In another study, global transcriptome analyses showed the molecular signatures in the early response of potato to P. infestans, Ralstonia solanacearum, and Potato virus Y infection in potato (Cao et al., 2020).

In this study, we aimed to identify genes in response to P. infestans resistance by transcriptome sequencing in wild potato species. RNA-seq data was analyzed for differentially expressed genes (DEGs), heat map, Venn diagram, Gene Ontology (GO) annotation, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways analysis, and potential genes to be involved in late blight resistance in potato. A few selected DEGs were confirmed by real-time quantitative PCR analysis. Our study provides genes and transcription factors involved in late blight resistance in potato. This information can be useful in designing strategies for P. infestans management by breeding and genomics approaches.





Materials and methods




Plant materials

A total of 40 genotypes were used for late blight resistance test, and the selected five wild species and one control (Kufri Bahar) were used for transcriptome study. Details of the potato genotypes are listed in Table 1. A total of 19 wild species, 18 interspecific somatic hybrids, and 3 potato varieties Kufri Girdhari (highly resistant), Kufri Jyoti (susceptible), and Kufri Bahar (highly susceptible, control) were used in late blight test. All the genotypes were used from the germplasm repository available at the Indian Council of Agricultural Research-Central Potato Research Institute, Shimla, Himachal Pradesh, India. The selected five wild species, viz., PIN45 (S. pinnatisectum, CGN17745), CPH62 (S. cardiophyllum, PI283062), JAM07 (S. jamesii, PI498407), MCD24 (S. microdontum, PI218224), and PLD47 (S. polyadenium, CGN17747), and Kufri Bahar (control, highly susceptible) were used for RNA-seq study. The selection of the wild species was based on our previous research (Tiwari et al., 2015) and this study, showing high resistance to late blight. Virus-free in vitro plants were maintained at the institute. Plants were multiplied for further research by sub-culturing of leafy nodes on the MS medium (Murashige and Skoog, 1962) at pH 5.8 supplemented with sucrose (20 g/L) and solidified with gelrite (2 g/L), and cultures were grown at 20°C under a 16-h photoperiod (light intensity, 50–60 µmol/m2/s) (Sarkar et al., 2011).


Table 1 | Late blight resistance test of wild (Solanum) species, somatic hybrids, and common potato varieties under controlled conditions by artificial inoculation of Phytophthora infestans.







Late blight resistance test

In vitro plants were grown in the earthen pots (20×25 cm2) with three biological replications containing a sterile mixture of soil/FYM-based compost (1:1, v/v) under a glasshouse during the summer season (31.10°N, 7.17°E, 2,200 m above mean sea level) at the institute following standard practices (Tiwari et al., 2015). All genotypes were challenge inoculated by the fungus pathogen P. infestans isolate HP09/40 (A2 mating type and races 1.2.3.4.5.6.7.8.9.10.11) for late blight resistance test under artificially controlled conditions (18 ± 2°C temperature, and 80%–90% relative humidity) (Tiwari et al., 2015). The area under disease progressive curve (AUDPC) was calculated based on the percent disease infestation on leaves or whole plants (Shaner and Finney, 1977), and accordingly, genotypes were classified based on the AUDPC value (% day) as highly resistant (HR ≤ 50), resistant (R = 50–100), moderately resistant (MR = 100–150), and susceptible (S ≥ 150) (Singh and Bhattacharyya, 1995). Leaf tissues were collected from the selected six samples at 96-h post-inoculation stage of P. infestans. Samples were snap-frozen in liquid nitrogen and stored at −80°C until further use. The tissue from three biological replicates was pooled together to make a single sample, and transcriptome analysis was performed in two technical replicates.





Total RNA sequencing and reference potato mapping

Total RNA sequencing and analysis was performed following our earlier procedures (Tiwari et al., 2020). Briefly, total RNA was isolated from the leaf tissues of six samples (each with three biological replications) using a modified c-TAB and lithium chloride method (Rubio-Pifia and Zapata-Peter, 2011). The paired-end (PE) sequencing libraries were prepared following the manufacturer’s instructions (Illumina, San Diego, CA, USA). RNA-seq was performed in two technical replicates. The PCR-enriched libraries were analyzed on 4200 Tape Station system (Agilent Technologies, Santa Clara, CA, USA). The PE Illumina libraries were sequenced in Illumina NovaSeq 6000. The raw data were processed to obtain high-quality clean reads using Trimmomatic v0.38 to remove adapter sequences and ambiguous reads. The high-quality (QV>25) paired-end reads were used for reference mapping with the potato genome of S. tuberosum Group Phureja DM1-3 using TopHat v2.1.1 with default parameters (Trapnell et al., 2009).





Differential gene expression, Venn diagram, and heat map analysis

Transcriptome data were assembled using cufflinks program, and then, data were used to identify differentially expressed genes (DEGs) using the software cuffdiff version 2.2.1 (Trapnell et al., 2013). DEGs were analyzed in all five highly resistant wild species, namely, PIN45, CPH62, JAM07, MCD24, and PLD47 using Kufri Bahar (highly susceptible) as a control. Fragments per kilobase of transcript per million mapped reads (FPKM) value was used to calculate the log2 fold change (FC). The log2 FC value >0 were considered upregulated, whereas the log2 FC value <0 were downregulated along with p-value threshold of 0.05 for statistically significant results. Significant DEGs were identified based on the statistical significance (p ≤ 0.05) for upregulated genes (≥2.0 log2 FC) and downregulated genes (<−2.0 log2 FC). Venn diagrams of up- and downregulated DEGs were identified using Venny 2.1 tool (Oliveros, 2007-2015). An average linkage hierarchical cluster analysis was performed with the top 50 DEGs (25 each of up- and downregulated) using multiple experiments viewer (MeV v4.9.0) (Howe et al., 2011) following our earlier procedures (Tiwari et al., 2020).





GO and KEGG pathways analysis

The GO annotations of the DEGs were obtained from the Ensembl Plants database for S. tuberosum. The GO annotations were categorized into upregulated, downregulated, and expressed in both and exclusive DEGs. The information on the number of genes was assigned into three main GO domains (biological process, cellular component, and molecular function). The bar plots depicting the GO distribution were obtained through the WEGO portal (http://wego.genomics.org.cn/cgi-bin/wego/index.pl) (Ye et al., 2006). The functional annotations of the DEGs were carried out against the curated KEGG GENES database using KAAS [KEGG Automatic Annotation Server (http://www.genome.jp/kegg/ko.html)] (Moriya et al., 2007). The KEGG orthology (KO) database of Nightshade family was used as the reference for pathways mapping.





KEGG pathway enrichment analysis

KEGG pathway enrichment analysis of DEGs was performed to gain insights into the underlying biology of differentially expressed genes and proteins. Analyzing high-throughput molecular measurements at the functional level is very appealing for two reasons. First, grouping thousands of genes, proteins, and/or other biological molecules by the pathways they are involved in reduces the complexity to just several hundred pathways for the experiment. Second, identifying active pathways that differ between two conditions can have more explanatory power than a simple list of different genes or proteins. ClusterProfiler was used for the pathway enrichment at a p-value cutoff of 0.05. ClusterProfiler, an R Bioconductor package, was used for KEGG pathway analysis using the information of the reference genome. Furthermore, a KEGG mapper (https://www.genome.jp/kegg/mapper/) was used to search mapping information about the genes involved in plant–pathogen interaction.





Real-time quantitative polymerase chain reaction analysis

Selected 10 DEGs were validated through RT-qPCR analysis following our earlier procedures (Tiwari et al., 2020). The RT-qPCR primers were designed using IDT PrimerQuest Tool (https://eu.idtdna.com/Primerquest/Home/Index). RT-PCR analysis was performed using Power SYBR Green PCR Master Mix in ABI PRISM HT7900 (Applied Biosystems Warrington, UK) following temperature/time profile 50°C for 2 min; 95°C for 10 min; and 40 cycles of 95°C for 15 s, 60°C for 1 min, and 72°C for 30 s with an internal standard potato ubiquitin-ribosomal protein gene (ubi3; L22576).






Results




Late blight resistance assay

A total of 40 potato genotypes including wild species, interspecific somatic hybrids, and common potato varieties were tested for late blight resistance in 2 years (2021 and 2022) under artificial controlled conditions by challenge inoculation of P. infestans (Figure 1). Resistance class was categorized based on the AUDPC values calculated based on the percent disease infection on leaves and stems. Based on 2 years screening data, 23 genotypes were highly resistant, 2 moderately resistant, 13 resistant, and 2 susceptible (Table 1). Among all, five highly resistant wild species were selected for further transcriptome analysis, i.e., PIN45 (AUPDC = 9.04), CPH62 (AUPDC = 6.63), JAM07 (AUPDC = 1.25), MCD24 (AUPDC = 15.00), and PLD47 (5.25), whereas control Kufri Bahar (AUPDC = 207.33) was found to be highly susceptible.




Figure 1 | Late blight resistance assay of potato wild species, viz., PIN45 (Solanum pinnatisectum, CGN 17745), CPH62 (S. cardiophyllum, PI 283062), JAM07 (S. jamesii, PI 498407), MCD24 (S. microdontum, PI 218224), PLD47 (S. polyadenium, CGN 17747), and control variety Kufri Bahar (highly susceptible) by artificial inoculation of Phytophthora infestans.







RNA-seq data generation and reference mapping

High-quality paired-end read data (QV > 25) were generated in two technical replications of RNA-sequencing data in the leaf tissues of samples such as PIN45 (9.73/8.43 Gb), CPH62 (11.05/9.51 Gb), JAM07 (9.03/10.36 Gb), PLD47 (7.29/6.83 Gb), MCD24 (9.25/11.26 Gb), and Kufri Bahar (8.44/7.95 Gb). Furthermore, reference mapping of the reads revealed mapping results such as CPH62 (67.3/62.4%), PIN45 (63.6/72.4%), JAM07 (70.4/70.7%), PLD47 (57.6/56.8%), MCD24 (82.1/83.8%), and Kufri Bahar (61.2/58.6%).





Identification of differentially expressed genes

Statistically significant (p < 0.05) upregulated (≥ 2.0 log2 FC) and downregulated (<−2.0 log2 FC) DEGs were identified in the wild species versus susceptible control Kufri Bahar. The selected top 20 DEGs (up- and downregulated) are summarized in Table 2. The gene expression (log2 FC) varied differently such as PIN445 (upregulated, 2.40–7.04; downregulated, −11.00 to −2.77), CPH62 (upregulated, 2.59–6.13; downregulated, −6.48 to −2.54). In JAM07, out of a total of 7,884 DEGs, statistically significant DEGs upregulated were 1,078 (13.98 to 2.00 log2 FC) and downregulated were 3,955 (−15.31 to −2.00 log2 FC). Of the total of 4,928 DEGs in MCD24, statistically significant upregulated were 962 (16.73 to 2.00 log2 FC) and downregulated were 2,177 (−15.29 to −2.00 log2 FC). In PLD47 (vs. KB), of a total of 8,094 DEGs, statistically significant upregulated DEGs were 1,362 (12.36 to 2.00 log2 FC) and downregulated were 3,819 (−14.01 to −2.00 log2 FC). Heat maps of selected 50 genes are shown in Figure 2 (PIN45) and Figure 3 (CPH62). Remaining heat maps are given in Supplementary Files in Supplementary Figure S1 (JAM07), Supplementary Figure S2 (MCD24), and Supplementary Figure S3 (PLD47). Common genes were identified by Venn diagram analysis. A total of 127 upregulated genes and 1,200 downregulated genes were common among JAM07, MCD24, and PLD47, whereas only 16 upregulated and 37 downregulated genes were common between PIN45 and CPH62 (Figure 4). DEGs are given in Supplementary Excel Files (Supplementary Datasets 1–5).


Table 2 | Selected differentially expressed genes (DEGs) (p < 0.05) in response to P. infestans infection in the leaf tissues of wild potato species.






Figure 2 | Heat maps of top 50 differentially expressed genes in potato wild species PIN45 (S. pinnatisectum) versus Kufri Bahar (control) analyzed by RNA-seq in leaf tissues after artificial inoculation of P. infestans under controlled conditions. In the heat maps, each horizontal line refers to a gene. Relatively upregulated genes are shown in red color, whereas downregulated genes are shown in green color.






Figure 3 | Heat maps of top 50 differentially expressed genes in potato wild species CPH62 (S. cardiophyllum) versus Kufri Bahar (control) analyzed by RNA-seq in leaf tissues after artificial inoculation of P. infestans under controlled conditions. In the heat maps, each horizontal line refers to a gene. Relatively upregulated genes are shown in red color, whereas downregulated genes are shown in green color.






Figure 4 | Venn diagrams showing common genes (upregulated/downregulated) among wild potato species, viz., PIN45 (S. pinnatisectum), CPH62 (S. cardiophyllum), JAM07 (Solanum jamesii), MCD24 (S. microdontum), and PLD47 (S. polyadenium).



Some of the selected upregulated genes across all the species were proline-rich protein and MYB transcription factor MYB139 in PIN45, glucosyltransferase and phytophthora-inhibited protease 1 in CPH62, steroid binding protein and RING finger protein in JAM07, flavonoid glucoyltransferase UGT73N1 and glycine-rich cell wall structural protein 1 in MCD24, and cysteine proteinase 3 and carbonic anhydrase in PLD47. Similarly, important downregulated genes in these wild species were snakin-2 and WRKY transcription factor 3 in PNT45, lichenase and AN1-like transcription factor in CPH62, metallothionein and cyclin-dependent protein kinase in JAM07, superoxide dismutase [Cu–Zn] and UDP-glucoronosyl/UDP-glucosyl transferase family protein in MCD24, and cytoplasmic small heat shock protein class I and phosphatase in PLD47 (Table 2).





Gene Ontology and KEGG pathways analysis

DEGs were functionally characterized with GO terms, namely, molecular function, biological process, and cellular component. Overall, the GO terms predominantly observed in all species were catalytic activity, binding, metabolic process, cellular process, cell, membrane (Supplementary Datasets 6–10). Furthermore, DEGs were processed for KEGG pathways and classified into 24 KEGG functional pathways categories, which included KEGG annotated gene counts. Maximum KEGG annotated gene counts were found for signal transduction than for other pathways like translation, carbohydrate metabolism, folding sorting and degradation, amino acid metabolism, energy metabolism, lipid metabolism and transport, catabolism, cell growth and death, and environmental adaptation (Supplementary Datasets 11–15). The WEGO plots of PIN45 are depicted for both up- and downregulated genes in Figure 5. The rest of the WEGO plots are mentioned in Supplementary Files (Supplementary Figures S4, S5). KEGG pathway enrichment analysis for CPH62 upregulated genes is depicted in Figure 6. In addition, plant–pathogen interaction KEGG mapping information is given in Supplementary Files (Supplementary Figures S6, S7).




Figure 5 | Gene Ontology (GO) characterization for cellular component, molecular function, and biological process of up- and downregulated DEGs in wild potato species PIN45 (S. pinnatisectum).






Figure 6 | KEGG pathway enrichment analysis of CPH62 for upregulated genes. Red represents more significance; blue represents less significance. Rich factor is the ratio of the differentially expressed gene mapped in the pathway to the total gene number in a certain pathway.







Real-time quantitative PCR analysis

The selected 10 genes (two genes from each of both up- and downregulated) were validated by RT-qPCR analysis using Kufri Bahar as control like RNA-seq data. RT-qPCR results are consistent with the RNA-seq results with some variation in gene expression values. RT-PCR analysis was carried out in all species such as PNT45 for proline-rich protein and WRKY transcription factor 3, CPH62 for glucosyltransferase and phenylalanine ammonia-lyase 1, JAM07 for steroid-binding protein and LRR receptor-like serine/threonine-protein kinase, MCD24 for glycine-rich cell wall structural protein 1 and 17.5 kDa class I heat shock protein, and PLD-47 for cysteine proteinase 3 and phosphatase (Supplementary Table S1).






Discussion

Wild Solanum species are the reservoir of late blight resistance genes in potato. However, the genomic information about wild potato species is limited. In this study, of the 40 genotypes screened, 23 were HR, of which five species and control (Kufri Bahar) were transcriptome analyzed and several DEGs were identified. Our results are in accordance with earlier findings on late blight resistance in potato (Sundaresha et al., 2014; Tiwari et al., 2015). RNA-seq analyses have been conducted earlier by many researchers and discovered multiple genes (e.g., R genes, disease resistance, phytohomones, and stress) associated with late blight resistance in potato (Frades et al., 2015; Yang et al., 2018; Yang et al., 2020). Our study also sheds light on improving the understanding of post-inoculation-induced genes associated with late blight resistance in wild potato species, which would serve a vital resource for future studies.

Disease resistance genes play key roles in conferring late blight resistance against P. infestans via R gene–avirulence Avr protein interaction. In this study, we identified a number of induced or suppressed DEGs upon pathogen infection (96-h post-inoculation) in wild species. In these genes, some selected induced genes such as late blight resistance genes (Rpi-blb2, PSH-RGH7, TIR-NBS-LRR, R1B-16, and BS2) or disease resistance genes (RGA2 and RGA3), and suppressed genes like disease resistance genes were like CC-NBS-LRR, R3a, Rpi-pta1, ABC transporter family, Sn-1, and RGA4 in different species. These genes would be very useful for future exploitation of wild species, as they are not crossable with common potato due to the differences in ploidy number and endosperm balance number (Jansky, 2006). Our results are in agreement with earlier finding using microarray technology, indicating a strong association of disease resistance genes in conferring late blight resistance in potato cv. Kufri Girdhai (Sundaresha et al., 2014; Singh et al., 2016). Allele mining study elucidates the involvement of the R genes (Rpi-blb1) in wild species (Tiwari et al., 2015). Another study advocates that wild species (S. pinnatisectum)-originated genes confer high resistance in interspecific potato somatic hybrids derived through protoplast fusion (Sarkar et al., 2011; Tiwari et al., 2021). Furthermore, a transcriptomics study identifies multiple upregulated NBS-LRR genes suppressing P. infestans infection and providing resistance against late blight in S. pinnatisectum (Gu et al., 2020). Indeed, an array of defense response is activated in the plant cells upon pathogen infection, and differential response of genes is noticed (Sarowar et al., 2011). Largely, R genes containing a central nucleotide binding and hydrolyzing domain (NB-ARC) and a C-terminal leucine-rich repeat (LRR) domain play a vital role in conferring disease resistance (Bozkurt et al., 2011). Additionally, phytohormones like salicylic acid, jasmonic acid, abscisic acid, ethylene, and brassinosteroids-mediated defense signaling pathways play key roles in providing late blight resistance in potato (Duan et al., 2020). Recently, it has been demonstrated that exogenous ethylene application induces ethylene signaling pathways in defense response against late blight in potato SD20 (Yang et al., 2020). Furthermore, they suggest that multiple signaling pathways are involved in defense response involving ethylene, salicylic acid, jasmonic acid, abscisic acid, auxin, cytokinin, and gibberellins in SD20. Frades et al. (2015) developed a novel workflow correlating RNA-seq data to P. infestans resistance levels in wild Solanum species and potato clones and identified 400 expressed putative R genes in resistant clones (Sarpo Mira and SW93-1015) than susceptible cv. Desiree. Thus, we enrich knowledge and genomics information particularly on gene abundance in wild potato species for future studies.

Transcription factors (TFs) play a very vital role in providing late blight resistance in potato. TFs are involved in genes expression and metabolic pathways in disease response. Here, we identified a number of TFs (upregulated/downregulated) in wild species in response to pathogen attack to provide host resistance. A few important upregulated TFs were GRAS, MADS, MYB, and AP2, whereas downregulated TFs were AP2/ERF, BZIP, C2H2L, NAC, BHLH, RWP-RK, WRKY, bHLH62, etc. Our findings are in congruence with previous work on identification of TFs in late blight resistance in potato (Yang et al., 2020). Researchers have identified TFs like heat shock protein, zinc finger ring-box protein-like, NAC22, MYB44, WRKY, and MYB in response to late blight resistance in potato (Kikuchi et al., 2000; Jiang et al., 2017). The importance of zinc finger protein has been evidenced in defense response to late blight resistance in potato (Xiang and Judelson, 2014). A previous study has confirmed the induced expression of the responsive genes in the late blight resistance signaling pathway, such as WRKY, ERF, MAPK, and NBS-LRR family genes (Xiang and Judelson, 2014). Frades et al. (2015) identified zinc knuckle family proteins in resistant cultivar, whereas transmembrane transport and protein acylation were observed in susceptible genotypes through transcriptome profiling in potato. Our findings strengthen the knowledge on the availability of TFs governing genes expression for phenotypic response in plants against late blight disease in wild potato species.

A number of stress-responsive genes, phytohormones, photosynthesis, and starch metabolism genes are known in defense response against P. infestans in potato. In this study, a few DEGs involved in starch metabolism were glucosyltransferase and UDP-glucose:glucosyltransferase, whereas stress-responsive genes were abscisic acid receptor PYL4, proline-rich protein, serine–threonine protein kinase, and leucine-rich repeat resistance protein, etc. Our findings are supported by many previous results on stress- and phytohormones-related genes imparting late blight resistance in potato. Gao and Bradeen (2016) suggested that R gene and ethylene and stress-responsive genes contribute to the RB gene-mediated incompatible potato–P. infestans interactions in both the foliage and tubers of potato. Downregulation of photosynthesis and upregulation of ethylene and stress-related genes play a key role in conferring late blight resistance in potato. Methyltransferase genes are also induced in late blight-resistant wild species. The caffeoyl-CoA O-methyltransferase gene mutant enhances late blight resistance through cell wall reinforcement by genome editing in potato cv. Russet Burbank (Hegde et al., 2021). Recently, a comparative transcriptome analysis of the R3a and Avr3a genes-mediated defense response in transgenic tomato revealed that phenylpropanoid biosynthesis pathway, plant–pathogen interaction, and plant hormone signal transduction pathways are significantly upregulated, whereas carbon metabolism and photosynthesis pathways genes were downregulated upon pathogen infection (Xue et al., 2021). This also includes TFs such as WRKY, MYB, and NAC associated with disease resistance and endogenous phytohormones such as salicylic acid and ethylene pathways, and pathogenesis-related genes were significantly induced. Cytochrome P450 plays a key role in enhancing plant resistance via their involvement in the jasmonic acid and ethylene signaling pathways in potato (Duan et al., 2020). The study indicates the role of protein kinases, mainly calcium-dependent protein kinases (CDPKs) and leucine-rich repeat receptor-like protein kinases (LRR-RKs), in pathogen resistance in lentil (Khorramdelazad et al., 2018). The role of photosynthesis is well-described in plant growth and development. Burra et al. (2018) suggest that most of the genes associated with photosynthesis pathways are downregulated upon P. infestans inoculation, leading to hypersensitive response and leaf lesion. Overall, we identified a number of key genes imparting late blight resistance in wild potato species.





Conclusions

Of total 40 potato genotypes, we investigated five highly resistant wild species, viz., PIN45 (S. pinnatisectum), CPH62 (S. cardiophyllum), JAM07 (S. jamesii), MCD24 (S. microdontum), and PLD47 (S. polyadenium). We provide a number of key genes associated with late blight resistance and multiple signaling pathways such as disease resistance protein, TFs, stress-responsive genes, starch metabolism genes, phytohormones, and photosynthesis-related genes. In addition, there were numerous genes involved in imparting late blight resistance in wild species. These wild species are potential source of potato improvement, applying conventional or molecular approaches. Future research is required on the functional characterization of candidate genes via transgenic or genome editing.
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The actin-depolymerizing factor (ADF) encoded by a family of genes is highly conserved among eukaryotes and plays critical roles in the various processes of plant growth, development, and stress responses via the remodeling of the architecture of the actin cytoskeleton. However, the ADF family and the encoded proteins in soybean (Glycine max) have not yet been systematically investigated. In this study, 18 GmADF genes (GmADF1 – GmADF18) were identified in the soybean genome and were mapped to 14 different chromosomes. Phylogenetic analysis classified them into four groups, which was confirmed by their structure and the distribution of conserved motifs in the encoded proteins. Additionally, 29 paralogous gene pairs were identified in the GmADF family, and analysis of their Ka/Ks ratios indicated their purity-based selection during the evolutionary expansion of the soybean genome. The analysis of the expression profiles based on the RNA-seq and qRT-PCR data indicated that GmADFs were diversely expressed in different organs and tissues, with most of them responding actively to drought- and salt-induced stresses, suggesting the critical roles played by them in various biological processes. Overall, our study shows that GmADF genes may play a crucial role in response to various abiotic stresses in soybean, and the highly inducible candidate genes could be used for further functional studies and molecular breeding in soybean.
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Introduction

The actin cytoskeleton which is ubiquitous to all eukaryotic cells, not only provides mechanical support for the maintenance of the basic cellular structure, but is also involved in diverse biological processes that are necessary for plant growth, development, and response to various environmental changes (Porter and Day, 2016; Melak et al., 2017; Schaks et al., 2019). The organization and dynamics of the actin cytoskeleton are specific and directly regulated by numerous actin-binding proteins (ABPs) (Pollard, 2016). The actin-depolymerizing factors (ADFs) are an important class of low-molecular-mass (15 – 22 kDa) ABPs that play essential roles in many actin-remodeling processes. Their structure is characterized by the presence of a conserved motif known as the actin-depolymerizing factor homology (ADF-H) domain (Inada, 2017). The classic form of ADF can cleave or depolymerize filamentous actin (F-actin) into either shorter fragments or globular actin (G-actin), which provides new sites for the initiation of novel actin filaments and supplies more actin monomers for polymerization. Thus it regulates the reorganization and rearrangement of the actin cytoskeleton which in turn facilitates the responses to various developmental and environmental stimuli (Wioland et al., 2017).

The ADF protein was first isolated from the brains of chick embryos (Bamburg et al., 1980), and since then the ADF genes have been identified in a wide range of eukaryotes (Gunning et al., 2015). The organisms such as simple eukaryotes and those of animal lineages typically possess a maximum of three isoforms of ADF, whereas higher plants possess an enlarged ADF family (Roy-Zokan et al., 2015). The genome-wide identification of the ADF family has been accomplished in several plant species. For instance, the genomes of Arabidopsis thaliana (Feng et al., 2006; Ruzicka et al., 2007), rice (Oryza sativa; Feng et al., 2006; Huang et al., 2012), and tomato (Solanum lycopersicum; Khatun et al., 2016) each contained 11 ADFs. In addition, 9, 10, 13, 14, 25, and 27 ADFs were identified from the genomes of common bean (Phaseolus vulgaris; Ortega-Ortega et al., 2020), pigeon pea (Cajanus cajan; Cao et al., 2021), maize (Zea Mays; Huang et al., 2020), poplar (Populus trichocarpa; Roy-Zokan et al., 2015), wheat (Triticum aestivum; Xu et al., 2021), and banana (Musa acuminata; Nan et al., 2017), respectively. The expansion of gene number may allow plant ADF genes expressed in a complicated profile and differentiated into multiple biological functions.

Based on their phylogenetic relationship, the ADFs in Arabidopsis have been categorized into four groups (I – IV), with each group exhibiting a unique expression profile (Feng et al., 2006; Ruzicka et al., 2007). The members of group I (AtADFs 1, 2, 3, and 4) were expressed at a relatively higher level throughout the plant except in the pollen. Genes of group II were specifically expressed in the polar cells: AtADF7 and AtADF10 in the mature pollen grains; whereas those of AtADF8 and AtADF11 was limited to the root-trichoblasts and root hair. The genes of Group III (AtADF5 and AtADF9) were weakly expressed in the vegetative tissues, but strongly in the rapidly growing and/or differentiating cells. AtADF6, a group IV gene was constitutively expressed at moderate or lower levels in all the organs and tissues (Dong et al., 2001; Ruzicka et al., 2007). This diversity in the tissue-specific expression patterns of plant ADFs indicated their evolution into divergent physiological functions. Indeed, biochemical experiments indicated that the ADFs belonging to groups I, II, and IV possessed a conserved F-actin cleaving/depolymerizing (D-type) activity, while the members of group III demonstrated an F-actin bundle-formation (B-type) activity, this variation resulted from certain crucial amino acid substitutions, suggesting that functional divergence had occurred in the ADF family of plants (Nan et al., 2017).

ADFs in higher plants have been proven to be involved in numerous biological processes, including the growth and expansion of organs, flowering, stomatal movement, and responses to various stresses (Burgos-Rivera et al., 2008; Huang et al., 2012; Fu et al., 2014; Sengupta et al., 2019). AtADF1 is involved in regulating hypocotyl elongation and responses to salt-induced stress (Zhao et al., 2015; Wang et al., 2021). The actin dynamics mediated by AtADF2 are essential for the infection of Arabidopsis roots by the root-knot nematode (Clement et al., 2009). AtADF3 and AtADF4 play vital roles in regulating hypocotyl growth, the morphology of epidermal cells, tolerance to drought- and osmotic-induced stress, and attacks by various pathogens (Porter et al., 2012; Henty-Ridilla et al., 2014; Zhao et al., 2016; Inada, 2017; Yao et al., 2022). In response to ABA- and drought-induced stresses, the expression of AtADF5 was induced, which then participated in regulating stomatal closure (Qian et al., 2019). ADFs in crop plants have proven to be essential for the responses and tolerance to various stress. The expression of TaADF (Genebank No. U58278) was much higher in the freezing-tolerant wheat cultivars when compared with that in the sensitive ones (Ouellet et al., 2001). TaADF3 and TaADF4 demonstrated contrasting effects on the resistance of wheat plants to infection by Puccinia striiformis f. sp. tritici (Tang et al., 2016; Zhang et al., 2017). Overexpression of OsADF3 and TaADF16 improved the drought- and freezing-tolerance of transgenic Arabidopsis seedlings, respectively (Huang et al., 2012; Xu et al., 2021). GmADF2 interacted with the P3 protein of soybean mosaic virus (SMV), which may facilitate its infection process (Lu et al., 2015). Downregulation of GhADF6 enhanced the abundance of actin filaments and bundles in the root cells, and rendered cotton plants tolerant to infection by the fungal pathogen, Verticillium dahliae (Sun et al., 2021).

Soybean is an important food and cash crop cultivated worldwide, which serves as an excellent source of plant-based proteins and edible oils which are rich in various beneficial nutrients, such as isoflavones and vitamins. Adverse environmental stresses, such as drought, salt, and extreme temperatures, greatly hindered the growth of soybean plants and thus severely diminished the yield (Deshmukh et al., 2014). To the best of our knowledge, there has been only one report regarding the soybean ADF gene to date (Lu et al., 2015). As the ADF family is known to be critical for the growth, development, and stress tolerance of plants, investigation of the family in soybean is of great importance. In this study, 18 soybean ADFs were identified from the genome of the soybean cultivar “Williams 82”. Next, the structures of these genes were analyzed, their locations in the genome were determined, the duplication events and phylogenetic relationships were identified, and the conserved motifs within the sequences of the encoded proteins were recognized. Tissue-specific expression profiles of these genes and in response to heat, cold, drought, and salt-induced stresses were also analyzed to determine their putative functions. The data provided in this study are reliable to screen key candidate genes from the ADF family in soybean for further functional investigation at molecular level, and for the molecular breeding of soybean with stress tolerance.





Materials and methods




Identification of the ADF genes in the genome of soybean

The whole genome, coding, and protein sequences of soybean (Wm82.a4.v1) were obtained from the Phytozome v13 database (https://phytozome-next.jgi.doe.gov/). The hidden Markov model (HMM) profile of the ADF-H domain (PF00657) was obtained from the Pfam database (http://pfam.xfam.org/) and was used to search for the ADF protein using the HMMER software (http://hmmer.org/). The NCBI-CDD web server (https://www.ncbi.nlm.nih.gov/cdd/) was accessed to confirm the occurrence of the ADF-H domain in the putative ADF protein. The physicochemical characteristics of the GmADF proteins, including their molecular weights (MW), isoelectric points (pI), instability index (InI), aliphatic index (AI), and grand average of hydropathy index (GRAVY) were predicted using the protParam tool of the ExPASy server (https://web.expasy.org/protparam/). Subcellular location was predicted using the WoLF PSORT tool (https://wolfpsort.hgc.jp/).





Localization to hromosomes, gene duplication, and estimation of the Ka/Ks values of GmADFs

GmADFs were mapped to the respective soybean chromosomes based on their physical location. The duplication of these genes in the soybean genome was analyzed and visualized using the TBtools software (Chen et al., 2020). To further analyze the evolutionary divergence of the duplicated genes from each other, the nonsynonymous substitution rate (Ka) and synonymous substitution rate (Ks) of each pair of duplicated GmADFs were calculated using the Ka/Ks_Calculator 2.0 (Wang et al., 2010). The duplication time was calculated according to published method by using the following formula: Time = Ks/(2 × substitution rate) and the substitution rates of soybean is 6.1 × 10-9 site per year (Fan et al., 2013).





Construction of the phylogenetic tree of the ADF proteins

Multiple sequence alignment-based analysis of the ADF proteins was performed using the graphical tool ClustalX 2.0 (http://www.clustal.org/). The software MEGA 11.0 (https://www.megasoftware.net/) was used to construct an unrooted phylogenetic tree using the neighbor-joining method and the bootstrap analysis was conducted using 1000 replicates.





Analysis of the gene structure and identification of the conserved motif in the protein

The GFF3 format file of the soybean gene sequences extracted from the Phytozome v13 database was used to analyze the structures of the GmADFs. The exon-intron distribution chart was generated using the TBtools software. The conserved motifs of the GmADF proteins were identified using the MEME suite (http://meme-suite.org/) using the following parameters: a maximum of six motifs and optimal motif lengths of 6 – 100 amino acids.





Tissue-specific expression patterns of GmADFs

The expression levels of the GmADFs in the roots, root hair, nodules, stems, leaves, shoot apical meristem (SAM), pods, and seeds were analyzed based on the soybean-RNA-Seq datasets obtained from the Phytozome v13 database. The expression levels were summarized as Reads Per Kilobase of Transcript per Million mapped reads (RPKM), and a heatmap indicating the tissue-specific expression profiles was generated using the log2-transformed (RPKM + 1) values of the GmADFs which were analyzed with the TBtools software.





Plant growth and stress treatments of soybean seedlings

The seeds of “Williams 82” were allowed to germinate on absorbent paper for three days and then transferred to half-strength Hoagland solution and grown under a 16-h-light/8-h-dark photoperiod and a 25°C/18°C (day/night) cycle. The plants were exposed to the stress-inducing conditions of heat (37°C), cold (4°C), salt (150 mM NaCl), and drought (20% w/v PEG-6000) for 0, 1, 3, 6, 12, and 24 h after the emergence and uncurling of the first leaf. Thereafter, the roots were collected, flash-frozen in liquid N2 and then stored at −80°C until the subsequent step of RNA extraction. The samples were collected from five individual plants exposed to the same treatment, for every type of treatment, which was done in triplicates.





qRT-PCR analysis

The total RNA of the samples were extracted using a RNA plant extraction kit (TSINGKE, cat. TSP401, China) according to the manufacturer’s instruction. Briefly, roots were ground into fine powder in liquid N2, and then transfer 100 mg powder to 0.45 µl Buffer RL. The RNA was purified using the RNase-Free Columns CS and finally eluted in 30 µl of RNase-free ddH2O. The NanoDrop 2000c spectrophotometer (Thermo Scientific) was used to measure the quantity and quality of RNA. The RNA concentration of all samples was in the range of 300 - 500 ng/µl, and the 260/280 and 260/230 ratios were all around 2.0. One microgram of RNA was reverse-transcribed to generated the first-strand cDNA was generated using a Prime Script RT reagent kit (TSINGKE, cat. TSK301S, China) and stored at –20°C until use. Quantitative real-time polymerase chain reaction (qRT-PCR) was performed on a LightCycler® 480 system (Roche, Basel, Switzerland) using SYBR Green qPCR kits (Cat. No. Q223, Vazyme, Nanjing, China). The PCR program used consisted of 95°C for 300 s followed by 40 cycles at 94°C for 10 s, 60°C for 10 s and 72°C for 15 s. Relative quantification of gene expression was performed based on the 2−ΔCt method (Derveaux et al., 2010) using GmTub (Glyma.05G157300) as the internal control following a published protocol (Wang et al., 2016). The data was analyzed and expressed as graphs using GraphPad prism 8.0 (https://www.graphpad.com/). The values mentioned are mean averages of the measurements made in triplicates. The statistical significance of these was assessed by Tukey’s pairwise comparison test. The sequences of the gene-specific primers used in this study are listed in Supplementary TableS1.






Results




Identification of ADF Genes in soybean

A total of 18 putative ADFs were identified in the soybean genome and were designated as GmADF1 – GmADF18 based on their chromosomal locations (Table 1, Figure 1). The GmADF proteins were generally shorter with lengths varying from 137 (GmADFs 1, 4, 6, 10, 11, and 17) to 148 (GmADFs 9 and 18) amino acids, and MWs in the range of 15.74 – 16.97 kDa. Their predicted pIs varied from 5.13 to 7.77, indicating that some ADFs tend to be acidic or basic. The GRAVY values obtained were < 0, suggesting that they possess hydrophilic characteristics. The InI values of 10 proteins > 40 indicated that they may be more unstable than the other 8 which are probably more stable with InI values ranging from 26.49 to 39.45. The AI values of 61.44 – 88.61, indicated their higher thermal stability (Table 1). These proteins were mainly localized to the chloroplast, followed by the cytoplasm, mitochondria, extracellular and nuclear, which indicated their functional roles in these organelles (Supplementary Figure S1).


Table 1 | Detailed information on the GmADF genes.






Figure 1 | Distribution and synteny analysis of GmADF genes on the chromosomes of the soybean genome. The locations of the ADFs on the chromosomes are shown on the outside. The colored boxes indicate the different chromosomes (Chr1 – Chr20). The colored lines connecting the GmADFs located on the different chromosomes represent segmental duplication events.







Chromosomal location and gene duplication of GmADF genes

GmADFs were unevenly distributed on 14 out of the 20 chromosomes of the soybean genome, with 1 – 3 GmADFs on each (Figure 1). In detail, three GmADFs were mapped to chromosome 10, two GmADFs each to 11 and 20, and only one each to chromosomes 1, 3, 4, 5, 6, 8, 9, 12, 13, 15, and 19. Segmental and tandem duplication are two critical events that lead to an increase in the number of members of a gene family (Cannon et al., 2004). To further investigate the gene duplication events within the GmADF family, a colinear analysis was performed using the TBtools software. In total, 29 pairs of genes produced through segmental duplication were identified, but none were produced through tandem duplication (Figure 1). The Ka/Ks ratios of the 29 duplicated pairs were < 0.5 (Supplementary Table S2), suggesting that they have been subjected to a potentially strong selective pressure during evolution. Furthermore, it was estimated that the duplication events between GmADF genes might occur at 2.95 to 187.16 million years ago (MYA) (Supplementary Table S2).





Phylogenetic relationships of the GmADFs

To elucidate the evolutionary relationship among the GmADFs, a total of 53 ADF proteins, including 11 from Arabidopsis, 11 from rice, 13 from maize, and 18 from soybean, were used to construct a phylogenetic tree using the neighbor-joining method. As shown in Figure 2, the ADFs were divided into five groups with disproportional representation. In addition to group V which comprised only seven monocot ADFs, the other four groups harbored ADFs from all the four plant species. Group II consisted of the largest number of ADF proteins (15), followed by groups IV (12), I (10), and III (9). Six GmADFs clustered to group II, and four each to groups I, III, and IV.




Figure 2 | Phylogenetic analysis of the ADF proteins from soybean, Arabidopsis, maize, and rice. The neighbor-joining method using 1000 bootstrap replicates and the MEGA11.0 software was adopted to construct the phylogenetic tree.







Structural characters of the GmADF genes

The structures of the GmADFs were further analyzed and the results obtained demonstrated that the genes belonging to the same clade of the phylogenetic tree shared similar exon/intron structures (Figures 3A, B). All the GmADFs consisted of two introns, a 151-bp exon at the 3’-terminus, and a second exon 260-bp (groups II and III) or 266-bp (groups I and IV) long (Figures 3A, B). The genes of groups I and II had an extremely short first exon “ATG”, while those of groups III and IV had a longer first exon (21/24/30 bp). A comparison of the exon sites revealed that the conserved splice-sites (GT) after the ‘ATG’ codon were altered in the genes of groups III and IV, which led to splicing events occurring at the adjacent splice-sites (GT). The differences in the genomic length among the various GmADFs were mainly attributable to variations in the length of the introns: ten genes of groups I and II, and the GmADF9/18 of group IV had a relatively longer first intron, whereas the second introns of the four genes from group IV and the GmADF10 from group II were longer than those of the other 13 genes (Figures 3A, B).




Figure 3 | Identification of the structure of the GmADFs and conserved motifs of the encoded proteins based on their phylogenetic relationships. (A) A rootless neighbor-joining tree was constructed based on the complete sequences of the 53 ADF proteins identified from Arabidopsis, rice, maize, and soybean using the MEGA11.0 software. (B) The structural analyses of the exon-intron boundaries of the GmADFs with the yellow boxes and the black lines indicating the exons and introns, respectively. (C) The distribution map of the conserved motifs of the GmADFs. The six putative motifs are represented by the different colored boxes. The lengths of the exon-intron junctions and amino acid sequences were inferred by the ruler at the bottom.







Characteristics of the GmADF protein sequences

The protein sequence identity among the GmADFs was > 55.30% (between GmADF4 and GmADF3/5), while the protein sequences of two pairs– GmADF3/5 and GmADF10/17 were the same (Supplementary Table S3). Multiple protein sequence alignment revealed that the ADF-H domain and the calmodulin- and the actin-binding regions were present in all the GmADFs; most of the proteins (except those from group III) contained a conserved Ser residue that might be a putative phosphorylation site (Supplementary Figure S2). Among the six conserved motifs identified in the GmADFs, Motif-1, and Motif-2 were the main regions that make up the structure of the ADF-H domain (Figure 3C; Supplementary Figure S3). Motif-3, Motif-4, and Motif-5 were specific to the members of groups III, IV, and I, respectively, and Motif-6 was present in GmADFs from groups III and IV (Figures 3A, C; Supplementary Figure S3).

In Arabidopsis, the ADFs from group III have evolved to demonstrate the B-type function but not the classic D-type activity, while the ADFs from group I demonstrated a stronger D-type activity than those of groups II and IV (Nan et al., 2017). Several amino acids were confirmed to be crucial for the occurrence of functional divergence among the AtADFs. Alignment of multiple GmADF sequences suggested that the specific amino acids – F5, K6, and W13 which may be critical for the B-type function of AtADF5 (Nan et al., 2017), were also present in the group III GmADFs (Supplementary Figure S2), suggesting that they may have a similar functional evolution. H11 was specific to group I AtADFs and critical for its enhanced D-type activity. Interestingly, both the group I GmADFs and the GmADFs 1, 11, 4, and 6 from group II harbored the H11 site (Supplementary Figure S2), suggesting that these proteins may have enhanced D-type activity.





Organ- and tissue-specific expression profiles of GmADF genes

To gain insights into the putative roles of GmADFs, their expression profiles in nine organs or tissues were analyzed based on the respective RNA-Seq data collected from the Phytozome database (Figure 4; Supplementary Table S4). In general, the GmADFs of the same group shared similar expression patterns. Eight GmADFs of groups I and IV were expressed throughout the entire plant, among which six (GmADFs 7, 8, 9, 14, 15, and 18) were expressed at a relatively higher level than the remaining two, suggesting that they play crucial roles in growth and development in soybean (Figure 4; Supplementary Table S4). GmADFs 2 and 16 were expressed at low levels in the leaves and the SAM, implying a pattern of tissue-specific expression. In comparison with the genes from the other three groups, those of group II showed a flower-specific expression which was suggestive of their potential roles in reproduction in soybean. Four GmADFs from group III were expressed at relatively lower levels in most of the organs/tissues (Figure 4; Supplementary TableS4), implying that these genes may participate in specific biological processes.




Figure 4 | The expression profiles of GmADF genes. The transcription levels of the GmADFs in nine selected tissues or organs of soybean plants were analyzed based on the data collected from Phytozome. A heatmap was generated using TBtools. The color scale from blue to red indicates the increased expression levels of the genes.







Transcription patterns of GmADF genes in roots under different abiotic stresses

Root is the main organ for plants to absorb water and mineral nutrients, and also the primary site for sensing and coping with various abiotic stresses. To understand the putative functions of GmADFs in response to various abiotic stresses, roots of soybean seedlings exposed to conditions of heat, cold, salt, and drought were harvested and the relative expression levels of 12 root-expressed GmADFs were examined (Figure 5; Supplementary Figure S4). An alteration of > two-fold in the transcriptional levels of a gene in any of the treated samples relative to that of the control and P < 0.01 was considered to be differentially expressed. The qRT-PCR revealed that GmADFs 2 and 5 were responsive to all four abiotic stresses, indicating that they may essential for enhancing the tolerance of soybean plants to such stresses. The expression levels of GmADF2 were significantly upregulated under all four stresses; those of GmADF5 were significantly enhanced by heat, salt, and drought-induced stress, while it was repressed by cold-induced stress. Under heat-induced stress, the expression of GmADFs 2, 5, 9, 12, 13, 16, and 18 were significantly upregulated, while those of the other five genes were insensitive. Under conditions of cold-induced stress, GmADFs 3, 5, and 7 were down-regulated, the relative expression of GmADF2 after 12 h was 2.06-fold higher, while the expression of the other eight genes did not change significantly. The expression of GmADF8 was drastically downregulated by > 20-fold, whereas those of the other 11 genes showed varying degrees of upregulation under the stress induced by salt treatment. After 3 h of drought treatment, the expression levels of all 12 root-expressed GmADFs were significantly enhanced with five of them (GmADFs 2, 5, 12, 13, and 16) showing upregulation of > 20-fold compared with the control (Figure 5; Supplementary Figure S4).




Figure 5 | The relative expression levels of GmADFs under heat, cold, salt, and drought-induced stresses in soybean. qRT-PCR was used to study the expression levels of 12 GmADFs in triplicates. The abscissa indicates the time points after the stress treatments. The vertical bars indicate the standard errors of the means. The lower-case letter(s) above the vertical bars indicate statistically significant differences (P < 0.01; Tukey’s) between the various time points.








Discussion

The ADFs are among the most important ABPs with a proven involvement in various biological processes including stress tolerance in plants (Inada, 2017; Sun et al., 2021; Xu et al., 2021). Genome-wide identification and functional characterization of the ADF genes have been achieved in several plant species (Ruzicka et al., 2007; Khatun et al., 2016; Huang et al., 2020; Xu et al., 2021). However, our understanding of the ADF family in soybean is greatly limited. Hence, these genes in soybean were identified along with an analysis of their phylogeny, duplication relationship, sequences of the genes and their encoded proteins, and expression profiles. A total of 18 ADFs were identified in the soybean genome (Table 1, Figure 1), which is the highest among all the diploid plants analyzed to date (Feng et al., 2006; Ruzicka et al., 2007; Khatun et al., 2016; Huang et al., 2020). It has been noted that this phenomenon of the existence of a high number also occurs in other soybean gene families, such as the growth regulating factor (Chen et al., 2019) and B-box gene families (Shan et al., 2022), and may have mainly resulted from two whole genome duplication events that had occurred during the evolution of soybean (Schmutz et al., 2010). Tandem and segmental duplications are considered to be the major driving forces behind the multiplication of gene families during evolution (Cannon et al., 2004). In Arabidopsis, two duplicate gene pairs (AtADFs 1 and 2; and AtADFs 3 and 4) are arranged in tandem (Nan et al., 2017), while one tandem duplication event (TaADFs 17 and 18) had been identified in wheat (Xu et al., 2021). In contrast, only segmental duplication events were identified within ADFs from tomato (Khatun et al., 2016) and maize (Huang et al., 2020). In this study, all 29 pairs of duplicated GmADFs were identified to be generated by segmental duplication, suggesting that it was primarily responsible for the expansion of the ADF family in soybean during evolution (Figure 1; Supplementary TableS2). Further analysis of the evolutionary selective pressure showed that GmADFs underwent a strong purifying selection during evolution, suggesting that their functions might be evolutionarily conserved (Supplementary Table S3).

Previous studies have shown that the ADFs in flowering plants had most likely evolved from a common ancestor (Nan et al., 2017). Based on their phylogenetic relationship, 53 ADF proteins from Arabidopsis, rice, maize, and soybean were clustered into five groups (Figure 2); this was in agreement with the structure of their genes and the distribution of motifs within them (Figure 3) and also the published data (Ruzicka et al., 2007; Huang et al., 2012; Khatun et al., 2016; Huang et al., 2020). It was observed that the number of genes in the subfamilies varied among the different plant spp. For example, the distribution of ADFs to the groups I, II, III, IV, and V in Arabidopsis were 4, 4, 2, 1, and 0 respectively; which were 4, 6, 4, 4, and 0 in soybean; 1, 2, 1, 4, and 3 in rice; and 1, 3, 2, 3, and 4 in maize (Figure 2). These results suggested that although the ADF families in different species might have had a common ancestor, the subsequent evolutionary processes were relatively independent of each other. Correspondingly, the gene sequences and their expression patterns were also reasonably varied as described next.

Simple eukaryotes and organisms of animal lineages possess only a few ADF isoforms which have been reported to be highly conserved both structurally and functionally (Gunning et al., 2015). However, the functional divergence occurred in the higher plants as the number of individual gene members expanded to a dozen or dozens (Inada, 2017). The biochemical analysis of the ADFs from Arabidopsis showed that the group III ADFs displayed a B-type but not the classic D-type activity, and that the D-type activity of group I ADFs was stronger than those of groups II and IV (Nan et al., 2017). Multiple sequence alignment revealed that group III GmADFs had the same amino acid substitution as was identified in Arabidopsis (Supplementary Figure S2), suggesting that the evolution of the B-type activity of ADFs may also have occurred in soybean. It is worth noting that not only the GmADFs of group I, but also the GmADFs 1, 4, 6, and 11 of group II harbored the H11 substitution, which is critical for the enhanced D-type activity of group I AtADFs (Supplementary Figure S2), implying that functional differentiation through evolution may have occurred among the group II genes. Phosphorylation of a Ser at the N-terminus is critical for the modulation of the biochemical activity of ADFs in various organisms and is linked to the Ca-signaling pathway; thereby it reorganizes the cytoskeleton in response to environmental and developmental signals (Blanchoin et al., 2000; Porter et al., 2012; Dong and Hong, 2013). Multiple sequence alignment demonstrated the occurrence of an S10T substitution in the group III GmADFs, which may influence the roles played by them in biological processes such as signal transduction. These observations may indicate the existence of a diverse functional divergence within the GmADF family, which needs further investigation.

The expression patterns of genes in various organs or tissues may reflect to a certain extent the specific functional differences of the members of that gene family. The actin genes in Arabidopsis were grouped into the vegetative and reproductive classes due to their tissue-specific pattern (McKinney and Meagher, 1998). Similarly, previous studies have mentioned that the genes of the ADF family can also be divided into two classes that differ in their expression patterns, i.e., reproductive or constitutive/vegetative (Ruzicka et al., 2007). In this study, the group II GmADFs were found to specifically express in the flowers (Figure 4, Supplementary Table S4), which was in agreement with the published data concerning Arabidopsis, rice, maize, and wheat (Ruzicka et al., 2007; Huang et al., 2012; Khatun et al., 2016; Huang et al., 2020). Thus, it can be speculated that the GmADFs 1, 4, 6, 10, 11, and 17 may be critical for reproduction in soybean. The AtADFs of Group I have been proven to be highly expressed in all the tissues except in pollen and play important roles in diverse biological processes including organ growth and responses to various stresses (Clement et al., 2009; Wang et al., 2021; Yao et al., 2022). Similarly, in this study the expression levels of GmADFs 7, 8, 14, and 15 of group I and GmADFs 9 and 18 of group II were higher than those of the other GmADFs (Figure 4, Supplementary Table S4), implying their essential roles in soybean development.

The rearrangement of the actin cytoskeleton of plant cells can be a target for the signaling pathways induced by numerous developmental and environmental stimuli (Melak et al., 2017; Schaks et al., 2019). Previous studies have shown that the ADFs of plants actively respond to various biotic and abiotic stresses and participate in developing resistance to them, via the remodeling of the actin cytoskeleton (Inada, 2017). Previous studies concerning the genome-wide characterization of ADFs in plants have suggested that their expression levels were significantly altered under abiotic stresses such as cold, drought, high salt, abscisic acid, jasmonic acid, wounding, etc (Khatun et al., 2016; Huang et al., 2020; Xu et al., 2021). Certain ADFs had been confirmed to possess the potential to improve stress resistance in crop plants. Overexpression of TaADF16 and OsADF3 enhanced the tolerance to freezing- and drought-induced stresses in transgenic Arabidopsis plants (Huang et al., 2012; Xu et al., 2021). SaADF2 from Spartina alterniflora, a model halophyte for monocotyledonous grass crops, significantly enhanced the tolerance to drought- and salinity-induced stress when expressed in rice plants to a greater extent than its rice homolog OsADF2 (Sengupta et al., 2019). Similarly, DaADF3 isolated from Deschampsia antarctica, a plant native to Antarctica, played an important role in the enhancement of cold tolerance when expressed in rice plants (Byun et al., 2021). In this study, the expression levels of GmADFs changed to varying degrees under heat, cold, drought, and salt-induced stresses. For example, the expression levels of GmADFs 2, 5, 12, 13, and 16 were upregulated by > 20-fold under drought treatment (Figure 5). Considering the critical roles of ADFs in modulating stress tolerance in plants, the exploration of the GmADFs regarding their functions is needed for the elucidation of the molecular mechanisms underlying stress tolerance in soybean.





Conclusion

In this study, a total of 18 ADF genes were identified in the soybean genome, which was unevenly distributed on 14 chromosomes. Segmental duplication during evolution was primarily responsible for the expansion of the soybean ADF family. Based on their phylogenetic relationships, these genes could be divided into four groups with those of each group showing similar structures and motif distribution in the encoded proteins. Several amino acids that are critical for the divergence of their biochemical activities were identified in the GmADFs, and biochemical analyses were needed in the future to clarify their functional properties. GmADF genes exhibited diverse expression patterns in the various tissues or organs of soybean plants, and many of them were found to respond to varied abiotic stresses, especially those induced by drought and salt, implying that they may crucial for generating stress tolerance in soybean. These genes are important candidates for the investigation of the molecular mechanisms concerning stress resistance of soybean, and also for the breeding of new soybean varieties with enhanced stress tolerance, which may enlighten soybean genetic improvement in resistance to abiotic stresses.
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The phytohormone abscisic acid (ABA) is vital in regulating root elongation, seed germination, and abiotic stress responses in plants. Conversely, the mechanisms of ABA in mulberry root growth, seed germination, and abiotic stress responses are poorly understood. Here, we reported that exogenous ABA and drought treatment inhibited the growth of mulberry seedlings but significantly increased the ratio of root/stem. Inhibition of ABA synthesis by fluridone and sodium tungstate resulted in the decrease of root/stem ratio. We also showed that the expression of MaNCED1 in the root was strongly induced by drought and salt stress. Increasing the expression of MaNCED1 in tobacco using overexpression leads to increased root elongation and reduced seed germination. Compared with the wild type, the accumulation of H2O2 and MDA was reduced, while the POD activity and proline content was increased in the transgenic plants after drought and salt treatment. Further studies revealed increased resistance to drought and salt stress in MaNCED1 overexpressed tobaccos. Meanwhile, the auxin and ethylene signal pathway-related gene expression levels increased in MaNCED1 overexpressed tobaccos. This study demonstrated the roles of mulberry MaNCED1 in regulating plant development and abiotic stress responses. It gave further insights into the coordinated regulation of ABA, auxin, and ethylene in seed growth and germination.
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1 Introduction

Abiotic stress was one of the most critical factors to affect plant development and growth. Every year many crops growing worldwide suffers disasters caused by drought and soil salinity (Golldack et al., 2014; Guo et al., 2014; Zandalinas et al., 2018; Molnár et al., 2021). Currently, the lands under drought and salinity stresses increased continuously. Abiotic stress affects plants’ physiological and biochemical processes (Araújo et al., 2011; Gonzalez-Villagra et al., 2022). Consequently, crop yields were reduced dramatically (Perez-Alfocea et al., 1993; Venkatappa et al., 2021). The plant had developed an effective mechanism to survive in an adverse environment with long-term evolution (Zhu, 2002; Krasensky and Jonak, 2012). Abscisic acid (ABA), as a plant hormone, plays an essential role in regulating plant growth, development, seed germination (Son et al., 2016), fruit ripening (Gan et al., 2020), and stress resistance (Liu et al., 2021; De Oliveira et al., 2022). In stylosanthes guianensis, the enzyme activity of SOD and APX were increased after ABA treatment (Zhou and Guo, 2005). However, the improvement activity of SOD and APX were suppressed after being treated with ABA biosynthesis inhibitor-sodium tungstate. Meanwhile, the contents of endogenous ABA were decreased (Zhou and Guo, 2005). In Zea mays and Oryza sativa, ABA treatment could improve the resistance to cold stress (Anderson et al., 1994; Huang et al., 2021). In addition, studies have found that ABA content is associated with seed dormancy (Wang et al., 2020).

ABA can not only inhibit plant growth but also can restrain seed dormancy. Previous research has shown that mulberry seedlings treated with exogenous ABA can shorten seedling root lengths, and the inhibition was increased along with the ABA concentration (Liu et al., 2014). In Solanum lycopersicum, exogenous ABA treatment inhibits plant growth and reduces lateral root growth, improving the root-to-shoot ratio (Hooker and Thorpe, 1998). The expression levels of some lateral root initiation genes were reduced in seedlings after being treated with the ABA. These genes were increased after auxin induction, indicating that ABA and auxin play antagonism roles in lateral root development (Zhang et al., 2009).

The biosynthesis pathway of ABA is well understood in higher plants. Two possible routes for ABA biosynthesis have been suggested, including direct and indirect ones (Seo and Koshiba, 2002). Studies have revealed that the biosynthesis of ABA in higher plants primarily via an indirect pathway, the synthesis of ABA begins with the production of violaxanthin catalyzed by zeaxanthin epoxidase from C40 carotenoids. Violaxanthin was cleavaged by 9-cis-epoxycarotenoid dioxygenase (NCED) to generate 9-cis-neoxanthin. Finally, 9-cis-neoxanthin was catalyzed by aldehyde oxidase and formed ABA (Seo and Koshiba, 2002; Xiong and Zhu, 2003). NCED is the critical enzyme in ABA synthesis. Treating with an NCED specificity inhibitor, nordihydroguaiaretic acid (NDGA) decreased endogenous ABA contents (Zhang et al., 2009).

Since the first NCED gene was isolated from the maize vp14 mutant (Tan et al., 1997), it has been cloned in various plant species, such as avocado, Arabidopsis thaliana, and Solanum lycopersicum (Burbidge et al., 1999; Chernys and Zeevaart, 2000; Iuchi et al., 2001; Estrada-Melo et al., 2015). In abiotic stress conditions such as salt, drought, and heat, the same up-regulate pattern was found in NCEDs (Xia et al., 2014; Hwang et al., 2018). In cucumber, the expression of CsNCED1 and CsNCED2 was up-regulated on the third day after treatment with exogenous ABA, and the expression of CsNCED1 and CsNCED2 was up-regulated after water stress treatment (Wang et al., 2013). A similar increased expression was found in sweet cherry and Malus domestica after drought treatment (Ren et al., 2010; Kondo et al., 2012). In A. thaliana, drought stress induced the expression of the AtNCED3 gene, which plays a vital role in ABA biosynthesis. Overexpression of the AtNCED3 gene increased ABA content in A. thaliana, promoted the expression of drought- and ABA-induced genes, reduced the transpiration rate, and increased resistance to drought (Iuchi et al., 2001). The plants showed high sensitivity to drought in AtNCED3-silenced transgenic A. thaliana (Iuchi et al., 2001).

Mulberry is an important economic tree in China. The leaves are the main feed of silkworms, and the fruit has high edible and medicinal value for its abundant nutrients, active substances, and good mouthfeel. Additionally, mulberry was also used for ecological control due to its strong ability to resist stresses. ABA is central to regulating plant development and stress tolerance (Xiong and Zhu, 2003). However, the function of MaNCED1 in mulberry development and stress response processes has not been reported to date. In this study, we studied the effects of different treatments on the growth of mulberry seedlings and analyzed the expression of the MaNCED1 gene under various stresses. In addition, the drought and salt stress resistance ability was evaluated in the ectopic expression of MaNCED1 transgenic tobacco.




2 Materials and methods



2.1 Plant material and treatments

Mulberry (Morus atropurpurea Roxb.) variety (Guisangyou 62) was selected as the experimental material. Seeds were soaked in sterile water at 4°C for 24 h, sown in a sterile petri dish lined with moist filter paper, and cultured at 25°C/22°C and 16 h light/8 h dark photoperiod incubator. After 7 days, the seedlings of Guisangyou 62 with uniform growth states were selected and treated with 60 μM fluridone, 100 mg/L ABA, 200 mM mannitol, 1 mM sodium tungstate, and 100 mM NaCl, respectively (Hooker and Thorpe, 1998; Zhang et al., 2009). Materials were collected 5 days after treatment.

To analyze the expression of MaNCED1 under salt and drought conditions, the seedlings germinating for 7 days were selected and treated with 20% (w/v) PEG 6000 and 100 mM NaCl. Then, the seedlings were collected at 0 h, 1 h, 6 h, 12 h, 24 h, and 48 h after treatment. The roots and shoots were immediately separated with a scalpel, frozen in liquid nitrogen, and stored at -80°C for further use.




2.2 Determination of root and stem length of mulberry seedlings after treatment

To observe the effects of ABA, fluridone, sodium tungstate, NaCl, and mannitol treatments on mulberry seedling growth, the root and stem lengths of the seedlings treated for 5 days were measured by a ruler.




2.3 Cloning and bioinformatics analysis of MaNCED1 gene

According to the manufacturer’s procedures (Invitrogen, Carlsbad, CA, USA), total RNA was extracted from mulberry seedlings and tobacco. The total RNA was used as a template to synthesize the first strand of cDNA using PrimeScript™ RT Reagent Kit (Takara Bio., Shiga, Japan). The primers were designed according to the sequence obtained from the M. notabilis genome database ((http://morus.swu.edu.cn/morusdb/). The complete MaNCED1 gene coding sequence was obtained from Guisangyou 62 cDNA. Using the deduced amino acid sequences of MaNCED1 as queries to search in National Center for Biotechnology Information and obtained homolog amino acid sequences from other plant species (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Multiple sequence alignment was performed using ClustalX software. A MEGA 4.0 software was used to construct the phylogenetic tree with a neighbour-joining method.




2.4 Plasmid construction and plant transformation

The full-length coding sequence of MaNCED1 from mulberry was cloned into the pLGNL expression vector by KpnI and SpeI restriction enzyme. Then, the recombinant plasmid was transformed into Agrobacterium tumefaciens strain LBA4404. The positive A. tumefaciens harbouring the MaNCED1 plasmid was transformed into tobacco (K326) plants using a leaf disk co-cultivation method (Li, 2011). Positive transgenic tobacco was confirmed by target gene and kanamycin resistance gene PCR assay and β-D-glucosidase (GUS) staining. Additionally, the expression levels of MaNCED1 in transgenic tobacco plants were detected by real-time quantitative reverse transcription PCR (qRT-PCR) analysis. The endogenous ABA content was determined as described by Zhu et al. (2017).




2.5 Determination of germination rate and growth analysis of transgenic tobacco

The collected WT and T2 generation transgenic seeds were germinated on a petri dish covered with absorbent cotton and filter paper. The germination rates were statistics at 3 days, 4 days, and 5 days, respectively. To observe the effects of overexpressed MaNCED1 on tobacco growth, the seedlings were incubated in a petri dish for 10 days, and the root length, stem length, and ratio of root/stem were counted.




2.6 Stress treatment of transgenic tobacco

The five-week-old WT and transgenic seedlings were chosen and independently irrigated with 30% PEG and 200 mM NaCl for 14 d. Each treatment was replicated three times. After the stress treatment, 1 g of treated tobacco leaves were collected. According to the manufacturer’s instructions, the malonaldehyde (MDA), H2O2, proline contents, and peroxidase (POD) activity were measured using test kits (Jiancheng Bioengineering Institute, Nanjing, China). Additionally, the expression levels of NtSOD and NtCAT in PEG and NaCl-treated plants were analyzed by qRT-PCR.




2.7 Quantitative real-time PCR analysis

The specific primers were designed using NCBI Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi) (Supplementary Table 1). The treated mulberry and tobacco cDNA served as the qRT-PCR template. qRT-PCR analysis was performed according to the instructions of the SYBR Green Reagent Kit (Takara Bio.). The test was performed on a StepOnePlus real-time PCR machine (ABI Company). MaACTIN3 (HQ163776) and NtActin (U60489) were used as the internal control for mulberry and tobacco. The relative expression was calculated using the 2-ΔΔCt method.




2.8 Statistical analyses

All the experiments in this study were repeated at least three times. The results were collected and calculated by Excel 2013 (Microsoft, Redmond, WA, USA). The final results are shown as means ± standard deviations (SD). Statistical analysis was performed by SPSS Statistics 17.0 software (SPSS Inc., Chicago, IL, USA). The graphs were created using GraphPad Prism 5 software (GraphPad Software Inc., La Jolla, CA, USA).





3 Results



3.1 Effects of ABA, fluridone, sodium tungstate, mannitol, and NaCl on the growth of mulberry seedlings

The growth of the seedlings treated with ABA, fluridone, sodium tungstate, mannitol, and NaCl was inhibited in varying degrees, mainly manifested in the reduction of the average length of roots and stems compared with the control (Figure 1). However, the ratio of root/stem was significantly increased under mannitol and exogenous ABA treatments (Figure 1D). In contrast, the ratio of root/stem was decreased considerably after sodium tungstate, fluridone, and NaCl treatment (Figures 1D, I). We further examined the changes in gene expression of MaNCED1 under different treatments. As shown in Figures 1E, J, the expression of MaNCED1 increased significantly after mannitol and NaCl treatment and was only slightly induced after ABA treatment. Notably, treated with the ABA synthesis inhibitors, fluridone and sodium tungstate significantly reduced MaNCED1 expression (Figure 1J).




Figure 1 | Effects of various reagents on mulberry seedlings growth. (A, F) Phenotypes change of seeding after being treated with mannitol, sodium tungstate, ABA, fluridone, ddH2O, and NaCl for 5 days; (B, G) Root length of seedlings after treatments; (C, H) Stem length of seedlings after treatments; (D, I) Ratio of root/stem of seedlings after treatments; (E, J) Expression analysis of MaNCED1 gene in root after treatments. The data were indicated as mean ± SD from three replications (n=30). *p < 0.05.



In order to understand whether the MaNCED1 gene is involved in abiotic stress response, we detected the expression of MaNCED1 after PEG and NaCl treatment. The expression level of MaNCED1 decreased at 1 h in shoot after PEG and NaCl treatment and then up-regulation at 12 h and 24 h (Figures 2A, B). In the root, the transcript of MaNCED1 was up-regulated by PEG and NaCl treatment and peaked at 24 h (Figures 2C, D). These results indicated that MaNCED1 responded to drought and salt stress, and its expression was strongly induced in the root.




Figure 2 | Expression analysis of MaNCED1 gene in mulberry shoots and roots after PEG and NaCl treatments. (A, B) Transcription levels of MaNCED1 gene in shoot after PEG and NaCl treatment for 0 h, 1 h, 6 h, 12 h, 24 h, and 48 h, respectively. (C, D) Transcription levels of MaNCED1 gene in root after PEG and NaCl treatment for 0 h, 1 h, 6 h, 12 h, 24 h, and 48 h, respectively. The data were indicated as mean ± SD from three replications. Significant differences are marked with an asterisk (p < 0.05).






3.2 Phylogenetic and sequence alignment analysis of MaNCED1

The full-length sequence of the MaNCED1 (GenBank accession number: KX181538.1) gene was obtained by amplification in the cDNA of Guisangyou 62. To examine the evolutionary relationship between MaNCED1 and other plant NCED proteins, we constructed a phylogenetic tree using MEGA 4.0 software. The results showed that these plant NCED proteins were classified into two main groups. The MaNCED1 is closely related to the NCEDs from Malus domestican, Rosa chinensis, and Solanum lycopersicum and belongs to dicotyledonous plants. The monocotyledonous plants such as Z. mays, O. sativa, Sorghum bicolor, Setaria italic, and Triticum aestirum were classified into the second group (Supplementary Figure 1). We further compared the amino acid sequences of MaNCED1 with other NCEDs. The amino acid sequence of MaNCED1 shared 76.92% identity with Citrus sinensis, 71.09% identity with Solanum lycopersicum, and 73.95% identity with Malus domestica. These four putative NCED proteins showed high similarity to each other and the same conserved structural domain (Supplementary Figure 2).




3.3 Determination of transgenic tobacco plants

To evaluate the roles of the MaNCED1 gene in plant tolerance to drought and salt stress, the full-length sequence was cloned into the pLGNL expression vector and transformed into wild-type (WT) tobacco plants. Eventually, three independent transgenic plants were obtained using GUS staining and qRT-PCR analyses (Figures 3A-D). The expression level of MaNCED1 increased significantly in transgenic plants and was 475.5 folds, 31.9 folds, and 158.3 folds higher than that of WT, respectively (Figure 3D). Meanwhile, the content of ABA in MaNCED1 overexpressing plants was significantly higher than in WT, indicating that MaNCED1 was overexpressed in tobacco successfully (Figure 3C).




Figure 3 | Confirmation of transgenic tobacco plants. (A) Amplification of the kanamycin resistance gene and (B) MaNCED1 from the genome of transgenic plants. (C) Histochemical GUS staining of transgenic lines. (D) Quantitative real-time PCR analysis of MaNCED1. (E) ABA contents in WT and MaNCED1 overexpressing tobaccos. Data represent the means ± SD (n = 3), *p < 0.05, ***p < 0.001.






3.4 Overexpression of MaNCED1 reduces tobacco germination rate and promotes root growth

To determine whether MaNCED1 is involved in regulating seed germination, the germination rates of wild-type and transgenic lines were counted. The germination rates of transgenic tobacco were significantly lower than that of wild-type (Figure 4). Furthermore, we calculated the root and stem lengths of the tobacco seedlings. Compared with the wild type, the root length of transgenic tobacco increased significantly (Figures 5A, B). However, the stem length of transgenic plants showed no apparent changes compared with WT (Figure 5C). It is worth noting that the ratio of root and stem was significantly increased compared with WT (Figure 5D).




Figure 4 | Statistical analysis of seed germination rates of WT and MaNCED1 overexpression plants. (A) The germination phenotype of WT and MaNCED1 overexpression plants. (B) The distribution diagram of WT and MaNCED1 overexpression plants. (C) The number of germinated seeds and (D) seed germination rates of WT and MaNCED1 overexpression plants. Seeds were germinated on filter paper soaked with sterile water, and the numbers of germinated seeds were counted at 3 days, 4 days, and 5 days after sowing. Data represent the means ± SD of three biological repetitions (n=40), *p < 0.05.






Figure 5 | Root and stem length statistics of transgenic tobacco and WT seedlings. (A) The phenotype of WT and MaNCED1 overexpression plants; (B) Root and (C) stem length of WT and MaNCED1 overexpression seedlings; (D) Ratio of root/stem of WT and MaNCED1 overexpression seedlings. Seeds germinated on filter paper soaked with sterile water, and the root and stem length were counted 10 days after sowing. Data represent the means ± SD of three biological repetitions (n=10), *p < 0.05.






3.5 The overexpression of MaNCED1 increases plant tolerance to drought and salt stress

To visualize the relationship between MaNCED1 genes and plant stress resistance, five-week-old WT and two transgenic lines (highest and lowerest expressed of MaNCED1) were treated with 200 mM NaCl and 30% polyethene glycol (PEG) for 14 d. As shown in Figure 6A, the growth of MaNCED1 overexpression plants is significantly better than that of the wild type (Figure 6A). These results suggested that overexpression of MaNCED1 improved tobacco tolerance to drought and salt stresses. H2O2, proline, superoxide dismutase (SOD), POD, catalase (CAT), ascorbate peroxidase (APX), and MDA are the key enzymes involved in the scavenging of reactive oxygen species and improving plant resistance under stress conditions (Conde et al., 2011; Hai et al., 2022). The accumulation of H2O2 and MDA was reduced in MaNCED1 overexpression plants compared with WT. At the same time, the POD activity and proline content was increased in the transgenic plants after drought and salt treatment (Figures 6B-G). Additionally, the expression levels of the superoxide dismutase encoding gene (NtSOD) and catalase encoding gene (NtCAT) in MaNCED1 overexpressing tobacco were significantly increased after NaCl or PEG treatment (Figure 7).




Figure 6 | Stress tolerance analyses of MaNCED1 overexpressed tobacco plants. (A) The growth of transgenic tobacco and WT plants under stress conditions. (B) The H2O2 content, (C) POD activity, (D) MDA content, and (E) proline content in MaNCED1 overexpressed and WT plants under salt stress. (F) The H2O2 content, (G) POD activity, (H) MDA content, and (I) proline content in MaNCED1 overexpressed and WT plants under drought stress. Data represent the means ± SD of three biological repetitions, *p < 0.05.






Figure 7 | Relative expression levels of (A) NtSOD and (B) NtCAT genes in transgenic tobacco and WT plants after NaCl and PEG treatment, respectively. Data represent the means ± SD of three biological repetitions, *p < 0.05.






3.6 Overexpression of MaNCED1 alters the expression of genes involved in seed germination and root growth in tobacco

As shown in Figure 8, four auxin transporter-like protein genes (NtLAX1, NtLAX2, NtLAX3, and NtLAX4), one plastidal glycolate/glycerate translocator gene (NtPLGG1), and one ethylene insensitive 2 (NtEIN2) gene which involved in the regulation of seed germination and root growth were selected for analysis. Compared with WT, the expression levels of NtAUX1, NtAUX2, NtAUX3, NtAUX4, and NtEIN2 genes in transgenic tobaccos were increased, while the expression of NtPLGG1 was slightly decreased (Figure 8). Thus, MaNCED1 might regulate the growth and seed germination by affecting the expression of auxin and ethylene signalling related genes in mulberry.




Figure 8 | Relative expression levels of genes related to seed germination and root growth in transgenic and WT tobacco. Data represent the means ± SD of three biological repetitions, *p < 0.05.







4 Discussion

Salinity and drought are the major abiotic stress influencing the productivity and quality of crops worldwide (Perez-Alfocea et al., 1993; Araújo et al., 2011; Venkatappa et al., 2021; Gonzalez-Villagra et al., 2022). So, it is urgent to characterize salt- and drought-tolerant mechanisms that can be used to develop salt and drought-tolerant crops. As an important plant hormone, ABA regulates plant growth and development, seed germination, and stress resistance (Zhu, 2002; Son et al., 2016). In Arabidopsis, the primary root growth was suppressed by ABA treatment (Kim et al., 2016). However, foliage-derived ABA was found to promote root growth and inhibit the development of lateral roots (McAdam et al., 2016). The birch cultured on a medium supplement with ABA increased root length and lateral root number without adversely affecting shoot growth or adventitious root formation (Vaičiukynė et al., 2019). In this study, mulberry seedlings treated with ABA and mannitol significantly increased the ratio of root length to stem length. At the same time, ABA synthesis inhibitors (fluridone and sodium tungstate) and NaCl treatment reduced the root/shoot ratio. However, root and stem growth was inhibited in all these treatments. Longer root length is vital for a plant’s survival from drought stress, allowing the plant to absorb more water. In previous studies, exogenous ABA treatment caused stomatal closure and improved plant tolerance to drought (Li et al., 2020). Overexpression of GmCAMTA12 promoted root growth under drought conditions and enhanced drought tolerance in Arabidopsis and Soybeans (Noman et al., 2019). This result suggests that ABA regulates mulberry root growth and enhances drought resistance by increasing the root/shoot ratio.

NCED is the key rate-limiting enzyme in the ABA biosynthetic pathway (Huang et al., 2018). Silencing of NCED inhibited ABA biosynthesis, reducing ABA accumulation in plants (Gan et al., 2020). In this study, drought and salinity treatment strongly induced the expression of MaNCED1 in the root. Overexpression of MaNCED1 in tobacco significantly increased ABA content and improved drought and salt stress tolerance. Similar results have been found in rice and Arabidopsis (Iuchi et al., 2001; Estrada-Melo et al., 2015; Hwang et al., 2018). Reactive oxygen species (ROS), indispensable for plant growth and development, are also active in plant resistance to biotic or abiotic stress within limiting and normal concentrations (Choudhury et al., 2017). On the contrary, excessive ROS concentrations can lead to plant cell damage or cell death once the concentrations exceed the scavenging capacity of the plant’s antioxidant system. Various enzymes are involved in scavenging reactive oxygen species and improving plant resistance under stress conditions, such as H2O2, proline, SOD, POD, CAT, APX, and MDA. They are usually used as indicative parameters for evaluating the oxidative damage of plants under drought and salt stresses (Conde et al., 2011). In this study, overexpressed MaNCED1 reduced the accumulation of H2O2 and MDA under drought and salt stress compared with WT. At the same time, the POD activity and proline content was increased in the transgenic plants, suggesting the more comprehensive protection of the transgenic lines from oxidative stress and cell damage. Furthermore, the expression levels of NtSOD and NtCAT were significantly increased compared with WT, indicating that overexpressing of MaNCED1 enhanced the tolerance of tobacco to abiotic stresses. Similar results were found in Arabidopsis, Malus, and rice (Iuchi et al., 2001; Huang et al., 2018; Hwang et al., 2018).

Dormancy is a crucial process allowing plants to adapt to changing conditions and enables plants to survive under adverse environmental conditions and sustain the species (Wang et al., 2011; Shu et al., 2013). ABA is an important inhibitor during seed germination (Shu et al., 2013). Overexpression of NCED promotes ABA accumulation and delays seed germination (Wang et al., 2011), which is consistent with the results of this study. Previous reports indicate that ABA controls root elongation by regulating auxin biosynthesis, distribution and transport (Chen et al., 2016; Fei et al., 2023). High concentrations of exogenous auxin inhibit seed germination in A. thaliana, while low concentrations promote seed germination (He et al., 2012). Auxin is required for ABA-mediated inhibition of seed germination, and its deficient mutants show increased resistance to ABA (Thole et al., 2014). Additionally, auxin negatively regulates seed germination and positively regulates seed dormancy (Liu et al., 2013). In this study, MaNCED1 overexpression leads to increased expression of auxin transporter-like protein genes (NtLAX1-4) in tobacco. These results suggested that auxin may coordinate with ABA to inhibit the germination of mulberry seedlings. In addition, evidence indicates that ABA affects root growth and germination and stress response by activating ethylene biosynthesis (Luo et al., 2014). Overexpressing MaNCED1 in tobacco increases the expression level of NtEIN2, implying the crosstalk between ABA and ethylene in regulating plant growth and stress tolerance. PLGG1 encodes a chloroplast protein involved in ABA-inhibited seed germination and drought tolerance (Dong et al., 2018). However, only a slight reduction of NtPLGG1 was found in transgenic plants. All these results indicate that NCED perhaps affects plant growth and stress response by regulating ethylene and auxin signals.

In conclusion, our results suggest that ABA play an important role in mulberry seedling’s growth. Exogenous ABA treatment inhibited seedling growth but significantly increased the root/stem ratio. Overexpressing MaNCED1 in tobacco promoted root elongation, inhibited seedings germination and improved salt and drought stress tolerance. ABA might interact with ethylene and auxin to regulate the seed’s germination and abiotic stress tolerance. The present study will provide insights into the functions of NCED from mulberry and other plants in root development and abiotic stress tolerances.
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High temperatures present a formidable challenge to the cultivation of hot pepper, profoundly impacting not only vegetative growth but also leading to flower and fruit abscission, thereby causing a significant reduction in yield. To unravel the intricate genetic mechanisms governing heat tolerance in hot pepper, an F2 population was developed through the crossing of two distinct genotypes exhibiting contrasting heat tolerance characteristics: DLS-161-1 (heat tolerant) and DChBL-240 (heat susceptible). The F2 population, along with the parental lines, was subjected to comprehensive phenotyping encompassing diverse morphological, physiological, and biochemical heat-related traits under high temperature conditions (with maximum temperature ranging from 31 to 46.5°C and minimum temperature from 15.4 to 30.5°C). Leveraging the Illumina Nova Seq-6000 platform, Double digest restriction-site associated DNA sequencing (ddRAD-seq) was employed to generate 67.215 Gb data, with subsequent alignment of 218.93 million processed reads against the reference genome of Capsicum annuum. Subsequent variant calling and ordering resulted in 5806 polymorphic SNP markers grouped into 12 LGs. Further QTL analysis identified 64 QTLs with LOD values ranging from 2.517 to 11.170 and explained phenotypic variance ranging from 4.05 to 19.39%. Among them, 21 QTLs, explaining more than 10% phenotypic variance, were identified as major QTLs controlling 9 morphological, 3 physiological, and 2 biochemical traits. Interestingly, several QTLs governing distinct parameters were found to be colocalized, suggesting either a profound correlation between the QTLs regulating these traits or their significant genomic proximity. In addition to the QTLs, we also identified 368380 SSR loci within the identified QTL regions, dinucleotides being the most abundant type (211,381). These findings provide valuable insights into the genetics of heat tolerance in hot peppers. The identified QTLs and SSR markers offer opportunities to develop heat-tolerant varieties, ensuring better crop performance under high-temperature conditions.
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Introduction

Hot pepper is a widely cultivated vegetable crop belonging to the Solanaceae family also known as the night shade family. It was originated from the wild and weedy species Capsicum annuum var minimum indigenous to Mexico, southern Peru, and Bolivian region of Latin America (Villalon, 1981). It is a diploid species with 2n=2x=24 (X=12) and genome size of ~ 3.5 Gb, with 75 to 80% of the genome composed of repetitive elements (Saisupriya and Saidaiah, 2021). India is the largest producer, consumer and exporter of the hot pepper in the world (Chilli outlook, 2021) with a production of 4.50 million tons of green chilli from an area of 0.418 million ha with a national average productivity of 10.7 t/ha (MOAFW, 2021). The escalating carbon dioxide and other greenhouse gas emissions as a result of relentless anthropogenic and industrial activities cause serious repercussions on our planet’s climatic equilibrium. These emissions contribute to the trapping of long wave radiations reflected back from the earth’s surface in the atmosphere consequently ushering in an insidious upsurge in global temperatures. It is an unsettling reality that between 1800 and 2012, the average surface temperature of earth was increased by 0.85°C (IPCC, 2018). Projections foretell a further ascent of 1.5°C by 2040 and a staggering 2°C by 2050 (IPCC, 2021).The maximum temperature of plains and hills exceeding 40°C and 30°C respectively is considered as heat wave. As carbon emissions continue to rise, heat waves in India are expected to last 25 times longer by 2036-65 (G20 climate risk atlas, 2021). Hot pepper is cultivated both in tropical and subtropical regions of the world up to an altitude of 600 meters above mean sea level (Gopalakrishnan, 2007). The ideal temperature range for its cultivation is between 20°C and 30°C (Gopalakrishnan, 2007). High temperature is a major abiotic stress factor which significantly affects hot pepper production. Increased flower abscission is reported when the day temperature ranges from 32°C to 38°C, and crop failure in fruit setting occurs at temperatures above 40°C (Srivastava et al., 2022). Such high temperatures adversely affect the normal physiological and metabolic functions within the plants, so plants have evolved unique mechanisms to withstand high-temperature conditions. These mechanisms include traits such as leaf area, canopy temperature depression (CTD), stomatal density, pollen viability, stigma and ovary health, membrane stability, photosystem II stability, transpiration, and activity of antioxidant enzymes. However, these component traits of heat stress tolerance are dispersed among different lines and varieties, each exhibiting varying degrees of resilience. Unfortunately, many popular varieties cultivated over vast areas have been significantly affected by high-temperature conditions, resulting in substantial reduction in pepper yields. Understanding the genetic basis of pepper heat tolerance is essential for devising strategies to combat heat stress as well as for developing heat tolerant varieties. Heat tolerance is a complex phenomenon that is known to be controlled polygenically by set of genes referred as Quantitative trait loci (QTL).The identification of QTLs for heat tolerance is carried out through linkage mapping by developing the dedicated mapping populations as well as by genome wide association analysis of natural populations. Several QTLs governing heat tolerance have been identified in various crops (Jha et al., 2014). These QTLs have been subsequently transferred into the genetic background of elite varieties lacking heat tolerance resulting in heat tolerant varieties with superior agronomic performance. Though few heat-tolerant genotypes have been identified in hot pepper (Usman et al., 2014; Dahal et al., 2006; Srivastava et al., 2022), however, currently no information is available regarding the QTLs responsible for heat tolerance in hot pepper. Our group has been actively engaged in the evaluation of chilli germplasm for identification of heat tolerant genotypes and through our research efforts we have successfully identified few heat tolerant lines including DLS-161-1 (Srivastava et al, 2020; Srivastava et al, 2022). The heat tolerant line DLS-161-1 used in the present study has been registered with Indigenous Collection (IC) number IC0646850 and registration number INGR22158 with National Bureau of Plant Genetic Resources, New Delhi, India.

The objective of the present study was to dissect the genetic architecture underlying heat tolerance in hot pepper for which a biparental F2 mapping population was developed by crossing the heat tolerant (DLS-161-1) and heat susceptible (DChBL-240) genotypes which exhibit contrasting phenotypic differences for heat tolerance.





Materials and methods




Plant materials and treatment conditions

The two genotypes of hot pepper which have performed contrastingly for heat tolerance consistently for four generations (Supplementary Figure S1), were crossed using DLS-161-1 (heat tolerant) as maternal parent (P1) and DChBL-240 (heat sensitive) as a male parent (P2). The morphological, physiological, and biochemical traits of five randomly selected plants per replication were recorded for each parent and data were recorded in three replications and mean value was calculated for the parents.

F2 seeds were collected from multiple fruits of a single F1 individual and 91 F2 individuals along with both parents were sown during February, 2022 in plastic protrays (96 celled, 54 x27 cm in size) filled with perlite, coco-peat and vermiculate (1:2:1) and the seedlings were transplanted 35 days after sowing in polyhouse conditions. The maximum (day temperature) and minimum (night temperature) temperature during the crop growing period (March-July) ranged from 24 to 46.5°C and 8 to 30.5°C respectively.





Phenotyping

Both the parents and F2 individuals were evaluated under heat stress. Seeds of the test plants were sown on February, 2022. Observations were recorded on 14 morphological, 7 physiological and 4 biochemical traits under high temperature condition from April to July, 2022 during which daily maximum temperature of 31 to 46.5°C and a minimum temperature of 15.4 to 30.5°C was observed (Supplementary Figure S2).




Morphological traits

The data was recorded on morphological traits. Plant height (PH) was directly measured in centimeters (cm) using a scale, while the number of primary branches (PB) and number of fruits per plant (FPP) were counted. Traits such as average fruit length (AFL) and average fruit weight (AFW) were determined by measuring ten randomly selected fruits, with length recorded in centimeters (cm) and weight in grams (g). The number of healthy seeds per fruit (NS) was recorded from three randomly selected fruits and averaged. Electronic weighing balance was used to measure fruit yield per plant (FYP), fresh biomass weight (FBW) and 100 seed weight (HSW) which were expressed in grams (g). Leaf parameters, including leaf area (LA) in square centimeters (cm2), leaf length (LL) in centimeters (cm), leaf width (LW) in centimeters (cm), leaf perimeter (LP) in centimeters (cm), and leaf aspect ratio (AR), were recorded from the top ten leaves of each plant using WinFOLIA basic software (Regent Instruments, Inc. Canada), and the values were averaged.





Physiological parameters

The physiological traits like canopy temperature (CT) and canopy temperature depression (CTD) were measured in degrees Celsius (°C) using a handheld infrared thermometer (Fluke-62-Max). The normalized difference vegetation index (NDVI) which is dimensionless and is an indicator of ground cover and plant greenness, was recorded using a green seeker (Handheld-505). Stomatal density (SD) was measured by examining imprints of the lower leaf surface under a light microscope with Magvision Imaging tool (Magnus Opto Systems, India) and expressed as number of stomata mm-2. Pollen viability (PV) was determined as a percentage (%) using the acetocarmine test (2.5%). Membrane stability index (MSI) was measured as a percentage (%) using a conductivity meter following the procedure described by Deshmukh et al. (1991). Net photosynthetic rate (NPR) was measured using the LI-6400 portable photosynthesis system from LI-COR (Lincoln, Nebraska) on physiologically mature leaves during a sunny morning between 9 a.m. and 11 a.m. and expressed in micromoles of carbon dioxide per square meter per second (μmol CO2 m-²s-1).





Biochemical parameters

The relative chlorophyll content (RCC) of the topmost recently matured leaves was measured with CCM-200 plus chlorophyll meter (Opti-Sciences, Inc., Hudson, USA), and the activity of antioxidant enzymes such as guaiacol peroxidase (GPX), catalase (CAT), superoxide dismutase (SOD) were recorded by following the protocols of Chance and Maehly (1955); Aebi (1984) and Dhindsa et al. (1981) respectively.






Statistical analysis

The mean, range, skewness, kurtosis and frequency distribution of all the above traits were analyzed and the histograms representing frequency distribution of F2 population were derived using IBM SPSS v.26.

Correlation analysis was performed among different morphological, physiological, and biochemical traits to understand the relationships and dependencies between them under high temperature conditions and correlation matrix was plotted using metan package of R package (Olivoto and Lúcio, 2020).





Genotyping and construction of linkage maps




Genomic DNA isolation, purification, and quantification

The isolation and purification of genomic DNA of both the parents and 91 F2 individuals was carried out by following CTAB method with slight modifications (Murray and Thompson, 1980). Both Agarose gel electrophoresis (0.8%) and Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific) was used to assess the quality and quantity of DNA samples. For sequencing purpose, the DNA was further purified using Qiagen DNAeasy Plant mini kit. Only DNA with A260/A280 ratio of ≥1.8 was considered good for further sequencing.





Library preparation, genotyping, variant calling and construction of linkage maps

For each sample, a total of 300 nanograms of DNA (6 μl in total, with a concentration of 50 ng/μl) was subjected to double digestion using the EcoRI-HF (rare-cutting) and MseI (frequent-cutting) enzymes (New England BioLabs, Ipswich, MA). The DNA was digested for four hours at 37°C, followed by heat deactivation of the enzymes at 65°C for 10 minutes. The resulting digested DNA fragments were ligated with the EcoRI-specific P1 adapter and the MseI-specific P2 adapter, using the T4 ligase enzyme (New England BioLabs, Ipswich, MA). The ligation reaction was performed by incubating the mixture overnight (>12 hours) at room temperature (approximately 21°C), followed by heat deactivation of the enzyme at 65°C for 10 minutes. To remove unincorporated adapters and small DNA fragments (<300 base pairs), the ligation reactions were purified using 0.8X volume of Agencourt AMPure XP SPRI magnetic beads (Beckman Coulter). A unique combination of the dual-indexed barcodes was attached to purified fragments with 14 cycles of PCR. The indexed PCR products were then pooled in equal volumes, and fragments with sizes ranging from 300 to 700 base pairs were selected using Agencourt AMPure XP SPRI magnetic beads. The final libraries were analyzed for size using a Tape Station instrument (Agilent Technologies, Santa Clara, CA) and the library concentration was determined using a Qubit™ 3 Fluorometer with the Qubit™ 1X dsDNA HS Assay Kit. The final DNA libraries were sequenced on a single lane of the Novaseq 6000 platform from Illumina® Inc., San Diego, CA, USA, using V4 sequencing chemistry.

The sequencing data was obtained in FastQ format. To ensure the quality of the raw data and remove adapter contamination, the data were processed using FAST QC and Trim Galore v0.6.2. The processed reads were aligned to the reference genome of Capsicum annum, which was downloaded from http://peppergenome.snu.ac.kr/download.php. Variant calling was performed using the GATK pipeline v3.6. The resulting variants were filtered, removing indels with vcftools v0.1.16, and only biallelic SNPs were retained. These SNPs were further filtered based on parent information and a minor allele frequency (MAF) threshold of 5%. QTL-ICIMapping v4.2.53 (Meng et al., 2015) was used to discard markers that lacked polymorphism in the progenies or failed the chi-square test (with marker segregation ratio of 1:2:1) at a significance level of P=0.01. Finally, JoinMap v4.1 was employed to map and group the markers, with a LOD threshold of 3.0. The genetic distance between the markers was estimated using the Kosambi mapping function.





QTL mapping

The identification of QTLs for different morphological, physiological and biochemical traits studied under heat stress was performed using composite interval mapping with ICIM function of QTL ICI Mapping 4.2.53 tool (Meng et al., 2015). 1000 permutations were used to determine the LOD threshold. A QTL with a LOD threshold of 2.5 was considered a significant QTL. Genetic maps for locating the QTLs were prepared by using MapChart v2.32 (Voorrips, 2002) and observations regarding QTL name, chromosome number, left and right CI (cM), left and right coordinates, LOD, PVE (%), additive effect and QTL size (Mb) were recorded.







Results




Heat tolerance in F2 population

As Heat tolerance is a complex trait and can be estimated indirectly through yield and yield contributing traits under heat-stress, therefore the phenotyping was done for twenty-five different traits governing morphological, physiological and biochemical responses of hot pepper under heat stress. A wide range of variability was recorded among the F2 population for all the studied traits (Table 1). The plant height in the F2 population ranged from 29.1 to 96.5 cm, while number of primary branches per plant varied from 3 to 19. Similarly the 91 F2 individuals produced 22 to 470 fruits per plant with a total fruit yield of 13.85 to 377.6 g. The average fruit length ranged from 4.28 to 9.32 cm and the F2 progenies produced 19.67 to 104.7 healthy seeds per fruit and fresh biomass of 38 to 977 g (Table 1 and Figure 1). The physiological traits such as canopy temperature in the population ranged from 28.90 to 38.5°C, while CTD varied from -1.90 to 6.30°C, the MSI ranged between 22.14 to 76.69%, while stomatal density and pollen viability ranged between 74.85 to 302.06 per mm2 and 40.47 to 95.46% respectively (Table 1 and Figure 2). Furthermore, the F2 individuals exhibited net photosynthetic rates of 6.45 to 27.69 μmol CO2 m-²s-1 (Table 1 and Figure 2). The activities of catalase, guaiacol peroxidase and superoxide dismutase among the F2 progenies varied between 50 to 1571.4, 34.57 to 826.88 and 111.11 to 600 U/g fresh weight respectively, while the RCC ranged from 23 to 115.6 CCI (Table 1 and Figure 3).


Table 1 | Descriptive statistics of the two parental lines and F2 population (DLS-161-1× DChBL-240) under heat stress condition.






Figure 1 | Frequency distribution of F2 population for different morphological traits. (A) Plant height, (B) Number of primary branches per plant. (C) Number of fruits per plant, (D) Average fruit length, (E) Avg fruit weight, (F) Fruit yield per plant, (G) Number of healthy seeds per fruit, (H) Hundred seed weight, (I) Leaf length, (J) Leaf width, (K) Aspect ratio, (L) Leaf area, (M) Leaf perimeter, (N) Fresh biomass weight, ( P1)- DLS-161-1, (P2)- DChBL-240.






Figure 2 | Frequency distribution of F2 population for different physiological traits (A) Canopy temperature, (B) Canopy temperature depression, (C) NDVI, (D) MSI, (E) Stomatal density, (F) Pollen viability, (G) Net photosynthetic rate, ( P1)- DLS-161-1, (P2) DChBL-240.






Figure 3 | Frequency distribution of F2 population for different biochemical traits. (A) Relative chlorophyll content, (B) Catalase activity, (C) Guaiacol peroxidase activity, (D) Superoxide dismutase activity, ( P1)- DLS-161-1, (P2) DChBL-240.



The skewness values in the F2 population for number of fruits per plant (4.6), fruit yield per plant (2.41) and catalase activity (2.38) were positive and relatively high, as there were few plants with extreme phenotypic value (Table 1 and Figures 1, 3). Besides these the population was also positively skewed for plant height (1.62), number of primary branches per plant (1.33) as well as stomatal density (1.00), indicating that large proportion of the F2 progenies had relatively lower values for these traits (Table 1 and Figures 1, 2).The traits such as average fruit length (0.25), average fruit width (0.90), number of healthy seeds per fruit (0.21), leaf parameters (0.30-0.68), canopy temperature (0.70), canopy temperature depression (0.29), net photosynthetic rate (0.45), relative chlorophyll content (0.77) and GPX activity (0.74) were slightly positively skewed, suggesting that their distributions were close to being symmetric and distributions of the remaining traits were skewed somewhat to the left (Table 1 and Figures 1–3).





Correlation among the traits for heat tolerance

A comprehensive analysis of the morphological, physiological, and biochemical traits revealed noteworthy correlations among the variables investigated (Figure 4). Plant height exhibited a significant positive correlation with the number of fruits per plant (0.613), fruit yield per plant (0.534), hundred seed weight (0.278), NDVI (0.243), MSI (0.248). Additionally, fruit yield per plant demonstrated a strong positive association with number of fruits per plant (0.893), average fruit length (0.458), average fruit weight (0.539), number of healthy seeds per fruit (0.210), 100 seed weight (0.317), NDVI (0.339), MSI (0.229), stomatal density (0.287) and pollen viability (0.231) (Figure 4). Moreover, significant positive correlations were observed among various leaf parameters. For instance, leaf length displayed a robust positive correlation with leaf width (0.699), leaf area (0.935), and leaf perimeter (0.983), while exhibiting a negative correlation with leaf aspect ratio (-0.659) (Figure 4). In addition, both number of healthy seeds per fruit (-0.240) and 100 seed weight (-0.223) exhibited significant negative correlations with canopy temperature (Figure 4). Among the physiological traits, canopy temperature demonstrated a significant negative correlation with canopy temperature depression (-0.550) and stomatal density (-0.312), while displaying a positive correlation with GPX activity (Figure 4). Stomatal density exhibited a strong positive association with canopy temperature depression (0.288). It was also observed that MSI positively correlated with pollen viability (0.307), net photosynthetic rate (0.539), and GPX activity (0274) while RCC showed a negative correlation with canopy temperature depression (-0.246) (Figure 4). Additionally, SOD activity exhibited a positive correlation with stomatal density (0.220) (Figure 4). However, no significant correlation was observed between catalase activity and other traits examined in the present study.




Figure 4 | Correlation matrix plot showing the relationship between the different morphological, physiological and biochemical traits under heat stress condition. *, P ≥ 0.05, **, P ≥ 0.01, ***, P ≥ 0.001 level; ns, nonsignificant.







ddRAD sequencing, data processing, and linkage map construction

The paired end sequencing of 151-plex DNA libraries of both parents and F2 population generated 222.5629 million reads (67.215Gb) of data (Table 2), which was processed to remove chemical contaminants and adapters, a total of 218.93 million clean reads were retained and aligned against the pepper reference genome (Supplementary Table S1) and a mapping percent of 99.31 and 99.4% was observed for DLS-161-1 and DChBL-240 respectively while the mapping per cent ranged from 97.36 to 99.52% among the F2 progenies.


Table 2 | Raw reads summary of the parental lines and F2 population.



The variant calling identified a total 41,72,807 variants, out of which 40,63,930 were SNPs and 1,08,877 were Indels. Of the total SNPs, 40,58,802 were biallelic. Parental filtering of SNPs resulted in retention of 2,59,283 SNPs, while SNP filtering especially with regard to the frequency of missing data (0.8%) and minor allele frequency (5%) retained 54,642 SNPs whose chromosome wise distribution and density plot is presented in Figures 5 (A&B). The SNPs which did not show polymorphism in progenies and did not pass chi-square test were removed and finally only 5806 SNPs markers were grouped into 12 LGs (Table 3). The genetic length of the linkage groups (LG) ranged from 157.77 cM (LG8) to 221.31 cM (LG3), spanning a total map length of 2295.272 cM, with an average marker density of 0.395 cM. Among the 12 LGs, a total of 13 gaps of ≥ 10 cM were found between the markers with the maximum number of three gaps observed on LG3 (Table 3).




Figure 5 | (A) Density plot of markers on 12 chromosomes. (B) Chromosome wise distribution of SNP markers.




Table 3 | Statistics of Linkage maps.







QTL analysis

The QTL analysis for different morpho-physio and biochemical traits under heat tolerance resulted in the identification of 64 QTLs for 24 out of the 25 different traits for which the phenotyping was done (Table 4). No QTL was detected for net photosynthetic rate. The identified QTLs were distributed across 12 linkage groups (Table 4 and Figure 6). Among the 64 QTLs, those QTLs explaining >10% phenotypic variation were classified as major QTLs (Table 5).


Table 4 | List of the all identified QTLs governing different morpho, physio and biochemical traits under heat stress in hot pepper.






Figure 6 | Distribution of QTLs governing different Heat tolerance traits on 12 linkage groups of Capsicum annuum.




Table 5 | List of major QTLs governing different morpho, physio and biochemical traits under heat stress in hot pepper.



A total of 21 major Quantitative Trait Loci (QTLs) were identified, of which 15 QTLs governed nine distinct morphological traits, four QTLs controlled three physiological traits and two QTLs controlled two biochemical traits. Among the morphological traits major QTLs were identified for plant height (PH), average fruit length (AFL), average fruit weight (AFW), fruit yield per plant (FYP), number of healthy seeds (NS), leaf length (LL), leaf area (LA), leaf perimeter (LP), and Fresh biomass weight (FBW) (Table 5); three physiological traits included canopy temperature depression (CTD), membrane stability index (MSI), and stomatal density (SD) (Table 5) while a single major QTL was discovered each for relative chlorophyll content and superoxide dismutase (SOD) activity (Table 5).

These 21 major QTLs accounted for a considerable portion of the phenotypic variance, ranging from 10.28% to 19.39% (Table 5). However, it is worth noting that the small population size used in the present study may have led to overestimation of the additive and dominance effects associated with some of the QTLs (Vales et al., 2005).





Distribution of SSR repeat motifs in the identified QTLs

A comprehensive analysis of our study revealed the identification of 368380 Simple Sequence Repeat (SSR) loci encompassed within 64 distinct Quantitative Trait Loci (QTLs). Among these SSRs, the most prevalent types were dinucleotide repeats, constituting a substantial proportion of 66.41% (211,381). Trinucleotide repeats followed closely, comprising 28.54% (105,158), while tetranucleotide repeats accounted for 2.83% (10,439). Pentanucleotide and hexanucleotide repeats represented smaller percentages, amounting to 0.44% (1,625) and 0.21% (782), respectively (Supplementary Table S2 and Figure 7).




Figure 7 | Distribution of SSR Repeat motifs in the identified QTLs. (A) Overall SSRs distribution, (B) Dinucleotide SSRs distribution, (C) Trinucleotide SSRs distribution.







QTLs identified for morphological traits under heat stress

Multiple Quantitative Trait Loci (QTLs) associated with various important traits were identified in the present study. For plant height, four QTLs were detected with LOD values ranging from 3.30 to 6.71. Among them a major QTL (qPH3.1) located on chromosome 3 explained 12.16% of the phenotypic variation (Table 5). Similarly, for the number of primary branches per plant, we identified four minor QTLs (qPB1.1, qPB8.1, qPB8.2, and qPB11.1) with LOD values ranging from 3.16 to 5.23, explaining phenotypic variation of 4.05 to 5.57% (Table 4). Five minor QTLs (qFN1.1, qFN2.1, qFN3.1, qFN4.1, qFN12.1) were identified for the number of fruits per plant with LOD values ranging from 4.91 to 6.67 and PVE ranging from 5.54 to 6.55. Moreover, we observed three QTLs for average fruit length, with LOD values ranging from 2.65 to 3.04. Among them, two major QTLs (qFL1.1, qFL7.1) explained 10.67 and 10.28% of the phenotypic variation respectively (Table 4, 5). For average fruit weight, three genomic loci were identified, with LOD values ranging from 2.53 to 5.53. Notably, two of these loci (qAFW4.1, qAFW6.1) were major QTLs, explaining 13.25% and 12.74% of the phenotypic variation, respectively. Our genetic map also revealed the presence of four QTLs for fruit yield per plant, with LOD values ranging from 4.97 to 11.17. Among them, two were major QTLs (qFYP4.2, qFYP4.3). The QTL qFYP4.2 exhibited a remarkably high LOD score of 11.17 and explained the highest phenotypic variation (R2 = 19.39%) (Table 5 and Figure 6).

In addition, two QTLs each for number of healthy seeds per fruit (qNS3.1, qNS4.1), leaf length (qLL1.1, qLL6.1), leaf width (qLW4.1, qLW6.1) and leaf aspect ratio (qAR1.1, qAR7.1) were identified (Table 4). Notably, qNS3.1 for number of healthy seeds per fruit (R2 = 15.99) and qLL1.1 and qLL6.1 for leaf length (R2 = 13.17 and 12.75% respectively) were the major effect QTLs (Table 5). Additionally, three major QTLs, namely qLA3.1, qLA4.1 and qLA10.1 were identified for leaf area (R2 = 14.84, 13.99 and 11.21% respectively). Another significant major QTL, qLP6.1 contributed to leaf perimeter variation with an R2 value of 13.86%. Furthermore, two QTLs, qFBW9.1 (R2 = 13.11%) and qFBW12.1 (R2 = 9.95%) were found to control fresh biomass weight, while a minor QTL, qHSW8.1, influenced the 100 seed weight with an R2 value of 4.37% (Table 4).





QTLs identified for physiological traits under heat stress

A total of 16 QTLs were identified for six different physiological traits under high temperature conditions (Table 4). Among these, two QTLs each were found for canopy temperature (qCT4.1, qCT9.1), and pollen viability (qPV8.1, qPV8.2), while a single major effect QTL, qMSI5.1, exerted control over MSI and accounted for a substantial proportion of phenotypic variation (17.26%). Additionally, three QTLs were identified each for canopy temperature depression (qCTD3.1, qCTD11.1, qCTD11.2) and NDVI (qNDVI2.1, qNDVI5.1, qNDVI9.1). It is worth mentioning that qCTD11.1 and qCTD11.2 both located on LG11 explained phenotypic variation of 10.35 and 10.30%, respectively (Table 4 and Figure 6).





QTLs identified for biochemical traits under heat stress

A single major QTL, qCC11.1 was successfully mapped on LG11 for relative chlorophyll content explaining 10.48% of the phenotypic variation and having a LOD score of 4.88 (Table 5). Additionally, five minor QTLs were identified for catalase activity, with LOD values ranging from 5.09 to 9.39. These minor QTLs accounted for phenotypic variations ranging from 5.26% to 6.83% (Table 4). For the activity of guaiacol peroxidase, two QTLs were discovered (qGPX9.1, qGPX10.1) while two QTLs (qSOD10.1, qSOD10.2) were found to control superoxide dismutase activity (Table 4). Notably, qSOD10.2 was a major effect QTL contributing 10.75% of the phenotypic variation (Table 5).





Colocalization of the identified QTLs

To identify colocalizing QTLs, a comparison of the physical coordinates of each QTL was conducted. The analysis revealed several instances where QTLs shared the exact coordinates or overlapped.

On LG1, qFN1.1 was found to colocalize with qAR1.1 and qSD1.1. Additionally, qSD1.1 overlapped with qFL1.1, and qPB1.1 colocalized with qLL1.1. On chromosome 2, qFN2.1 was found to colocalize with qCAT2.1, and qFYP2.1 colocalized with qNDVI2.1. On LG3, qFN3.1 was observed to overlap with qPH3.1 and qCAT3.1. On chromosome 4, the QTLs controlling leaf area (qLA4.1) and leaf width (qLW4.1) colocalized with QTLs for fruit yield per plant (qFYP4.1, qFYP4.2, qFYP4.3). On chromosome 5, qNDVI5.1 colocalized with qPH5.1, qMSI5.1, and qSD5.1. Similarly, the QTLs controlling different leaf parameters (qLL6.1, qLW6.1, qLP6.1) were colocalized on chromosome 6. The QTL controlling the aspect ratio of leaves (qAR7.1) colocalized with qFL7.1 and qCAT7.1 on LG7. Two QTLs controlling pollen viability (qPV8.1 and qPV8.2) were found to colocalize on chromosome 8. The QTL responsible for the activity of GPX (qGPX9.1) colocalized with qCT9.1 and qFL9.1 on LG9. Additionally, the QTLs for stomatal density (qSD10.1, qSD10.2) were colocalized with each other, and the genomic region governing SOD activity (qSOD10.2) colocalized with qSD10.2. Furthermore, both qCTD11.1 and qCTD11.2 (associated with CTD) colocalized with qPB11.1 and qCC11.1. Lastly, qAFW12.1 colocalized with qFN12.1 on LG12. For a detailed overview, please refer to Supplementary Table S3.






Discussion

High temperature is a critical determinant that profoundly impacts the cultivation of hot pepper in tropical, subtropical and arid regions. It affects both the vegetative and reproductive stages of the crop, leading to flower and fruit abscission, ultimately resulting in a significant reduction in hot pepper yield (Srivastava et al., 2022). The F2 population under scrutiny in this investigation exhibited an extensive spectrum of variations across various heat-related traits, aligning harmoniously with previous studies conducted in different crops (Poli et al., 2013; Xu et al., 2017; Song et al., 2020; Jha et al., 2021; Liu et al., 2021). This observation underscores the inherent quantitative nature of heat tolerance, as affirmed by the work of Farnham and Bjorkman (2011). Moreover, multiple prior studies have proposed the polygenic control of high-temperature tolerance (Jha et al., 2014), further substantiating the complexity of this phenomenon.

The significant positive correlation between plant height and the number of fruits per plant (0.6130), fruit yield per plant (0.534), hundred seed weight (0.278), and fresh biomass (0.694) indicates that better vegetative growth helps mitigate the negative effects of high temperatures on reproductive parameters. Similar positive correlations between plant height and yield under high temperatures have been reported in previous studies (Khodarahmpour, 2012; Mason and Singh, 2014). Positive correlations of the number of fruits per plant with average fruit length (0.231), average fruit weight (0.257), fruit yield per plant (0.893), and fresh biomass (0.760) are consistent with previous studies demonstrating positive associations between fruit yield and the number of fruits, fruit length, fruit weight, and plant biomass (Poudyal et al., 2018; Rajametov et al., 2021).

Leaf area exhibited positive correlations with leaf length (0.935), width (0.848), and perimeter (0.960), but a negative correlation with the leaf length-to-width ratio (aspect ratio) (-0.411), supporting the earlier suggestion by Guo et al. (2018) regarding the relationship between different leaf parameters. The significant negative correlation of leaf aspect ratio with various fruit parameters, and that of leaf area and perimeter with average fruit length and weight, observed in this study may be attributed to the relative change of photosynthetic area with leaf size (Nicotra et al., 2011). The positive associations between the number of fruits per plant and canopy temperature depression, as well as between both the number of fruits and yield with NDVI, MSI, SD, and PV, indicate that physiological processes under high temperatures play a crucial role in the reproductive success of plants. Previous studies have also suggested positive correlations between yield under heat stress and pollen viability (which enhances successful fertilization), membrane stability (which helps maintain normal cellular functions), stomatal density (higher stomatal density aids in lowering canopy temperatures through transpiration), and vegetation index (Saint Pierre et al., 2010; Akhtar et al., 2012; Lopes and Reynolds, 2012; Kumari et al., 2013; Mondal et al., 2013; Pinto et al., 2016; Xu et al., 2017). Conversely, canopy temperature is negatively correlated with hundred seed weight (-0.223) due to reduced pollination and fertilization and increased malformed seeds (Paliwal et al., 2012). Furthermore, we also found that stomatal density is correlated positively with canopy temperature depression (0.288) and negatively with canopy temperature (-0.312), leaf area (-0.223) and leaf width (-0.248). This suggests that due to reduced epidermal cell expansion, smaller leaves are expected to have higher stomatal density, which in turn increases transpirational cooling, making the plant canopy cooler and reducing heat (Beerling and Chaloner, 1993).

The negative correlation between leaf aspect ratio and relative chlorophyll content (-0.235) can be attributed to the fact that chlorophyll levels in leaves are directly proportional to their photosynthetic capacity, and narrower leaves have a smaller photosynthetic area (Nicotra et al., 2011). High temperatures often induce the production of reactive oxygen species (ROS), which can damage cells. In response, plants produce various antioxidant enzymes to scavenge these ROS, maintaining cell membrane stability for normal cellular functioning and protecting the photosynthetic apparatus and cell membrane from oxidative stress (Ogweno et al., 2008; Asthir, 2015). This was evident in the present study, as guaiacol peroxidase activity showed positive associations with MSI (0.274), pollen viability (0.208), and net photosynthetic rate (0.382).

QTL analyses based on linkage maps with limited markers often result in large confidence intervals, reducing mapping precision and efficiency. High-throughput genotyping, utilizing next-generation sequencing (NGS) platforms has been successfully used to identify QTLs associated with heat tolerance in various vegetables, such as cowpea, tomato, broccoli, and cucumber (Lucas et al., 2013; Branham et al., 2017; Xu et al., 2017; Branham and Farnham, 2019; Dong et al., 2020). In the present study, we employed Double digest restriction-site associated DNA sequencing to develop high-density genetic maps and efficiently and cost-effectively identify QTLs controlling heat-related traits under high temperature conditions.

The present study represents the first successful identification of heat tolerance-related QTLs in hot pepper (Capsicum annuum L.). A total of 64 QTLs associated with 24 different traits related to high temperature tolerance were discovered. Among these QTLs, four were found to control fruit yield per plant, with qFYP4.2 exhibiting the highest LOD score of 11.17 and explaining the highest phenotypic variance (19.39%) among the identified QTLs. This QTL had a relatively short physical length of 1.46 Mb, indicating a strong likelihood of its association with fruit yield and a major impact on the overall productivity per plant. Notably, qFYP4.2 also displayed a positive additive effect, suggesting that the allele for increased fruit yield per plant was contributed by the heat-tolerant parent (DLS-161-1). Previous studies have reported the regulation of high-temperature fruit set by multiple QTLs, with 5-6 QTLs identified in tomato (Lin et al., 2010).

The additive effect as well as dominance effects of each of the QTL identified was estimated in the study. The additive effect of a QTL refers to the combined effect of the alleles contributed by each parent, where the trait’s value is influenced by the sum of the individual effects of the alleles at that locus. Positive additive effect indicates that alleles from maternal parent enhance the trait value, whereas negative additive effect indicates that alleles from male parent enhances the trait value (Hu et al., 2021). On the other hand, the dominance effect of a quantitative trait locus (QTL) refers to the interaction between alleles at a particular locus that results in a deviation from an additive genetic model and describes how the presence of one allele can mask or override the effect of another allele at the same locus. In F2 populations, understanding the additive effects of quantitative trait loci (QTLs) is more important than the dominance effects as additive effects contribute to the overall genetic variance and play a major role in determining the genetic architecture of complex traits. Additive genetic variance is directly related to the response to selection, meaning that individuals with high additive genetic values can be reliably used for breeding purposes to improve a particular trait in subsequent generations. Dominance effects are more complex and their impact on breeding decisions is less predictable (Zhang et al., 2008).

We observed that average fruit weight is controlled by two major QTLs (qAFW4.1, qAFW6.1) and a single minor QTL (qAFW12.1), collectively explaining 35.53% of the phenotypic variation. However, qAFW6.1 and qAFW12.1 exhibited negative additive effects, while qAFW4.1 displayed a positive additive effect. Earlier studies have also reported the control of fruit weight by 2-3 major QTLs with positive additive effects in tomato under heat stress conditions (Lin et al., 2010; Bineau et al., 2021). In line with previous research on bean (Vargas et al., 2021) and tomato (Lin et al., 2010), we identified five minor QTLs for the number of fruits per plant. In the case of the number of healthy seeds per fruit, a pair of QTLs (qNS3.1 and qNS4.1) exerted positive and negative additive effects, respectively. These findings align with the results reported by Lin et al. (2010) in tomato, where two major QTLs controlling seed number under heat stress displayed contrasting additive effects.

These reports further support the notion of remarkable conservation in the order and sequence of orthologs in solanaceous genomes, despite minor differences and positive gene selections (Doganlar et al., 2002; Wang et al., 2008). Previous studies on common bean have identified four major QTLs with negative additive effects for 100 seed weight under heat stress (Vargas et al., 2021). Similarly, in our study, we identified a single minor QTL controlling 100 seed weight on LG8 (LOD= 2.85, R2 = 4.37%).

Regarding plant height, we found that it is controlled by three minor QTLs (qPH4.1, qPH5.1, qPH6.1) and a major QTL (qPH3.1), while pollen viability is influenced by two minor QTLs (qPV8.1, qPV8.2) with negative additive effects. Earlier studies on tomato have indicated the regulation of plant height under heat stress by two QTLs located on LG2 and LG4, respectively, while pollen viability is controlled by a single major QTL (qPV11), explaining 36.3% of the phenotypic variance (Xu et al., 2017). In previous studies conducted on common bean, three major QTLs (located on LG5 and LG8) were reported to influence pollen viability under heat stress conditions, collectively explaining 51.61% of the phenotypic variation (Xu et al., 2017; Vargas et al., 2021). Canopy temperature depression (CTD) serves as a measure of a plant’s cooling capacity under high-temperature conditions, crucial for maintaining optimal growth and yield. In our study, we identified a minor QTL (qCTD3.1) with a negative additive effect on LG3, as well as two major QTLs (qCTD11.1, qCTD11.2) on LG11, one exhibiting a positive additive effect (qCTD11.2) and the other a negative additive effect (qCTD11.1). Similarly, a consistently identified QTL with a positive additive effect for CTD (QHtctd.bhu-7B) has been reported in three different trials involving the RIL population of wheat (Paliwal et al., 2012).

The identification of co-localized quantitative trait loci (QTLs) governing various heat-related traits represents a remarkable opportunity to gain profound insights into the intricate mechanisms underlying heat tolerance. Such co-localizations arise from the convergence of multiple crucial genes within the same genomic region, the presence of linkage disequilibrium, or the pleiotropic effects of specific genes (Kato et al., 2000; Baytar et al., 2021). Furthermore, the mapping of correlated traits to similar genetic locations is expected since they are likely controlled by common genetic factors, establishing an intriguing genetic architecture (Kato et al., 2000).

The co-localization of qFN1.1 and qSD1.1 on LG1 may be attributed to the significant positive correlation observed between the number of fruits and stomatal density. Similarly, the co-localization of qFN3.1 and qPH3.1 can be explained by the strong positive association between the number of fruits per plant and plant height. The significant correlation between NDVI and plant height is also reflected in the overlapping QTLs controlling these traits on LG5. The significant positive correlation between GPX activity and canopy temperature is further supported by the co-localization of the corresponding QTLs on LG9. Furthermore, the QTL controlling leaf area (qLA10.1) was found to co-localize with the QTL controlling stomatal density, and both traits displayed a significant correlation. QTLs for SOD and stomatal density also overlapped on LG10 and exhibited a significant correlation. Similarly, the strong correlation observed between the number of fruits and fresh biomass is supported by the co-localization of their respective QTLs on LG12. Several previous studies have also indicated the relationship between trait correlation and the co-localization of QTLs controlling those traits. For example, the positive correlation between the number of inflorescences and the number of flowers per inflorescence aligns with the co-localization of QTLs controlling these traits (Xu et al., 2017). Talukder et al. (2014) identified common QTLs on LG6A, 7A, and 1D for chlorophyll content, plasma membrane damage, and thylakoid membrane damage, which were strongly correlated, suggesting pleiotropic genetic influences on these traits.

The strong correlation between leaf perimeter, leaf length, and leaf width is further supported by the fact that the loci responsible for these traits are found in the same position on LG6, indicating that the same genetic factors control all three leaf parameters. However, the small additive effect of qLA3.1 and qLA4.1 suggests the influence of environmental conditions or other genetic factors on these traits. Additionally, our investigation uncovered a fascinating convergence of QTLs controlling average fruit length (qFL9.1), canopy temperature (qCT9.1), and GPX activity (qGPX9.1), as they mapped to the same genomic region on LG6. Furthermore, the overlapping QTLs governing pollen viability (qPV8.1 and qPV8.2) indicate a functional interrelation between these genetic factors, collectively influencing the phenotype.





Conclusion

Heat-related traits are complex quantitatively inherited traits that are profoundly influenced by environmental conditions, posing significant challenges in breeding for heat tolerance in hot pepper. Nonetheless, our study successfully identified 38 QTLs governing 14 distinct morphological traits, 16 QTLs regulating 6 diverse physiological traits, and 9 QTLs orchestrating the activities of three vital antioxidant enzymes. Furthermore, a solitary QTL has been identified to govern relative chlorophyll content under high temperature conditions. Notably, the QTL qFYP4.2, governing fruit yield per plant, exhibited the highest phenotypic variance and LOD score, while also displaying a compact genetic region. This QTL holds tremendous potential for further fine mapping and validation.

To advance the development of heat-tolerant varieties, it is crucial to conduct targeted fine mapping of the identified QTLs. This process will help narrow down the specific genomic regions responsible for heat tolerance, providing valuable insights for future breeding efforts. Moreover, the SSR/SNP markers identified within these QTLs can be leveraged for marker-assisted selection, facilitating more efficient and precise breeding strategies for heat tolerance in hot pepper.

In conclusion, this study represents a significant advancement in our understanding of the genetic architecture underlying heat-related traits in hot pepper. The comprehensive identification of QTLs, their potential for fine mapping, and the availability of molecular markers for marker-assisted selection collectively contribute to the broader goal of developing heat-tolerant pepper varieties and empowering farmers with resilient cultivars capable of withstanding the challenges posed by high temperatures.
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Salinity or salt stress has deleterious effects on plant growth and development. It imposes osmotic, ionic, and secondary stresses, including oxidative stress on the plants and is responsible for the reduction of overall crop productivity and therefore challenges global food security. Plants respond to salinity, by triggering homoeostatic mechanisms that counter salt-triggered disturbances in the physiology and biochemistry of plants. This involves the activation of many signaling components such as SOS pathway, ABA pathway, and ROS and osmotic stress signaling. These biochemical responses are accompanied by transcriptional modulation of stress-responsive genes, which is mostly mediated by salt-induced transcription factor (TF) activity. Among the TFs, the multifaceted significance of WRKY proteins has been realized in many diverse avenues of plants’ life including regulation of plant stress response. Therefore, in this review, we aimed to highlight the significance of salinity in a global perspective, the mechanism of salt sensing in plants, and the contribution of WRKYs in the modulation of plants’ response to salinity stress. This review will be a substantial tool to investigate this problem in different perspectives, targeting WRKY and offering directions to better manage salinity stress in the field to ensure food security.
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1 Introduction

Salinity stress is a foremost abiotic constraint that affects agricultural yields worldwide (Sanwal et al., 2022a). Nearly 20% (~310 million hectares) of the total irrigated land (1,500 million hectares) and 2% under dry land agriculture (~30 million hectares), across the world, have degraded due to high salts (Sanwal et al., 2022b). In India, it is estimated that ~10% of additional area is getting spoiled by salts every year and 2.1% (6.74 million ha) of total geographical area in India has already become salt affected (Kumar and Sharma, 2020). Plants’ reaction to environmental cues involve coordinated morphological, biochemical, and physiological responses, regulated by stress-responsive genes. Particularly with respect to high-saline conditions, genes related to synthesis and regulation of secondary metabolites, ion homeostasis, reactive oxygen species, salt overly sensitive (SOS) pathway, abscisic acid signaling, transcription factors (TFs), and mitogen-activated protein kinases (MAPK) are essential (Tuteja, 2007; Sytar et al., 2018). In fact, these mechanisms are also fundamental during chemical priming-based salt stress alleviation (Srivastava et al., 2021; Srivastava et al., 2022a; Mishra et al., 2023). Regulation of gene expression of associated pathways by TFs in response to various environmental triggers constitutes a basic regulatory mechanism of plants (Buscaill and Rivas, 2014). TFs comprise a significant portion of plant genome and are represented by many gene families such as NAC, AP2, MYB, and WRKY, which are reported to offer multifaceted impact on plant development and growth and regulate plants’ fitness against environmental constraints (Srivastava et al., 2022b; Chowdhary et al., 2023). WRKY proteins are among the important TFs involved in plants defense against several abiotic and biotic stimuli (Chen F. et al., 2017). These proteins are also known to be associated with different developmental and physiological processes in plants like seed and embryo development, trichome development, senescence, dormancy, and many metabolic pathways, and their role in mitigation of stress is widely studied (Eulgem et al., 2000; Pandey and Somssich, 2009; Chen et al., 2012; Yu et al., 2016a; Kang et al., 2021; Wani et al., 2021).

In plants, WRKY proteins constitute one of the biggest families of TFs, characterized by WRKYGQK DNA binding motif, which binds to W box (TTGACC/T) of the promoters (Eulgem et al., 2000; Rushton et al., 2010). Since their discovery in 1994, from sweet potato (Ishiguro and Nakamura, 1994, named as SPF1), WRKYs were thought to be exclusive to the plant kingdom. Later, Zhang and Wang in 2005 reported the presence of one copy of WRKY gene in Giardia lamblia (primitive protozoan), Dictyosteliium discoideum (slime mold), and Chlamydomonas reinhaidtii (green alga). With their origin in early eukaryotes, these genes have duplicated many times to evolve as an expanded super family of transcriptional regulators in land plants, viz., Oryza sativa L. ssp. indica (Ross et al., 2007), Saccharum spontaneum (Li et al., 2020b), Medicago sativa (Ma et al., 2021), and Glycine max (Yin et al., 2013), where their numbers reach hundreds. With this expansion in number, the WRKY superfamily has also been specified into three major sub-groups, namely, WRKY I, II, and III, based on the number of WRKY domains and Zn finger structure. The expansion of WRKY family in higher plants is due to segmental duplication events and subsequent divergent selection among the subgroups (Yin et al., 2013), which also diversify the functional prospects of WRKY protein family. WRKY genes are completely absent in kingdom Monera, Fungi, and Animalia (Zhang and Wang, 2005).

WRKY gene expression has been found to be induced in pathogenic conditions and other chemical and physical stresses (cold, heat, salinity, wounding, oxidative stress, and nutrition deficiency; Eulgem et al., 2000). Though the exact mechanisms of WRKY proteins are not well understood, it is reported that these factors repress or activate expression of other stress-responsive genes that ultimately confer protective effects. WRKY proteins are also known to regulate abscisic acid, ethylene, salicylic acid, and jasmonic acid signaling pathways, which mediate plant response to several stress conditions (Bakshi and Oelmüller, 2014) and are thus responsible for effective signal cross-talk and multifold regulations. Many investigations related to functional characterization of WRKYs have also suggested their contribution towards attainment of tolerance against abiotic stress like drought, heat, salt, and cold, and also offer resistance to pathogenic infections (Kumar et al., 2016; Gao et al., 2018; Shi et al., 2018; Wang et al., 2018; Gao et al., 2020; Yang et al., 2020; Kang et al., 2021). Moreover, WRKYs are also reported to regulate plant specialized metabolism (Mishra et al., 2013; Schluttenhofer and Yuan, 2015; Singh et al., 2017; Srivastava et al., 2017; Zhang et al., 2021).

Considering the significance of WRKY in plants’ life, many excellent reviews on general account of WRKY have been published (Eulgem et al., 2000; Rushton et al., 2010; Chen F. et al., 2017; Jiang et al., 2017; Wani et al., 2021), yet a judicial compilation of its role in individual stress is not much attempted. Nonetheless, several studies have been conducted in recent years to investigate its regulatory role in plant growth and development, and stress management, including salinity. The current review gives a comprehensive view on the WRKY-mediated plant response to salinity stress management and the associated mechanisms. The text discusses the impact of salinity stress and salt stress-related signaling mechanisms in plants, followed by a brief understanding of the WRKY gene family, their structure, and major classes in plant genome. Furthermore, it also highlights the various WRKY candidates involved in various stresses with a focus on salt stress tolerance and associated mechanism in plants.




2 Salinity stress and its impact on crop plants

The abiotic stresses decrease the yield, survival, and biomass of food crops by 70%, posing a serious risk to world food security (Ahmad et al., 2012; Parihar et al., 2015; Li et al., 2020a; Yoon et al., 2020; Ma et al., 2021). Salinity is one of the most serious constraints to crop development and productivity (Park et al., 2016). Among abiotic stress, the fraction of irrigated land affected by salt in different regions ranges from 9% to 34% with an average of 20% in the world (Table 1, cf. FAO-ITPS-GSP 2015). Salinity stress is the detrimental effect of excess elements like Na+ and Cl− on plants (Parihar et al., 2015; Isayenkov and Maathuis, 2019). In addition, salinity is naturally complemented by secondary stresses like oxidative stress due to generation of ROS (Isayenkov, 2012; Mishra et al., 2017; Yang and Guo, 2018; Isayenkov and Maathuis, 2019). Based on its cause, salinity is categorized as primary or secondary (Kumar and Sharma, 2020). Primary (natural) salinity is developed due to the accumulation of salts during long-term natural processes (weathering of parent materials and inland oceanic salt deposition by wind/rain) in soil or groundwater. Contrary to this, secondary salinity involves various human interventions resulting in the alteration of soil–water equilibrium (Manchanda and Garg, 2008). Common examples of such human activities are deforestation, replacement of perennial crops with annual ones, irrigation with highly saline water, or inadequate drainage.


Table 1 | Salt-affected soils in various regions of the world (cf. FAO-ITPS-GSP 2015).



Soil salinity is not a recent phenomenon; however, the issue has been accentuated as a result of agricultural activities such as intensive irrigation, poor water management, deforestation, and excessive use of pesticide and chemical fertilizers (Zhu, 2001; Tuteja, 2007; Gupta et al., 2022). It affects almost all the stages of growth and development in plants, from seed germination to blooming and seed maturation, thereby causing a significant loss in the crop yield (Singh et al., 2015; Srivastava et al., 2022a). Excess salt concentrations in the soil primarily affect ion balance in plants and create hyper osmotic stress and secondarily affect the accumulation of harmful ions, which results in poor or delayed germination and post-germination growth abnormalities (Majeed et al., 2019). It has been reported that a high Na+ concentration outside the plant cell has a negative impact on intracellular K+ influx, which is required for plant growth (Kumar and Sharma, 2020). Similarly, calcium and magnesium uptake by plants is also negatively impacted by high sodium content in saline soil. A disturbance in calcium uptake can lead to weakened cell walls, reduced enzyme activities, and altered signaling processes. Magnesium is critical for chlorophyll synthesis as well as production and transport of photoassimilates. During germination stage, salinity impairs the physiological function of seeds, which has a detrimental effect on seed germination and results in a general decrease in plant leaf area, biomass, yield, and root and shoot length (Zörb et al., 2019). Furthermore, it is known to cause various metabolic and physiological changes, depending on rigorousness and stress duration, and eventually reduces crop production (Figure 1A). The inhibitory effect of salinity on plant development involves reduction of water potential, disturbance of ion homeostasis, and associated cellular toxicity (Greenway and Munns, 1980; Isayenkov and Maathuis, 2019). In addition, it is also associated with numerous alterations in their physiology, such as hindering plant roots’ capacity to absorb water and essential minerals, reduction in the stomatal conductance, photosynthesis, and the inability for ROS detoxification, thereby inhibiting growth and development in plants (Abdallah et al., 2016; Ren et al., 2022; James et al., 2011; Gupta and Huang, 2014; Gulzar et al., 2019). Furthermore, the salinity-mediated oxidative stress causes accumulation of ROS such as superoxide anion, hydrogen peroxide, and the hydroxyl radicals, particularly in chloroplasts and mitochondria that damage cell membranes, proteins, lipids, and nucleic acids and may even lead to programmed cell death (Isayenkov, 2012; Mishra et al., 2017; Yang and Guo, 2018; Isayenkov and Maathuis, 2019).




Figure 1 | Salinity stress. (A) Impact on crop plants. (B) Significance of WRKY transcription factors (TFs).






3 Salt stress signaling pathway in plants

Plants differ widely in Na+ tolerance, and based on their capacity to tolerate salt stress, they are physiologically classified as glycophytes (low salinity tolerance) and halophytes (high salinity tolerance). The former (citrus, tomato, etc.) usually require fresh water and exhibit growth inhibition even under mild salinity. Citrus crops, therefore, showed signs of destruction and could not produce fruit and seeds even below 100 mM NaCl, whereas the halophytes can sustain and grow under elevated or high NaCl conditions (200 mM) (Flowers and Colmer, 2008; Flowers et al., 2010). Some plants such as Atriplex, Rhizophora, and Suaeda can even grow up to 1,000 mM NaCl (Ushakova et al., 2005; Park et al., 2016). Though the knowledge about sensor or receptor of Na+ is not known (Yang and Guo, 2018), it has been noticed that the ionic or osmotic stress may lead to increased cytosolic Ca2+ concentration (Kiegle et al., 2000; Choi et al., 2014). Furthermore, salinity treatment activates salt overly sensitive (SOS) pathway, abscisic acid (ABA) pathway, ROS signaling, and osmotic stress signaling (Yang and Guo, 2018).

One of the adaptive responses for cellular sustenance during salt stress is to retain ion homeostasis. This can be achieved by maintaining cytoplasmic K+/Na+ ratio by lowering Na+ and increasing K+ in the cytoplasm (Niu et al., 1995; Serrano et al., 1999), which involves Na+ uptake restriction, Na+ efflux enhancement, and Na+ compartmentalization in vacuole. Some of the specific transport system for Na+ and K+ uptake includes the low-affinity K+ channel (AKT1, Arabidopsis K+ Transporter1), the high-affinity K+ channel (HKT1, high-affinity K+ transporter 1), and the voltage-independent channel (Blumwald et al., 2000; Tuteja, 2007; Yang and Guo, 2018). Among these, HKT1 serves as a critical player in the improvement of tolerance to salinity by reducing Na+ accumulation in shoots, thereby avoiding Na+ toxicity in the leaves (Horie et al., 2005; Ren et al., 2005; Platten et al., 2006; Horie et al., 2009; Moller et al., 2009). Moreover, the contribution of Na+/Ca2+ exchanger-like proteins is also known to be prominent in ionic homeostasis (Mishra et al., 2021).

The Na+ efflux mechanism is well characterized in Arabidopsis by genetic screening of SOS mutants exposed to salinity stress and reviewed in detail as presented in Figure 2 (Yang and Guo, 2018). The SOS pathway exports Na+ ion from cells and involves activation of SOS2 (serine/threonine protein kinase) and SOS1 (Na+ antiporter) (Lin et al., 2009). The other players include helix E-loop-helix-F (EF-hand) calcium binding proteins (SOS3) and SCaBP8/CBL10, which recognizes high salt concentration and induction of cytosolic calcium signals (Liu and Zhu, 1998; Ishitani et al., 2000; Zhu, 2016). Under the influence of salt-induced cytoplasmic calcium induction, SOS3/SCaBP8 interact and induce SOS2 (Ishitani et al., 2000; Quan et al., 2007; Lin et al., 2009). The 14-3-3, GIGANTEA (GI), and ABA-INSENSITIVE 2 (ABI2) protein (phosphatase 2C) under non-saline (normal) conditions inhibit SOS pathway by interaction with SOS2, thereby repressing its kinase activity (Kim et al., 2013; Zhou et al., 2014; Yang and Guo, 2018). During salt stress, the 26S proteasome pathway degrades 14-3-3 and GI proteins. Additionally, PKS5 activity is also repressed, leading to normal functioning of PM H+-ATPase activity (Yang et al., 2010; Kim et al., 2013; Tan et al., 2016).




Figure 2 | SOS pathway in plants under salinity stress.



Na+ partitioning is also one of the adaptive responses that reduce cytoplasmic ionic toxicity, a mechanism conserved in glycophytes and halophytes (Blumwald et al., 2000; Hasegawa et al., 2000). Additionally, the abiotic stress including salinity leads to the generation of osmolytes, which can lower the water loss under short-term osmotic stress and enhances cell turgor during long-term osmotic stress (Apse and Blumwald, 2002). Furthermore, the osmotic stress also influences the regulation of enzymatic activities related to salt response.

The significance of ABA has also been observed in salinity stress. ABA induction under salt stress activates sucrose non-fermenting 1-related protein kinase 2 (SnRK2) kinase activities (Krzywinska et al., 2016); however, some evidence also indicated the ABA signaling-independent SnRK2 activation (Boudsocq et al., 2007; Zhang et al., 2011a; Zhang et al., 2016a). Additionally, it has been noticed that stimulation of salt stress led to the regulation of many stress-responsive genes, demonstrating correlation with osmotic stress. A study conducted by Sewelam et al. (2014) demonstrated induction of 932 genes under salt stress, out of which 435 overlap with transcripts induced by osmotic stress. Furthermore, 367 genes were found downregulated, in which 154 repressed genes were noted to overlap with osmotic stress (Sewelam et al., 2014).

The osmolytes can be grouped under several categories, viz., charged metabolites like proline, choline-O-sulfate, betaine, and glycine betaine; polyols like mannitol, glycerol, and myo-inositol; sugars such as fructose; complex sugars like fructans, raffinose, and trehalose; and ions such as K+ (Yang and Guo, 2018). Though these metabolites are accumulated in various plant species, few are specific to certain taxonomic categories. In addition, salt also induces the secondary stress response due to ROS generation (Ahmad and Prasad, 2011). ROS at low concentration functions as a signal; however, at high concentration, it has damaging effects over biomolecules (Miller et al., 2010; Gupta and Huang, 2014; Mishra et al., 2017). Therefore, tight regulation of ROS metabolism is a very important aspect for sustenance of normal plant growth under stress conditions. Furthermore, some small molecules act as signals, triggering downstream salt stress response (Yang and Guo, 2018), thereby improving salt tolerance, viz., proline (Khedr et al., 2003), carbon monoxide (Xie et al., 2008), phosphatidic acid (Yu et al., 2010), hydrogen sulfide (Christou et al., 2013; Srivastava et al., 2022a), γ-aminobutyric acid (Srivastava et al., 2021a), and melatonin (Liang et al., 2015; Wei et al., 2015; Mishra et al., 2023).




4 WRKY transcription factor family

TFs regulate expression of genes involved in diverse biological processes. More than 1,000 TF genes have been identified in angiosperms, which can be divided into 58 families depending on their DNA binding domains (Zhang et al., 2011b). WRKY is one of the most numerous TF families in plants involved in many signaling webs of several biological processes including specialized metabolism and stress tolerance (Rushton et al., 2010; Mishra et al., 2013; Kumar et al., 2016; Jiang et al., 2017). Being a TF, its predominant function is transcriptional modulation of genes by its repressor and activator (derepressor) activity. Since its initial reports (Ishiguro and Nakamura, 1994; Rushton et al., 1996), this protein family had been explored in several different plants that includes lower groups, eudicots, and monocots, and many excellent reviews are available mentioning its wide functional diversity (Eulgem et al., 2000; Rushton et al., 2010; Jiang et al., 2017). The investigations include model plants as well as several crops of high commercial significance (Chen F. et al., 2017). The development of sequencing technology has also triggered genome-wide investigation of imperative plant genes and many plant genomes have also been explored for the WRKY TFs (Table 2), which are mostly accompanied with expression study under diverse developmental, stress, and phyto-hormone treatment conditions (Kumar et al., 2016).


Table 2 | Plant system explored for WRKY gene family survey and their representation in different sub-groups.



Currently, the scope of the WRKY family has achieved a broader perspective. In reference to functional diversity, the WRKYs are associated with numerous functions in plants including germination, growth and development, flowering, senescence, carbohydrate synthesis, and secondary metabolite synthesis (Yu et al., 2016b; Jiang et al., 2017; Yu et al., 2018). In numerous studies, it has been reported that WRKY TFs enhance tolerance to salinity stress (Lv et al., 2020; Zhu et al., 2020), drought stress (He et al., 2016a; Wang et al., 2018), heat stress (He et al., 2016a; Wang et al., 2018), chilling stress (Zhang et al., 2016b), heavy metal stress (Sheng et al., 2019), and biotic stress (Cheng and Wang, 2014; Bai et al., 2018) in plants.

Structurally, WRKY proteins consist of 60-amino-acid-long highly conserved WRKY domains. These WRKY domains are made up of four β-strand structures and a C-terminal zinc binding Cystine/Histidine finger motif (Eulgem, 2006; Rushton et al., 2010). The β-strand at the N-terminal contains a conserved stretch of seven amino acids also referred to as “WRKY Signature”, usually composed of “WRKYGQK”, while some WRKY variants, viz., WRKYGEK, WRKYGKK, WRICGQK, WRMCGQK, WKKYGQK, WIKYGQK, WKRYGQK, WSKYEQK, WRKYSEK, WRRYGQK, WSKYGOK, WVKYGQK, WRICGQK, and WRMCGQK, have also been reported in this family (Jiang et al., 2017). The hepta-peptide stretch is considered essential for WRKY binding to the gene promoters [at specific location referred as W-Box–(T)TGAC(C/T)], and hence, alterations in this pattern could lead to changes in their DNA binding ability (Chen F. et al., 2017). W-box components are typical in plant genomes and are made up of a conserved GAC core, a downstream pyrimidine (C/T) residue, and an upstream thymine residue. Although the core aids in WRKY binding, the neighboring residues provide specificity for recognition of a given W-box by a specific factor. For effective binding of WRKYs, more than one W-box can occur in proximity. Certain WRKY are also known to regulate gene expression by binding to elements other than W-box, which includes WT-box (GGACTTTC), WK-box (TTTTCCAC), PRE4-element (TGCGCTT), and SURE-element (TAAAGATTACTAATAGGAA) (Phukan et al., 2016; Chen F. et al., 2017). Other domains also exist among some members of WRKY, including nuclear localization signals (NLS), calmodulin binding sites (CBS), proline-rich region, nucleotide-binding site, leucine-rich repeat, toll interleukin-1 receptor (TIR), NAC (NAM, ATAF1/2 and CUC2) domain, SQUAMOSA promoter binding protein (SBP) domain, ubiquitin-like protease domain, paired amphipathic helix (PAH) domain, ATP-grasp, and other structures. These systems may provide additional functional benefits to WRKY TFs (Eulgem, 2006; Chen F. et al., 2017; Jiang et al., 2017).

The WRKY TFs have been classified into three groups (Table 2) depending on number of WRKY domains (WDs) and pattern of Zn finger motifs. Group I is composed of two WDs with C2H2-type zinc-finger motif, whereas group II has one WD with C2H2-type zinc-finger motif. Group III also possesses single WD like group II, but possesses C2HC-type zinc-finger motif (Kumar et al., 2016). Furthermore, phylogenetic analysis, conserved domain structures, and intron position of the WDs demonstrated further sub-grouping of WRKY TFs (Eulgem et al., 2000; Zhang and Wang, 2005; Kumar et al., 2016). Group II WRKYs are subdivided into five subgroups, namely, IIa, IIb, IIc, IId, and IIe. Group III WRKYs are also composed of two subgroups, namely, IIIa and IIIb (Wu et al., 2005; Zhu et al., 2013). The WRKY domain at the C-terminus of group I proteins is thought to be necessary for DNA binding activity and exhibits similarity to the WRKY domains of group II and group III proteins. WRKY TFs are further classified into two types: R-type and V-type WRKYs, based on the position of intron. The R-type WRKY has a splicing site between the first and second Gs of the AGG codon (arginine), while the V-type WRKY has a splicing site after the valine codon, which is located after the sixth amino acid from the second cysteine residue of the zinc-finger motif (Jiang et al., 2017).




5 WRKYs mediated transcriptional modulation, its interacting partners, and significance under a stressed environment

WRKYs function as either activators or repressors in a variety of molecular processes. They act in an auto-regulated or cross-regulated manner by interacting with other WRKY members or different proteins such as MAP kinases, calmodulin, histone deacetylases, 14-3-3 proteins, and VQ proteins (Rushton et al., 2010; Chi et al., 2013; Phukan et al., 2016). Sometimes, a single WRKY may exhibit several responses, while several WRKYs may also work together to mediate a particular response (Phukan et al., 2016).

Various transcriptional, post-transcriptional, post-translational, and proteasome-mediated mechanisms are known for regulating expression and downstream activation of WRKY in normal and stressed conditions. A zinc-finger protein, Zat12, induced by various abiotic stimuli (salinity, drought, and wounding) was reported to regulate the expression of AtWRKY25 (Mittler et al., 2006). Certain MYB TFs also regulate the expression of WRKYs (Ishida et al., 2007). Transcription of many WRKYs is also regulated by signal molecules. PTI [pathogen-associated molecular patterns (PAMPs)-triggered immunity]- and ETI (effector-triggered immunity)-mediated activation of WRKYs has been observed under several biotic stresses. NaCl treatment induced the expression of WRKY25 and WRKY33 in A. thaliana, and their overexpression increased tolerance to salinity stress (Jiang and Deyholos, 2009). Similarly, overexpression of GmWRKY54 in A. thaliana increased the plant’s tolerance to salt stress. Salt stress also led to accumulation of OsWRKY54 in rice, which, in turn, regulated the expression of OsHKT1;5 by binding to the W-box motif in its promoter. Extensive similarities and cross-talk exist between salinity and drought stress responses in plants (Golldack et al., 2014). WRKY46, WRKY54, and WRKY70 together interact with BES1 to regulate brassinosteroid-mediated drought response (Chen J. et al., 2017). DREB TFs are considered as master regulators in drought response. Regulation of DREBs by TaWRKY19 (Niu et al., 2012) and GhWRKY59 (Jin et al., 2017) is another example of crosstalk between TFs mediating salt response. On the other hand, there are also examples where WRKYs function differently in salt and drought stress. For instance, overexpression of GhWRKY25 in Nicotiana benthamiana increases salinity tolerance but negatively impacted drought tolerance and sensitivity to fungal pathogen. Expression of WRKY was also reported to be controlled by miRNAs at the post-transcriptional level (Phukan et al., 2016). Interactions of histone deactelyases (HDAC), histone demethylase, and histone methyl transferases with WRKY revealed the non-genetic regulation of WRKYs in plants (Chi et al., 2013; Phukan et al., 2016). Histone deactylase-19 removes acetyl groups from histone tails and downregulates the expression of AtWRKY38 and AtWRKY62 (Kim et al., 2008). The linker histone H1 MaHIS1 interacts with MaWRKY1 and functionally coordinates to influence stress responses and ripening in banana fruit (Wang et al., 2012b). Flowering Locus D (FLD) brings about histone modifications of WRKY 29 and WRKY6 gene promoters and, thus, epigenetically regulates their SAR (systemic-acquired resistance)-induced expression (Singh et al., 2014). Chloroplast- and mitochondria-mediated retrograde inter-organelle signaling to the nucleus regulates several WRKY factors (Hammargren et al., 2008; Shang et al., 2010). Furthermore, phosphorylation by kinases is also known to modulate the expression and functioning of WRKY TFs. MAPK regulates the expression of OsWRKY45 and provides resistance to various pathogenic infections in rice. Responses to bacterial and fungal infections are also modulated by AtWRKY22 and AtWRKY29 through the MAPK pathway (Göhre et al., 2012). WRKYs in tobacco interact with MAPK cascade pathways in plant defense against whiteflies (Yao et al., 2021). Proteasome-mediated degradation also maintains the level of WRKYs under various stressed and non-stressed conditions. UPS (ubiquitin proteasome system) is known to degrade OsWRKY45 at normal un-diseased state in plants, whereas the pathogenic invasions inhibit proteasomes and accumulate OsWRKY45 (Matsushita et al., 2013; Phukan et al., 2016).




6 WRKYs and crop improvement for salt tolerance involve multiple responses

WRKYs play promising roles during plant signaling and are extensively reported for their contributions in abiotic and biotic stress (Li et al., 2020a; Wani et al., 2021). Nevertheless, current advances do divulge the vast significance of WRKY proteins for regulation of plant abiotic stress tolerance (Huang and Amee, 2021; Xiang et al., 2021). Researchers have employed specific WRKY TFs to create transgenics with improved stress tolerance traits (Table 3), because of their regulatory effects on stress-responsive genes clusters (Banerjee and Roychoudhury, 2015). Understanding of the signaling cascades that lead to the activation and interaction of the WRKY proteins with other signaling proteins, and the regulation of downstream target genes are crucial in the choice of WRKY genes for engineering stress tolerance in plants.


Table 3 | Functional characterization of WRKYs towards salt stress and associated mechanism.



Salinity stress is a key abiotic stress that affects agricultural productivity, mostly in semi-arid and arid areas. WRKYs are known to play a critical role in the regulation of plant salt stress responses (Figure 1B; Table 3). WRKY has been observed as both a positive (Han et al., 2021; Xiang et al., 2021; Ye et al., 2021; Zhu et al., 2021) and a negative regulator (Huang and Amee, 2021) for salinity stress. In a study, 47 WRKY genes were reported to respond to salinity stress in wheat (Hassan et al., 2019), which demonstrated the significance of WRKY during salinity stress. The STZ (zinc finger protein STZ/ZAT10) protein associated to ZPT2 (zinc finger protein) is known for downregulating the deactivation of other TFs and, therefore, functions as an inhibitor of transcription. Zhou et al. (2008) reported that the STZ expression is inhibited by GmWRKY54 in G. max, thus inducing response to salt stress via the positive regulation of DREB2A-mediated pathway (Zhou et al., 2008). In another study, Gong et al. (2015) demonstrated that FcWRKY70 is involved in upregulating expression of arginine decarboxylase (ADC), resulting in plant salinity tolerance. The miR156/SPL is involved in modulation of tolerance to salinity stress by upregulating MdWRKY100 in Malus domestica (Ma et al., 2021). The SbWRKY50 directly binds to SOS1 and HKT1 promoter and participated in plant salt response by regulating ion homeostasis in Sorghum bicolor (Song et al., 2020). The salt tolerance in transgenic Arabidopsis-overexpressing peanut AhWRKY75 (Zhu et al., 2021) involved the upregulation of genes associated with ROS scavenging activity and improved antioxidant system (SOD, POD, and catalase). Furthermore, the significantly lower accumulation of malondialdehyde and superoxide anion content was also noticed in transgenic plants (Zhu et al., 2021). Similar observation was also noticed in transgenic Arabidopsis overexpressing Myrothamnus flabellifolia MfWRKY70-mediated salt tolerance (Xiang et al., 2021). The transgenic plants demonstrated the positive regulation of stress-associated genes such as P5CS, NCED3, and RD29A.

The salinity (and drought) tolerance in the ectopically expressed TaWRKY75-A in Arabidopsis integrated jasmonic acid biosynthetic pathways (Ye et al., 2021). In contrast, an increased expression level of GhWRKY25 increases the salinity stress tolerance in upland cotton, whereas transgenic tobacco plant showed comparatively lower drought stress tolerance, signifying that the WRKY exhibited different regulatory effects in response to diverse stress conditions (Liu et al., 2016). Shen et al. (2015) revealed that the antioxidant enzyme activity is enhanced during salt-induced H2O2 and cytosolic Ca2+ stimulation in Populus euphratica, thus improving salt stress tolerance. Salinity stress response has been shown to be largely related to ABA-induced WRKY gene expression (Li et al., 2020a). Various reports have demonstrated that ABA and NaCl when applied exogenously can also induce WRKY expression like AtWRKY25 and AtWRKY33 in Arabidopsis (Jiang and Deyholos, 2009), OsWRKY72 in rice (Song et al., 2010), GbWRKY1 in Gossypium barbadense (Luo et al., 2020), and VpWRKY3 (Zhu et al., 2012) and VpWRKY1/2 (Li et al., 2010) in grape. Functional studies of WRKYs towards salt stress tolerance have been compiled in Table 3, which also explains the pathways regulated during WRKY-mediated tolerance to the salinity stress.

Additionally, WRKYs are also known as negative regulators of salt stress tolerance trait in plants (Zhou et al., 2008; Huang and Amee, 2021). The inhibition of salt stress tolerance via regulation of the DNA binding and transcriptional activity of WRKY53 was reported by Arabidopsis RPD3-like histone deacetylase HDA9 (Zheng et al., 2020). Li et al. (2015) reported overexpression of Chrysanthemum CmWRKY17 in Arabidopsis, which resulted in higher sensitivity towards salt stress. The study reported that stress resistance-related genes in wild-type plants showed higher expression against stress compared to transgenic Arabidopsis, demonstrating that CmWRKY17 may be implicated in negative regulation of salinity stress in Chrysanthemum (Li et al., 2015). Similarly, salinity sensitivity was also observed in CdWRKY50 overexpressing Arabidopsis. The CdWRKY50 can also bind to the AtDREB2A promoter, thereby regulating its expression (Huang and Amee, 2021). In G. max, ABI1 could be the downstream target gene of GmWRKY13. Transgenic studies in Arabidopsis exhibited that the overexpression of GmWRKY13 enhanced ABI1 expression; however, plants were found to be less tolerant to salt stress (Zhou et al., 2008). Overexpression of ZmWRKY17 in Arabidopsis demonstrated an inhibitory result on exogenous ABA treatment, ensuing comparatively lower tolerance to high salinity (Cai et al., 2017).

Although the literature strongly supported this function of WRKY in salinity stress, there are certain missing links that need reasonable research, viz., How does salt stress cause WRKY induction? Is this generalized or specific to plant/members of WRKY gene family? Does post-translational modification of WRKY impact its functionality during salt stress? Does the homo- and heterodimerization of WRKY influence its behavior during salinity? How does the WRKY-mediated metabolite regulation influence its role in salt stress mitigation?




7 Conclusion and future directions

The ultimate solution to ensure crop production potential is to incorporate tolerance traits into the plants. The significant impact of salinity stress over crop production is an urgent challenge to ensure sustainable crop production to feed the global population. Salinity stress significantly deteriorates the crop production potential throughout the globe, due to its larger effect on plant physiology and biochemistry, thus ultimately leading to significant agricultural loss. Plants differ significantly in terms of their tolerance to salinity and have the capacity to sense this stress through the SOS pathway, which involves many candidate proteins. Among several tolerance mechanisms to address salinity stress-mediated crop loss, the utility of TF-mediated tolerance is well documented. Being one of the major TF families, WRKY plays a significant role in plants at several avenues including stress tolerance (plant fitness to environmental constraints). Over the years, scientists have revealed that WRKY TFs not only contribute to growth and development in plants, but also exhibit complex regulatory networks and mechanism implicated in various stresses. Since crops generally face different stresses and WRKYs play crucial roles during stress response, further detailed studies on WRKY genes are needed to specify their unique functions. So far, characterization of WRKY is considered, and many plants have been established as a model to support the significance of WRKY in salt tolerance. Furthermore, the underlying mechanism is also explored at few instances (Table 3) but broader validation is needed. In addition, genomics has facilitated exploration of this protein family in many crops and newer studies are continuously enriching this data. Furthermore, such investigation offers a broader perspective as the researcher can individually target most promising WRKYs out of close putative candidates. Moreover, earlier research work over WRKY gene functions was mostly focused on transcriptomics and functional predictions, while further applications of genetic confirmation integrated with novel tools help to speed up the research regarding studies related to WRKY neo-functionalization. Further characterization of the downstream genes that are regulated through WRKY is still a challenge. Such research explorations will help to elucidate the regulatory networks involved in stress response in plants. Furthermore, non-coding RNAs (ncRNA) and epigenetic modifications entailed in the WRKY TFs regulation must be investigated in future research. By integrating multiomics methods such as genomics, transcriptomics, proteomics, and metabolomics, TFs have been investigated and further modified utilizing genome editing tools such as CRISPR/Cas systems to improve plant tolerance to various abiotic stresses such as salt stress. In-depth studies of TFs will possibly enhance our ability to improve the stress tolerance in crop plants to achieve food security at the global level. Finally, using WRKY TFs to monitor stress-tolerant plant cultivars and enhance stress resistance in plants will considerably help to improve quality and yield in the perspective of climate change and food security.
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Actin-depolymerizing factors (ADFs) are highly conserved small-molecule actin-binding proteins found throughout eukaryotic cells. In land plants, ADFs form a small gene family that displays functional redundancy despite variations among its individual members. ADF can bind to actin monomers or polymerized microfilaments and regulate dynamic changes in the cytoskeletal framework through specialized biochemical activities, such as severing, depolymerizing, and bundling. The involvement of ADFs in modulating the microfilaments’ dynamic changes has significant implications for various physiological processes, including plant growth, development, and stress response. The current body of research has greatly advanced our comprehension of the involvement of ADFs in the regulation of plant responses to both biotic and abiotic stresses, particularly with respect to the molecular regulatory mechanisms that govern ADF activity during the transmission of stress signals. Stress has the capacity to directly modify the transcription levels of ADF genes, as well as indirectly regulate their expression through transcription factors such as MYB, C-repeat binding factors, ABF, and 14-3-3 proteins. Furthermore, apart from their role in regulating actin dynamics, ADFs possess the ability to modulate the stress response by influencing downstream genes associated with pathogen resistance and abiotic stress response. This paper provides a comprehensive overview of the current advancements in plant ADF gene research and suggests that the identification of plant ADF family genes across a broader spectrum, thorough analysis of ADF gene regulation in stress resistance of plants, and manipulation of ADF genes through genome-editing techniques to enhance plant stress resistance are crucial avenues for future investigation in this field.
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Introduction

Plants are sessile growth organisms that face various unfavorable biotic and abiotic stresses during their life cycle (Verma et al., 2016). Biotic and abiotic stresses refer to biological or environmental factors that are detrimental to the survival and growth of plants at all phenological stages and can cause significant damage to agricultural production (Zhu, 2016; Li et al., 2019). Plants use numerous physiological and biochemical mechanisms to mitigate the impact of adverse conditions on their growth and survival (Hasanuzzaman et al., 2013; Zhao et al., 2020).

The actin cytoskeleton is an essential component of the plant cellular skeletal system. It not only maintains the shape of the cell by providing it with a three-dimensional structure but also participates in regulating various life activities, including cell motility, growth, division, differentiation, organelle movement, endocytosis, exocytosis, and responses to physiological and environmental signals (Staiger, 2000; Pollard and Cooper, 2009; Henty-Ridilla et al., 2013; Wang and Mao, 2019). In cells, actin exists in two forms, i.e., globular actin (G-actin), which is generally present as a monomer, and filamentous actin (F-actin), which exists as polymerized filaments (also known as microfilaments). The latter is the form that primarily performs biological functions (Staiger, 2000; Pollard, 2016). During microfilament formation, three G-actin molecules initially aggregate to form a nuclei (called nucleation), following which other G-actin molecules are gradually added to the ends of the nuclei to elongate the filament (called elongation) (Pollard and Cooper, 2009). The elongation rates considerably differ between the two ends, with the faster-elongating end termed the “barbed end” and the slower-elongating end termed the “pointed end” (Li et al., 2015). Different microfilaments subsequently crosslink to form a three-dimensional network structure or align in parallel to each other to form thicker bundles of microfilaments (Uribe and Jay, 2009).

In response to physiological or environmental signals, the two cellular forms of actin constantly polymerize and depolymerize, resulting in highly dynamic changes in microfilaments, ensuring a rapid cellular response (Pollard and Cooper, 2009). The microfilaments and their dynamic changes play an important role in regulates plant stress tolerance (Li et al., 2015; Porter and Day, 2016; Wang et al., 2022). For example, when actin polymerization is blocked with the inhibitor latrunculin B, plants are more susceptible to pathogenic and nonpathogenic bacteria (Henty-Ridilla et al., 2013), and numerous studies have also revealed that actin dynamics correlated with the plant response to abiotic stress, such as cold (Pokorna et al., 2004), heat (Müller et al., 2007; Malerba et al., 2010), salt (Wang et al., 2010), and alkaline (Zhou et al., 2010). Understanding the regulation of microfilament dynamics will enrich our understanding of plant stress response.

Actin polymerization, depolymerization, crosslinking, and bundling are processes regulated by a series of actin-binding proteins (ABPs), and hundreds of ABPs have been discovered in eukaryotes (Li et al., 2015; Porter and Day, 2016). In general, ABPs interact with actin and regulate their dynamic changes, thereby participating in various physiological activities of the cell (Pollard, 2016; Augustine et al., 2021). Actin-depolymerizing factor (ADF) is a small-sized (15-22 kDa) and highly conserved ABP ubiquitously exist in eukaryotic cells (Maciver and Hussey, 2002). The first ADF was isolated from chicken embryo brain cells, and the authors found that the isolated protein is distinct from other ABPs in its isoelectric point and has the capacity to depolymerize F-actin (Bamburg et al., 1980). Subsequently, ADF genes have been cloned from various eukaryotes, including fungi, animals and plants (Maciver and Hussey, 2002; Inada, 2017). ADF can bind both G-actin and F-actin and regulate remodeling of microfilament framework via its specialized biochemical activities (Hussey et al., 2002; Andrianantoandro and Pollard, 2006). Initially, ADF was found to severs or depolymerizes F-actin into shorter fragments or G-actin monomers, which provides new sites for actin filament initiation and supplies additional actin monomers for further polymerization (Bamburg et al., 1980; Maciver et al., 1991; Carlier et al., 1997). Subsequently, the biochemical activity of ADF was found to depend on the local concentration in cells (Andrianantoandro and Pollard, 2006). Low concentrations of ADF favor severing or deploymerizing whereas high concentrations favor actin nucleation as well as accelerate Pi release from ADP-Pi subunits in filaments and dissociation of branches formed by actin-related protein2/3 complex (Blanchoin and Pollard, 1999; Blanchoin et al., 2000; Andrianantoandro and Pollard, 2006). This range of biochemical activities makes ADF an important factor for regulating dynamic changes in actin filaments, which involves in most of the cellular processes of eukaryotes (Staiger, 2000; Pollard, 2016). Hence, ADFs widely participates in numerous plant growth and development processes, including flowering (Burgos-Rivera et al., 2008), pollen development and pollen tube growth (Chen et al., 2002; Daher and Geitmann, 2012; Zheng et al., 2013), cell elongation and secondary cell wall formation (Wang et al., 2009a), and responses to various biotic and abiotic stresses (Huang et al., 2012; Tang et al., 2016; Inada, 2017; Zhang et al., 2017).

Previous studies have reviewed plant ADF family genes in terms of evolutionary classification, expression profiles, transcriptional regulation, biochemical activity, and biological function (Hussey et al., 2002; Maciver and Hussey, 2002; Inada, 2017). However, there are many papers published and significant progress has been made since then, especially those regarding the molecular mechanisms underlying its involvement in signal responses to stress conditions. Recently, the publication of new plant genome sequences has led to the systematic reporting of ADF gene families from a dozen plant species (Feng et al., 2006; Ruzicka et al., 2007; Huang et al., 2012; Khatun et al., 2016; Huang et al., 2020; Xu et al., 2021; Sun et al., 2023). Furthermore, research on plant ADF genes and their involvement in stress responses has gradually received more attention, with significant progress being made in recent years. In this paper, we reviewed the research progress of the responses and molecular regulatory mechanisms of plant ADF genes to different forms of biotic and abiotic stresses. This review aims to provide a thorough understanding of the role played by ADF genes in plant stress responses and the molecular regulatory mechanisms that underlie them, and offers suggestions for future research directions in this field.





Expression profiles and biochemical activity diversification of plant ADF genes




Varying numbers of ADF genes in different species

Although ADF genes exist in all eukaryotes, the number of these genes considerably varies among species. Single-cell eukaryotes and animal genomes contain no more than three members of the ADF family. For example, yeast (Saccharomyces cerevisiae), roundworm (Caenorhabditis elegans), and the alga Chlamydomonas reinhardtii all have only one ADF gene (Gunning et al., 2015). Three ADF members are present in the genomes of zebrafish (Danio rerio), jungle fowl (Gallus gallus), and humans (Homo sapiens) (Gunning et al., 2015). Conversely, land plants possess an expanded ADF gene family. For example, eleven ADF genes have been identified in Arabidopsis thaliana (Feng et al., 2006; Ruzicka et al., 2007), rice (Oryza sativa; Feng et al., 2006; Huang et al., 2012), and tomato (Solanum lycopersicum; Khatun et al., 2016) each; eight in cucumber (Cucumis sativus; Liu et al., 2016) and Antarctic hairgrass (Deschampsia antarctica; Byun et al., 2021) each; nine in common bean (Phaseolus vulgaris; Ortega-Ortega et al., 2020); ten in pigeon pea (Cajanus albicans; Cao et al., 2020); thirteen in maize (Zea mays; Huang et al., 2020); fourteen in poplar (Populus trichocarpa; Roy-Zokan et al., 2015); eighteen in soybean (Glycine max; Sun et al., 2023); twenty-five in wheat (Triticum aestivum; Xu et al., 2021); twenty-seven in banana (Musa acuminata; Nan et al., 2017); and thirty-seven in upland cotton (Gossypium hirsutum; Sun et al., 2021). In contrast to single-cell eukaryotes and animals, plants exhibit a multitude of distinct and functionally specialized actin filament systems, alongside a larger actin gene family (McDowell et al., 1996; Zhang et al., 2010; Gunning et al., 2015). Likewise, an increased number of genes has been observed in numerous ABP gene families, such as profilin, formin, and villin (Bao et al., 2011; Gunning et al., 2015; Duan et al., 2021; Zhou et al., 2023). The diverse members within these extensive gene families, believed to have originated from gene duplication events, are presumed to be expressed in a highly differential manner, specific to tissues, environmental conditions, and temporal factors (McDowell et al., 1996; Bao et al., 2011). This expression pattern enables plants to dynamically restructure the actin cytoskeleton in response to evolving requirements throughout their growth and development processes (Gunning et al., 2015). Regarding plant ADF genes, the expansion of the gene family may facilitate their expression in intricate biological profiles, enabling differentiation into various biological functions, as elucidated in numerous subsequent articles.





Expression profiles of ADF genes in Arabidopsis

Among all land plants, the expression characteristics and biological functions of ADF genes in Arabidopsis have been the most extensively studied. Phylogenetic analysis reveals that the eleven AtADF genes can be divided into four groups (I–IV), with group II further divided into subgroups II-a and II-b (Feng et al., 2006; Ruzicka et al., 2007). Within each group, AtADF genes demonstrate comparable tissue-specific expression patterns, although notable disparities in expression characteristics exist among members across distinct groups. Group I comprises four genes: AtADF1, AtADF2, AtADF3, and AtADF4. These genes are stably expressed at high levels in all plant tissues/organs except in pollen. Overall, AtADF3 exhibits the highest expression level. Group II comprises four genes: AtADF7, AtADF8, AtADF10, and AtADF11, which are preferentially expressed in cell types demonstrating polarized growth characteristics. AtADF7 and AtADF10 are members of the subgroup II-a and are specifically expressed in mature pollen grains and pollen tubes, whereas AtADF8 and AtADF11 (subgroup II-b) are specifically expressed in root hairs and root epidermal cells that can differentiate into root hairs. Group III comprises only two genes, AtADF5 and AtADF9, which exhibit lower expression levels in vegetative tissues but are highly expressed in cells undergoing rapid growth or differentiation, including callus tissues, young leaves, and meristematic regions. Group IV only contains one gene, AtADF6, which is stably expressed in all tissues, including pollen (Ruzicka et al., 2007). In a study by Dong et al. (2001), ADF gene promoter–GUS fusions were employed for genetic transformation in Arabidopsis, and the authors found that AtADF1 and AtADF6 were expressed in the vascular tissues of all organs, while AtADF5 was only expressed in the root apical meristem. Immunocytochemical analysis further revealed that proteins encoded by group I genes are localized to the nucleus and cytoplasm simultaneously, while proteins encoded by group II genes are mainly localized to the cytoplasm of pollen tubes and the apical regions of root hairs (Ruzicka et al., 2007). These results indicate that the expression and localization of ADFs are precisely regulated, and different ADFs are required to function in distinct tissue types and subcellular locations.





Expression profiles of ADF genes in several crops

Previous studies have reported that ADF genes in other plants exhibit tissue-specific expression characteristics similar to those found in Arabidopsis. Here we take the expression patterns of ADF genes in several crops, including rice, maize, wheat, cotton, tomato, and soybean, as examples. OsADF2, OsADF4, OsADF5, and OsADF11 are persistently expressed in the roots, stems, leaves, sheaths, spikelets, and seeds of rice, while OsADF9 is specifically expressed in spikelets during the heading stage (Huang et al., 2012). ZmADF3, ZmADF4, ZmADF5, ZmADF6 and ZmADF10 showed relatively higher expression in all tissues of maize, whereas ZmADF1, ZmADF2, ZmADF7, ZmADF12, and ZmADF13 showed high expression levels in reproductive organs such as tassel, anther, and pollen (Huang et al., 2020). Of the twenty-five TaADF genes in wheat, nine of them exhibit anther-specific expression, while the others are diversely expressed in different tissues (Xu et al., 2021). In upland cotton, GhADF6 and GhADF8 are predominantly expressed in petals while GhADF7 is highly expressed in anthers (Li et al., 2010). Among the nine SlADF genes in tomato, SlADF1, SlADF3 and SlADF10 are predominately expressed in flowers and specifically in the stamen compared to other parts (Khatun et al., 2016). In soybean, our lab used genome-wide identification techniques to show that the soybean ADF gene family displays tissue-specific expression patterns very similar to those found in Arabidopsis (Sun et al., 2023). In short, GmADF genes in groups I and IV are expressed throughout the soybean plant, those of group II are specifically expressed in flowers, while the expression level of genes in group III is lower than that in groups I and IV (Sun et al., 2023).





Biochemical activity diversification of plant ADFs

The expansion and diversification of the expression patterns of ADF gene family members in land plants imply that their biochemical activities or biological functions may have been differentiated during evolution (Ren and Xiang, 2007; Tholl et al., 2011). Biochemical experiments have shown that nine AtADF members in groups I, II, and IV of Arabidopsis can sever or depolymerize F-actin, with the four members of group I being the most active (Nan et al., 2017). The two AtADF members in group III do not show severing or depolymerizing activities, but instead have the ability to promote F-actin bundling (Tholl et al., 2011; Nan et al., 2017). Three crucial amino acid alterations were confirmed to be responsible for these divergent biochemical activities. Taking AtADF9 from the group III as an example, the 3rd Leu, 4th Lys, and 18th Lys (the corresponding amino acid residue in AtADFs from other three groups are Met, Ala, Leu/Thr, respectively) are necessary for its F-actin bundling activity (Nan et al., 2017). By comparing variations in the amino acid sequences of the Arabidopsis protein and its homologs in other plants, Nan et al. (2017) suggested that this biochemical activity divergence may be widely present in angiosperms.






Function of plant ADF genes in biotic stress

Biological stress of plants refers to the inhibition of their growth, development, and survival caused by biological factors such as pests, bacteria, fungi, viruses, etc. (Verma et al., 2016; Jiang et al., 2017). These harmful animals or microbes attack numerous agricultural crops, causing devastating effects on plant productivity and yield (Leonard et al., 2017). Increasing studies showed that plant ADF genes and actin cytoskeleton dynamics are widely involved in plant responses to biotic stress (Table 1). Understanding the biological function and the regulatory mechanism of these ADFs is essential for the development of biotic stress-tolerant crops. In this section, we will summarize the research progress of ADF gene in plant response to biotic stress.


Table 1 | ADF genes involved in biotic stress whose functions have been elucidated.






Pest resistance




Resistance to root-knot nematode

The root-knot nematode (Meloidogyne incognita) is a highly specialized and polyphagous plant-pathogenic nematode. Its second-stage juveniles can penetrate plant root apical meristems via stylets. Thereafter, they migrate within the plant and establish parasitic relationships with vascular tissues, leading to the formation of giant cells and production of galls (Fuller et al., 2008). Moreover, the cytoskeletal system of giant cells undergoes rearrangement during its altered development (Jammes et al., 2005). The expression levels of five ADF genes (i.e., AtADF2–AtADF6) were higher in the galls of infected roots compared with those of an uninfected control. Of these genes, AtADF2 exhibited a nearly three-fold increase in expression 2–3 weeks following nematode infection, and its expression was concentrated in giant cells. Moreover, AtADF2 knockdown in Arabidopsis increased the bundling of actin filaments, resulting in delayed giant cell development and decreased nematode reproduction. Thus, these findings imply that AtADF2 positively regulates plant resistance to root-knot nematodes (Clément et al., 2009). Similarly, in cucumber five of eight CcADF genes demonstrated increased expression in nematode-induced galls, suggesting that CcADF genes may facilitate nematode feeding on cucumber roots (Liu et al., 2016).





Resistance to aphids

Aphids (Hemiptera: Aphididae), a diverse family of ~250 different species, are pests who feed on plants and affect plant growth and productivity via removing nutrients from sieve elements, altering source–sink relationships, and spreading viral diseases (Goggin, 2007). Arabidopsis atadf3 mutants were more susceptible to green peach aphids (GPAs; Myzus persicae Sülzer) infestation compared with wild type plants. GPAs fed faster and for a longer duration on atadf3 mutants, and their populations could therefore reproduce more quickly. Introducing AtADF3 into atadf3 mutant plants rescued the resistance to GPAs, indicating that AtADF3 has a critical role in limiting GPAs infestation (Mondal et al., 2018). By monitoring aphid feeding behavior, the authors found that the AtADF3 expression hinders with the ability of GPAs to find and feed from sieve elements. PAD4 (phytoalexin-deficient 4) is an important regulatory factor in Arabidopsis defense against peach aphids, negatively regulating aphid feeding and fecundity (Louis et al., 2010). Further research confirmed that PAD4 is a critical downstream player of the AtADF3-dependent defense mechanism (Mondal et al., 2018).





Resistance to corn borer

The corn borer is a major maize pest in many regions of the world, where it severely affects its yield by feeding on organs such as leaves, stems, and male and female inflorescences (Meihls et al., 2012). A recent genome-wide association analysis revealed that ZmADF4 is significantly associated with resistance to the Mediterranean corn borer (Sesamia nonagrioides) in the stem (Samayoa et al., 2015). The biological function of ZmADF4 in maize resistance to corn borer is worth further exploration.






Fungal stress




Resistance to powdery mildew

Powdery mildew is a obligate biotrophic fungal pathogen that seriously threatening over 10,000 plant species, including crops, vegetables, trees, and ornamental plants (Hirose et al., 2005; Hückelhoven and Panstruga, 2011). ADF genes from different plants have been found to play different roles in regulating powdery mildew resistance. In Arabidopsis, the four Group I AtADF genes have been found to play a negative regulatory role regarding resistance to Golovinomyces orontii (G.orontii), with AtADF4 exhibiting the most significant effect. In atadf4 mutants and atadf1-4 quadruple knockdown plants, researchers identified an accumulation of hydrogen peroxide and cell-specific death at the sites of G.orontii infection. In addition, they also found an increase in the abundance of microfilaments, and the plants show enhanced resistance against powdery mildew (Inada et al., 2016). RPW8.2 (resistance to powdery mildew 8.2) is an atypical mildew resistance protein found in Arabidopsis (Xiao et al., 2001). Overexpression of AtADF6 (belongs to group IV) inhibited its localization to the membrane surrounding the powdery mildew fungal haustorium, which is required for inducing resistance against powdery mildew. Thus, this evidence indicates that AtADF6 may play a negative role toward powdery mildew resistance (Wang et al., 2009b). In contrast, the overexpression of AtADF5 (belongs to group III) had no effect on RPW8.2 localization, implying the existence of functional diversification among ADF members in plant response to powdery mildew (Wang et al., 2009b). It is reasonable to presume that the functional diversification between AtADF5 and AtADF6 may resulted from their difference in biochemical activity (Nan et al., 2017) or expression profile (Dong et al., 2001). Ectopic expression of HvADF3 in barley (Hordeum vulgare) epidermal cells was found to disrupt the integrity of the actin cytoskeleton in cells. This in turn enhanced fungal entry and lead to increased susceptibility to the barley pathogen Blumeria graminis f. sp. hordei (Bgh) (Miklis et al., 2007). Moreover, transient overexpression of AtADF1, AtADF5, AtADF6, AtADF7, and AtADF12 was found to significantly increase the entry rate of Bgh in barley, while the overexpression of AtADF2, AtADF3, AtADF4 and AtADF9 had no significant effect.





Resistance to stripe rust

In wheat, stripe rust caused by Puccinia striiformis f. sp. tritici is a widespread and devastating disease (Hovmøller, 2007). Different wheat ADF genes were found to exhibit varied response patterns against different physiological races of this pathogen, and may therefore play different roles in regulating stripe rust resistance. For example, the avirulent race CYR23 strongly induced the expression of TaADF4 and TaADF7 in wheat, while the virulent race CYR31 induced their expression to a lesser extent. Silencing TaADF4 and TaADF7 in wheat lines inoculated with CYR23 led to significant changes in microfilament structures, reduced accumulation of reactive oxygen species (ROS), and weakened hypersensitive reactions. Taken together, these effects indicate that TaADF4 and TaADF7 positively regulate wheat resistance against non-adapted races of stripe rust by modulating microfilament dynamics (Fu et al., 2014; Zhang et al., 2017). In contrast to the response patterns of these genes, TaADF3 showed elevated expression levels upon CYR31 induction but showed significantly decreased expression levels following CYR23 inoculation. Silencing TaADF3 enhanced wheat resistance to CYR31 while reducing both ROS accumulation and hypersensitive reactions (Tang et al., 2016).





Resistance to verticillium wilt

Verticillium wilt is mainly caused by Verticillium dahliae or Verticillium alboatrum, two soil-borne vascular fungal pathogens that severely affect cotton production (Klosterman et al., 2009). After infection by Verticillium dahliae, the expression of GhADF6, a gene homologous to AtADF6 found in upland cotton (Gossypium hirsutum), was downregulated in root epidermal cells. Silencing of GhADF6 increased the abundance of microfilaments in root epidermal cells, and the plants showed enhanced resistance to Verticillium dahlia. Thus, GhADF6 likely plays a negative regulatory role with respect to cotton verticillium wilt resistance (Sun et al., 2021). Taken together, these findings highlight the complex regulatory roles of ADF genes regarding plant defense against fungal diseases.






Bacterial stress




Participation in Innate immunity caused by bacterial MAMP

Innate immunity is the first line of host defense against microbial invasion and is evolutionally conserved in all multicellular organisms, which is activated by pattern-recognition receptors (PRRs) that recognize microbe-associated molecular patterns (MAMPs) (Deng et al., 2020). MAMPs mediated microfilament rearrangement, as featured by increased abundance and remodeling of microfilament, plays an important role in plant innate immune signal transduction (Henty-Ridilla et al., 2014). Within minutes of treatment with a bacterial MAMP, elf26 (a conserved 26-amino acid peptide from bacterial elongation factor), a dose- and time-dependent increase in actin filament abundance was detected in epidermal cells throughout the Arabidopsis hypocotyl. However, actin architecture and dynamics in an atadf4 mutant fail to respond to elf26 treatment, suggested that AtADF4 plays a key role in modulating actin dynamics by participating in innate immune signal transduction caused by bacteria in plants (Henty-Ridilla et al., 2014).





Resistance to Pst DC3000 expressing AvrPphB

Pseudomonas syringae pv tomato (Pst) is a hemibiotrophic bacterial pathogen. The Arabidopsis mutant atadf4 shows abnormal microfilament dynamics and increased susceptibility to that of Pst DC3000 expressing the incompatible effector AvrPphB, but not to strains expressing AvrRps2 or AvrB. Moreover, a transgenic experiment showed that AtADF4 is able to restore the resistance that is compromised in the atadf4 mutant, thereby indicating that AtADF4 is required for the resistance to Pst DC3000 expressing AvrPphB (Tian et al., 2009). RPS5 (resistance to Pseudomonas syringae 5) is a gene that encodes a resistance protein capable of recognizing AvrPphB and activating downstream defense signals in Arabidopsis (Chisholm et al., 2006). Subsequent studies have reported that the increased susceptibility of atadf4 mutant to Pst DC3000 expressing AvrPphB is associated with decreased RPS5 expression, suggesting that AtADF4 may regulate plant resistance to Pst DC3000 expressing AvrPphB via the coordinated regulation of microfilament dynamics and R-gene transcription (Porter et al., 2012).





Participation in interaction with rhizobia

Rhizobia is a class of gram-negative soil bacteria that includes Rhizobium, Bradyrhizobium, Sinorhizobium, and Azorhizobium. These bacteria can form symbiotic nitrogen-fixing nodules with leguminous plants and increase nitrogen fixation in arable fields by as much as 30% (Mus et al., 2016). PvADFE is one of the nine ADF genes found in common bean, primarily expressed in roots and nodules inoculated with Rhizobium tropici (Ortega-Ortega et al., 2020). In addition, PvADFE silencing increases the number and size of nodules and enhances nitrogen fixation activity. Conversely, the overexpression of this gene resulted in the opposite phenotype. In addition, the expression levels of two genes related to nodulation development and signaling, NIN and ENOD2, were significantly decreased in the roots of plants overexpressing PvADFE, thereby indicating that PvADFE plays a negative regulatory role in rhizobial infection and nodulation of common bean (Ortega-Ortega et al., 2020).






Viral stress

Viruses are molecular parasites that complete the entire life cycle by utilizing the resources of host cells. Many crucial functions of plants are affected by viruses, including nutrient absorption, nutrient translocation, photosynthesis, growth, and development (Gergerich and Dolja, 2006). In an infected plants, virus-encoded movement proteins and cellular factors allow viruses to move within infected cells (local movement) and long distances through the vascular system (systemic movement) (Garcia-Ruiz, 2018). A great deal of attention is given to understanding the fundamental mechanism of viral infections as well as factors involved in gene regulation during viral infections (Garcia-Ruiz, 2018). Microfilament has been reported to play an important role in the process of virus infection (Chen et al., 2010; Tilsner et al., 2012; Porter and Day, 2016).

Soybean mosaic virus (SMV), which belongs to the Potyvirus genus, is one of the most prevalent and destructive viral pathogens in soybean cultivation regions around the world. Mosaic and necrosis symptoms are common on the leaves of soybean plants that are infected with SMV (Hill et al., 2007). The P3 protein of SMV (SMV-P3) plays a major role in its replication and movement, and also responsible for symptom development in SMV-infected plants (Hajimorad et al., 2018). SMV-P3 exhibits strong variability and complex functionality, which is consistent with the symptoms of soybean mosaic disease (Hajimorad et al., 2018). By screening soybean cDNA library, Lu et al. (2015) found that an ADF, GmADF2, interacts with SMV-P3, and this interaction is further confirmed using bimolecular fluorescence complementation assay. Further experiments showed that the interaction between GmADF2 and SMV-P3 is occurred in both the cytomembrane and cytoskeleton of plant cells, indicated the GmADF2 was trailed by SMV-P3 (Lu et al., 2015). These results suggested that GmADF2 is an important host factor for SMV-P3 and may promote its intercellular movement, thus plays a crucial role for the virus to establish infection (Lu et al., 2015).






Role of ADF genes in abiotic stress resistance

In addition to biotic stresses, abiotic stresses like cold, heat, drought, salinity, flooding and nutrient deficiency are the major limiting factors for crop yields (Saijo and Loo, 2020). Abiotic stress factors can individually or collectively affect plant growth and development (Zhu, 2016). Plant ADF genes are widely involved in various abiotic stress responses (Figure 1). However, their modes of response and functions vary among plant species and tissues (Table 2). In this section, we will review the functions and molecular regulatory mechanisms of plant ADF genes in regulating abiotic stress in plants.




Figure 1 | Schematic of the involvement of Arabidopsis ADF genes in plant response to abiotic stress. Arrows represent positive regulation, and bar ends mean inhibitory action.




Table 2 | ADF genes involved in abiotic stress whose functions have been elucidated.






Temperature stress




Cold stress

Cold stress, including chilling (cold temperatures of above 0°C) and freezing stress (below 0°C), causes plant growth to slow down, stagnate, and retrogress, thereby reducing the yield (Zhang et al., 2019). Aside from membrane rigidification, ROS accumulation, protein destabilization, and metabolic disequilibrium, cold stress has also been reported to disrupt the microfilament of plant cells and interfere with all cellular processes (Fan et al., 2015; Liu et al., 2018). The expression profiles of AtADF genes in response to temperature stress had been reported to diversely among different groups. The expression levels of AtADF genes of Group I, III, and IV have been found to be significantly induced by cold or heat stress, with two group III ADF genes (i.e., AtADF5 and AtADF9) responding the most strongly (Fan et al., 2015; Fan et al., 2016). In Arabidopsis plants exposed to cold stress, the survival rate of atadf5 mutants significantly decreased relative to the wild type. Moreover, mutant plants showed disordered actin cytoskeleton in root epidermal cells, suggesting that AtADF5 plays an important role in mediating cold stress tolerance in Arabidopsis (Zhang et al., 2021). In the face of cold stress, plants depend on C-repeat binding factors (CBFs) as their key molecular switches (Liu et al., 2018). CBFs can activate the expression of AtADF5 by binding to CRT/DRE elements in its promoter, and AtADF5 can in turn regulate dynamic changes in the actin cytoskeleton to modulate the cold response of Arabidopsis plants (Zhang et al., 2021). In freezing-tolerant wheat cultivars, the ADF gene Wcor719 can be specifically induced by exposure to low temperatures, while the expression levels of this gene do not significantly change in freezing-sensitive cultivars. Moreover, its expression level is also insensitive to high temperature, salt stress, mechanical damage, and abscisic acid (ABA) (Danyluk et al., 1996; Ouellet et al., 2001). In contrast, wheat TaADF4 is induced by heat stress, but its expression levels are significantly decreased in response to low temperature or salt stress (Zhang et al., 2017). A genome-wide analysis showed that 25 TaADF genes exist in the genome of the “Chinese Spring” wheat cultivar, and that cold stress can affect the expression levels of seven TaADF genes, six of which (i.e., TaADFs 13, 16, 17, 18, 21, and 22) are upregulated (Xu et al., 2021). In Arabidopsis, the heterologous expression of TaADF16, the most highly expressed and upregulated ADF gene in response to cold stress, can enhance plant cold stress resistance by accelerating ROS scavenging and by altering osmotic regulation in cells (Xu et al., 2021). Moreover, the expression levels of seven cold stress-responsive genes were found to be significantly higher in a TaADF16-overexpressing line than in the wild type regardless of whether the transgenic Arabidopsis plants were exposed to cold conditions. This indicates that the overexpression of TaADF16 can generally induce the expression of cold-related genes (Xu et al., 2021). Antarctic hairgrass is the only monocotyledonous flowering plant in Antarctica and its genome contains eight ADF genes. Cold stress can induce the expression of five DaADF genes, with DaADF3 showing the most significant cold stress response (Byun et al., 2021). In rice, plants that overexpress DaADF3 exhibit improved cold stress resistance, as measured via survival rate, leaf chlorophyll content, and electrolyte leakage along with changes in microfilament organization in the root tips (Byun et al., 2021).





Heat stress

Heat stress is commonly defined as the increase in temperature beyond a specific threshold level for a duration that is adequate to induce irreversible harm to the growth and development of plants (Bita and Gerats, 2013). The effects of heat stress on plants and cells are numerous. For example, high temperatures alter membrane fluidity and denaturate proteins which impair enzyme function (Malerba et al., 2010). Recently, ADF genes have also been found to be involved in plant tolerance to high temperatures. For example, AtADF1 expression was repressed by high temperatures, and atadf1 mutant seedlings exhibited greater actin filament stability and faster growth than the wild type (Wang L. et al., 2023). Conversely, AtADF1 overexpression showed the opposite phenotype. Further experiments revealed that AtADF1 transcription is regulated by AtMYB30, a key transcription factor involved in responses to various forms of abiotic stress, including heat (Liao et al., 2017). This finding indicates that AtADF1 is a target gene in the AtMYB30-mediated plant response to abiotic stress (Wang B. et al., 2023). Similarly, the authors found that BrADF1 from Chinese cabbage (Brassica rapa), a gene that is highly homologous to AtADF1, regulates F-actin dynamics and plant tolerance to heat stress in a manner similar to that of AtADF1 (Wang L. et al., 2023).





Salt stress

Salt stress refers to the adverse effect of excessive soluble salts in soil on plant growth and development, which has both osmotic and ionic or ion-toxicity effects on cells (Zhu, 2016). More than one third of the world’s irrigated lands are affected by salinization, a worldwide problem that threatens the growth and yield of crops (Zhao et al., 2020). In Arabidopsis, the expression levels of AtADF1 rapidly increase in response to salt stress, and the survival rate of the atadf1 mutant decreases significantly compared with the wild type under salt stress. Moreover, mutant plants exhibit cytoskeletal changes, including increased microfilament bundles in cells, while AtADF1-overexpressing plants exhibit opposite macroscopic and microscopic phenotypes. These results indicate that AtADF1 positively regulates plant salt tolerance by promoting actin depolymerization (Wang et al., 2021). Moreover, AtMYB73 is a negative regulatory factor for salt stress in Arabidopsis (Kim et al., 2013), and further experiments have revealed that AtMYB73 negatively regulates AtADF1 expression (Wang et al., 2021). Therefore, AtADF1 is likely an important player in the AtMYB73-mediated salt stress response pathway (Wang et al., 2021). Smooth cordgrass (Spartina alterniflora) is a perennial grass halophyte that has adapted to salt and drought conditions owing to specific alleles for genes involved in stress tolerance (Baisakh et al., 2008). The SaADF2 of smooth cordgrass is homologous to the OsADF2 of rice. Although the sequence similarity between their proteins exceeds 95%, six amino acid differences (i.e. the 6th Ser, 19th Asp, 25th Leu, 118th Gln, 132nd Pro and 133rd Thr in OsADF2 were substituted by Thr, Asn, His, His, Ser and Ser in SaADF2, respectively) may responsible for the substantial differences in their three-dimensional structures (Sengupta et al., 2019). Biochemical analysis revealed that SaADF2 displays greater actin-binding affinity and can depolymerize microfilaments more efficiently than OsADF2, which enhances cellular actin dynamics in cells. In rice, SaADF2 overexpression engenders greater drought and salt tolerance compared with that in the wild type and OsADF2-overexpression lines (Sengupta et al., 2019). A detailed biochemical investigation is required to determine the specific amino acid(s) that play a critical role in ADF’s biochemical activity. This knowledge could present an opportunity to utilize genome-editing technology for performing site-specific mutations, enabling the manipulation of ADF activity in crop breeding practices for enhancing stress tolerance.





Osmotic stress

Osmotic stress, often caused by drought and high salinity, occurs when soil contains excess soluble salt that prevents water absorption of plants (Yoshida et al., 2014). Microfilament cytoskeleton had been confirmed to participates, and plays a crucial role, in responses to osmotic stress in plants (Wang et al., 2010). In Arabidopsis seedlings subjected to osmotic stress, expression level of AtADF4 considerably increased. In addition, the survival rate of atadf4 mutants was higher than that of the wild type, while the survival rate of AtADF4-overexpressing lines decreased. Thus, these results indicate that AtADF4 plays a negative regulatory role in the plant response to osmotic stress (Yao et al., 2022). Further experiments demonstrated that a phosphopeptide-binding protein, 14-3-3κ, acts as an upstream regulator of AtADF4 to regulate the Arabidopsis response to osmotic stress (Yao et al., 2022). Root hairs are important organs for plants to absorb nutrients and water. Osmotic stress can induce AtADF7 expression, which in turn is responsible for inhibiting the expression of the actin-bundling protein VILLIN1 (VLN1) in root cells, thereby reducing microfilament bundles in root cells and promoting root hair growth. These findings indicate that the AtADF7–VLN1 pathway is essential for root hair formation under osmotic stress tolerance, and plays critical role in enhancing plant osmotic stress tolerance (Bi et al., 2022).





Drought stress

Drought is an adverse environmental stress that hampers normal growth, disrupts water relations, and decreases water-use efficiency in plants. To adapt to drought stress, plants have developed intricate mechanisms, one of which involves regulating the opening and closing of stomata (Saradadevi et al., 2017). Stomata are pores found on the epidermis of aerial parts of plants and are responsible for absorbing carbon dioxide and releasing water vapor (Jiang et al., 2012). The stomatal aperture is finely tuned to prevailing environmental conditions by a pair of guard cells surrounding each pore (Schroeder et al., 2001). Stomatal movement mediated by ABA is particularly important for plant adaptations to drought conditions. Microfilament dynamics play a crucial role in regulating the opening and closing of the stomata, involving the alteration of the radial orientation of the actin filaments during open stomata changes to a longitudinal orientation characteristic of closed stomata during stomatal closure (Zhao et al., 2011).

In Arabidopsis, AtADF1 overexpression leads to disorganized microfilament bundles in guard cells, in turn resulting in abnormal stomatal closure following ABA treatment (Dong et al., 2001). Arabidopsis casein kinase 1-like protein 2 (CKL2) plays an important regulatory role in ABA- and drought-induced stomatal closure. CKL2 can inhibit the depolymerization activity of AtADF4 via phosphorylation, thereby rendering the microfilament cytoskeleton more stable in guard cells and regulating stomatal opening or closing (Zhao et al., 2016). ABA and drought stress also induce AtADF5 expression in Arabidopsis seedlings. Compared with the wild type, an atadf5 mutant showed reduced microfilament bundles in cells, delayed stomatal closure, intensified leaf dehydration, and decreased survival rates under drought conditions (Qian et al., 2019). Further biochemical experiments demonstrated that DPBF3, an ABA-responsive element-binding factor (ABF/AREB), can activate AtADF5 expression via ABA-responsive core elements in its promoter region. AtADF5 regulates stomatal movement by modulating the rearrangement of microfilament structures through its F-actin bundling activity, which improves plants’ adaptability to drought stress. Therefore, AtADF5 is an important player in the ABF/AREB-mediated pathway facilitating plant responses to drought stress (Qian et al., 2019). In Populus euphratica, PeABF3 is a transcription factor involved in ABA signaling response and its expression is induced by drought and ABA. PeABF3 can activate the expression of PeADF5, which facilitates ABA-induced stomatal movement by promoting actin cytoskeletal rearrangement and enhancing drought resistance (Yang et al., 2020). Furthermore, in rice the exogenous application of ABA or various stress conditions induces OsADF3 expression in the root tips and lateral roots. Moreover, the heterologous expression of OsADF3 in Arabidopsis enhanced its drought tolerance, as evidenced by improved germination rate, primary root length, and survival rate. In addition, several drought-tolerance responsive genes are upregulated under drought stress, suggesting that OsADF3 may exert regulatory effects upstream of these genes (Huang et al., 2012). The above studies indicate that plant ADF genes are important factors in regulating stomatal movement and play an important role in enhancing plant drought resistance. Further exploration and research on these drought resistant ADF genes and homologous ADF genes in other plants, especially crops, will provide important genetic resources for the cultivation of drought resistant crops.







Summary and future prospects

As an important type of actin-binding protein, ADFs are widely involved in dynamic changes to the microfilaments of cells. Accordingly, they play a crucial role in plant growth, development, and stress response. In this study, we provide a systematic summary of the involvement of ADFs in the regulation of both biotic and abiotic stresses in plants. This includes the expression patterns of ADF genes in response to various stresses, their regulatory role with respect to plant stress responses, and the molecular mechanisms by which ADFs regulate stress tolerance. Research suggests that stress conditions not only directly regulate the transcription levels of ADF genes, but many transcription factors (including members of the MYB, ABF, and CBF TF families) are also involved in regulating the expression of ADF genes in response to different forms of stress. Furthermore, ADFs not only directly regulate the polymerization, depolymerization, and arrangement of microfilaments in cells, but also indirectly affect plant stress responses by influencing the expression of various other stress-related genes. Taken together, these results indicate that ADF participates in precise and complex mechanisms to regulate plant stress responses.

However, to date our understanding of the role of ADF genes in the regulation of plant stress responses remains insufficient. First, there is currently limited systematic information regarding the ADF gene family in plants, since data exists for fewer than 20 plant species. Previous studies have shown that ADFs exist in land plants as members of diversified gene families, and their expression patterns and biochemical activities exhibit obvious inter-group specificity. Genomic and transcriptomic studies provide a convenient way to comprehensively identify and characterize the ADF gene family in additional plant species. Moreover, systematic analysis of the plant ADF gene family will provide important information for further investigation of the biological functions of different ADF genes. Second, previous studies have found that the expression levels of many plant ADF genes change in response to stress, which suggests that ADF genes play an important role in plant stress responses. At the molecular regulation level of the ADF gene regulation of stress responses, Arabidopsis thaliana has received an overwhelming share of the research attention and has made significant progress in understanding ADF genes in this model system. However, there has been limited research on other plants, especially on agriculturally important crops, in which the specific functions and molecular regulatory mechanisms of ADF genes remain largely unclear. This hinders their application for crop improvement. Future in-depth study of stress-related ADF genes in crop species is critical for molecular breeding and genetic engineering.

Finally, studies of SaADF2 in salt- and drought-tolerant smooth cordgrass suggest that some key amino acids in ADF influence its biochemical activity, and can thereby be manipulated to exert stronger regulatory effects on specific plant stress responses. This study suggests that there may be beneficial ADF alleles in plant species with strong stress resistances that may enhance crop resilience. In the future, detailed investigation of these genes and exploration of advantageous protein variant sites may make it possible to use genome-editing techniques to modify ADF genes for stress-tolerant crop breeding.
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Introduction

The TGA transcription factors, plays a crucial role in regulating gene expression. In cultivated peanut (Arachis hypogaea), which faces abiotic stress challenges, understanding the role of TGAs is important.





Methods

In this study, we conducted a comprehensive in analysis of the TGA gene family in peanut to elucidate their regulatory mechanisms and expression patterns under abiotic stress and hormone treatments. Furthermore, functional studies on the representative AhTGA gene in peanut cultivars were conducted using transgenic Arabidopsis and soybean hair roots.





Results

The genome-wide analysis revealed that a total of 20 AhTGA genes were identified and classified into five subfamilies. Collinearity analysis revealed that AhTGA genes lack tandem duplication, and their amplification in the cultivated peanut genome primarily relies on the whole-genome duplication of the diploid wild peanut to form tetraploid cultivated peanut, as well as segment duplication between the A and B subgenomes. Promoter and Protein-protein interaction analysis identified a wide range of cis-acting elements and potential interacting proteins associated with growth and development, hormones, and stress responses. Expression patterns of AhTGA genes in different tissues, under abiotic stress conditions for low temperature and drought, and in response to hormonal stimuli revealed that seven AhTGA genes from groups I (AhTGA04, AhTGA14 and AhTGA20) and II (AhTGA07, AhTGA11, AhTGA16 and AhTGA18) are involved in the response to abiotic stress and hormonal stimuli. The hormone treatment results indicate that these AhTGA genes primarily respond to the regulation of jasmonic acid and salicylic acid. Overexpressing AhTGA11 in Arabidopsis enhances resistance to cold and drought stress by increasing antioxidant activities and altering endogenous hormone levels, particularly ABA, SA and JA.





Discussion

The AhTGA genes plays a crucial role in hormone regulation and stress response during peanut growth and development. The findings provide insights into peanut's abiotic stress tolerance mechanisms and pave the way for future functional studies.





Keywords: TGA genes, peanut (Arachis hypogaea), abiotic stress, hormone signaling, transcription factors





Introduction

Transcription factors (TFs) play a critical role in mediating the response of plants to changes in their external environment (Javed et al., 2020; Hrmova and Hussain, 2021; Song et al., 2022). By binding to specific DNA sequences, transcription factors can activate or repress the expression of genes (Latchman, 2001). They can also interact with other signaling molecules and proteins to modulate the expression of target genes, enabling plants to quickly and effectively respond to environmental challenges such as drought, heat, cold, or pathogen attack (Fraire-Velázquez et al., 2011; Nakashima et al., 2014; Innes, 2018; Srivastava et al., 2023). The ability of transcription factors to integrate diverse signals and coordinate gene expression makes them essential components of the complex regulatory networks that control plant responses to environmental stress (Valliyodan and Nguyen, 2006; Borrill et al., 2019; Kidokoro et al., 2022). Understanding the mechanisms by which transcription factors regulate gene expression in response to environmental cues is crucial for developing strategies to enhance plant resilience and improve agricultural productivity.

The basic leucine zipper (bZIP) gene family, one of the largest transcription factor families in plants, is categorized into ten groups (A, B, C, D, E, F, G, H, I, and S), along with two additional groups, J and K. This classification is based on the similarity in the basic region and additional conserved motifs (Jakoby et al., 2002; Nijhawan et al., 2008; Wang et al., 2015). TGA (TGACG motif-binding factor) transcription factors are part of group D, which recognizes as-1-type cis-elements found in the promoter regions of target genes (Gatz, 2013; Liu et al., 2022b). The bZIP domain’s primary structure in TGA proteins is highly conserved and includes an invariant motif N-x7R/K-x9-L-x6-L-x6-L in the N-terminus. In the C-terminus, the motif Yx2RL[RQ]ALSS[LS]W represents the signature domain of group D (Tomaz et al., 2022). Since the first TGA gene TGA1a was identified in tobacco, this gene family has been isolated and identified in various species, including Arabidopsis, rice and soybean (Johnson et al., 2003; Fitzgerald et al., 2005; Li et al., 2022). In the Arabidopsis genome, there are a total of 10 TGA transcription factors that can be divided into five groups based on their sequence similarity (Gatz, 2013). Group I comprise TGA1 and TGA4, which are the most comparable to tobacco TGA1a (Budimir et al., 2021; Kim et al., 2022). Group II consists of TGA2, TGA5, and TGA6, which are closely related and have functional overlap with Group I (Zhang et al., 2003; Fonseca et al., 2022). Group III includes TGA3 and TGA7, Group IV includes TGA9 and TGA10, while Group V has only one member, PERIANTHIA (PAN) (Murmu et al., 2010; Noshi et al., 2016). Numerous studies have been conducted to understand the role of TGA genes, TGA1-TGA7 have been widely demonstrated to enhance plant resistance to biotic and abiotic stresses, while TGA9, TGA10 and PERIANTHIA (PAN) were proved to be involved in the development of plant floral organs (Murmu et al., 2010; Li et al., 2019b; Budimir et al., 2021; Liu et al., 2022a). The TGA gene participates in the regulation of multiple hormone signaling pathways, including salicylic acid, jasmonic acid, ethylene, and cytokinin, by interacting with key regulatory factors such as NPR1, GRX480, ERF72, SCL14 and BIN2 in plants (Johnson et al., 2003; Fode et al., 2008; Choi et al., 2010; Zander et al., 2010; Jin et al., 2018; Kim et al., 2022).

Cultivated peanuts (Arachis hypogaea), a vital cash crop cultivated in tropical and subtropical regions globally, serve as a primary source of both oil and protein on a global scale. Peanuts hold considerable economic and nutritional importance worldwide and play a crucial role in the agricultural and food industries of numerous countries (Syed et al., 2021). Nevertheless, a significant portion of the world’s peanut cultivation takes place on suboptimal soils with limited resources in many developing nations, leading to a substantial disparity between demand and supply (Zhang et al., 2023). In the face of climate change, various abiotic factors such as drought and temperature fluctuations impose constraints on both the quality and productivity of peanut crops (Dwivedi et al., 2013; Puppala et al., 2023). Hence, there is an urgent necessity to pinpoint pivotal genes capable of conferring tolerance to abiotic stress, which can then be harnessed in biotechnological initiatives aimed at developing enhanced peanut varieties (Baillo et al., 2019; Dormatey et al., 2020). Cultivated peanuts are natural allotetraploids originating from the hybridization of two diploid species, A. duranensis and A. ipaensis. The complete sequencing of the genomes of A. duranensis, A. ipaensis, and A. hypogaea has opened up new avenues for genomic research focusing on functional genes within the peanut (Bertioli et al., 2016; Bertioli et al., 2019). Presently, recent studies have shed light on the potential roles of TGA transcription factors in responding to abiotic stress. However, there have been no reports regarding their role in cultivated peanuts (Li et al., 2019a). In this study, we focused on TGA genes from A. hypogaea genome.

Our analysis included their phylogenetic relationships, conserved domains, gene structures, expansion patterns, cis-regulatory elements, protein-protein interactions, and expression profiles in various tissues and under different abiotic stresses. Furthermore, we conducted initial functional validation of key TGA genes in Arabidopsis and soybean. Our findings provide a comprehensive understanding of TGA genes in peanut, and offer a foundation for future functional studies to investigate their roles in regulating peanut’s tolerance to abiotic stress.





Materials and methods




Plant materials and treatment

The peanut varieties Nonghua5 (NH5, drought-tolerant and cold-tolerant genotype) and Fuhua18 (FH18, sensitive genotype) were selected as the plant material (Jiang et al., 2020; Zhang et al., 2020; Ren et al., 2022). The young peanut plant seedlings were grown in vermiculite with a light cycle of 16 hours of light (28°C) followed by 8 hours of dark (25°C). After 20 days from sowing, the seedlings were used to investigate their response to various hormones and abiotic stresses.

For cold stress treatment, the temperature in the climate chamber was reduced to 6°C while maintaining other growth conditions. For drought stress treatment, the seedlings were first allowed to recover in hydroponic cultures for 3 days before being subjected to the stress treatment. Subsequently, the seedlings were incubated in a 20% (w/v) solution of polyethylene glycol (PEG-6000). For various abiotic stress treatments, the second leaves were harvested at 0, 6, 12, 24, and 48 hours post-treatment, with three independent replicates. These collected leaves were rapidly frozen in liquid nitrogen and stored at -80°C. To investigate responses to different hormones, including methyl salicylate (MeSA) (0.1 mmol/L), methyl jasmonate (MeJA) (0.1 mmol/L), gibberellin (GA) (0.1 mmol/L), and abscisic acid (ABA) (0.1 mmol/L), they were applied as sprays onto the leaves of cultivated peanut seedlings, while sterile water was utilized as a control. Leaf samples were then collected at 0, 6, 12, 24, and 48 hours after treatment and stored at -80°C for RNA extraction. The phenotypic changes of the plants were observed on the fourth day after treatment.





Identification of TGA family members in cultivated and wild peanut

To identify the members of the TGA gene family in cultivated and wild peanut species, we obtained ten reported protein sequences of Arabidopsis TGA members from the Arabidopsis information resource TAIR (https://www.Arabidopsis.org/). These sequences served as queries to conduct searches for potential TGA genes within the genomes of cultivated peanut and two wild peanut species, utilizing the peanut genome database accessible at https://peanutbase.org/ using BLAST (E-value ≤ 10-5). The identification of TGA genes was carried out by predicting protein domains using the Pfam website (https://pfam.xfam.org/) and the SMART website (https://smart.embl.de/), followed by the removal of redundant sequences. Finally, the members of the TGA gene family were determined. To further analyze the characteristics of the peanut TGA gene family, we predicted their molecular weight, isoelectric point, and other physicochemical properties using the online software ExPASy (https://www.expasy.org/). Additionally, the subcellular localization of the peanut TGA gene family members was predicted using the online software WoLF PSORT (https://www.genscript.com/wolf-psort.html).





Phylogenetic, conserved motif and gene structure analysis of AhTGA genes

Sequence alignment was performed using ClustalW with default parameters (Larkin et al., 2007) to align all candidate AhTGA amino acid sequences with TGA family members from other species, including Arabidopsis thaliana, Phaseolus vulgaris, Glycine Max, Cicer arietinum, Oryza Sativa, Zea mays, Sorghum bicolor, Vitis vinifera, and Medicago truncatula. For phylogenetic analysis, MEGA 11.0 software was employed, applying the neighbor-joining (NJ) method with the Poisson model, pairwise deletion, and 1,000 bootstrap replications (Tamura et al., 2021). The resulting phylogenetic tree was visualized using the Evolview v2 webserver (He et al., 2016). To analyze the protein structure domains of TGA family proteins, we utilized the SMART online tool (https://smart.embl.de/), and a functional domain diagram was created using the Conserved Domain Database (CDD) from NCBI (https://www.ncbi.nlm.nih.gov/cdd/). The conserved amino acid motifs within the candidate AhTGA gene sequences were predicted using the MEME Suite 5.4.1 (https://meme-suite.org/meme/doc/meme.html) with default parameters. The resulting conserved motifs were visualized, and the gene structure diagrams were generated using the Gene Structure View program in TBtools (Chen et al., 2020).





Chromosomal locations, gene duplications, and synteny analysis

Chromosome length and position information of the 40 AhTGA members were extracted from the peanut genome and annotation files. Gene visualization was performed using the MG2C online software (http://mg2c.iask.in/mg2c_v2.1/), while gene duplication events were analyzed using MCScanX with default parameters. To demonstrate the collinearity of the TGA gene family, we employed the Advanced Circos function in TBtools. Additionally, the Multiple Synteny Plot was used to illustrate the synteny relationships between A. hypogaea and nine other species. The Ka (nonsynonymous substitution rate) and Ks (synonymous substitution rate) were examined using TBtools software, and the calculation of selection pressure was based on the Ka/Ks ratio, as detailed in the work by Wang et al. (2010).





Protein-protein and microRNAs-AhTGAs interaction network

The interaction relationships between AhTGAs and other proteins were analyzed using the STRING database (https://string-db.org), with a confidence score threshold set at > 0.4. Arabidopsis thaliana was used as the query organism. the visualization of the predicted protein-protein interaction (PPI) network was accomplished using Cytoscape 3.9.1 software (Shannon et al., 2003). To predict miRNA-target relationships for AhTGA, the psRNA Target Server (http://plantgrn.noble.org/psRNATarget/) was used, with an expected value set to the default value of 5, using the CDS sequence of AhTGAs as the candidate target. The predicted miRNA and their corresponding target genes were displayed using Cytoscape 3.9.1 software.





Conserved cis-element analysis in promoters

The promoter region was defined by extracting the upstream 2000 bp sequences of the TGA genes from the peanut genome database. To analyze and quantify the presence of cis-acting elements associated with growth, development, hormones, and stress response in this promoter region, we utilized the PlantCARE database (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/).





Transcriptome-based expression pattern of AhTGAs

The orthologous genes for the 20 AhTGA genes were obtained through BLAST and the gene’s chromosomal locations using http://peanutgr.fafu.edu.cn/index.php (Zhuang et al., 2019). Furthermore, the FPKM values of these genes under hormone, low-temperature, and drought treatments were obtained. Transcriptome data, provided by Clevenger et al. (2016), of 22 different tissues in peanut were obtained from the Phytozome 13 database. The FPKM values of TGA genes in cultivated peanut tissues were converted to log2FPKM and standardized. Heatmap clustering was performed using the HeatMap function in TBtools software.





Quantitative RT−PCR validation

RNA extraction was performed on leaves and roots obtained using the Plant Total RNA Extraction Kit from Tiangen Biotech, Beijing, China. The resulting RNA was used to create cDNA using the PrimeScript™ RT Kit from TaKaRa, Japan, following the manufacturer’s instructions. Primers to identify AhTGA genes with differential expression were obtained from PrimerBlast (https://www.ncbi.nlm.nih.gov/tools/primer-blast/), and Actin11 was used as the internal control. The gene expression analysis was carried out using the SYBR Premix Ex TaqII kit (TliRNaseH Plus) from TaKaRa, Japan, and fluorescence quantitative reactions were detected using ABI7500 from Applied Biosystems, United States. The relative expression analysis was calculated using the 2−ΔΔCT approach (Livak and Schmittgen, 2001).





The AhTGA11 function analysis under chilling and drought stress conditions in Arabidopsis Plants

Gene-specific primers were designed using Primer Premier 6.0 to amplify the cDNA sequence of AhTGA11 in FH18. PCR amplification of AhTGA11’s coding sequence was conducted using the TransTaq DNA Polymerase High Fidelity Amplification Kit (Transgen Biotech). The resulting PCR products were visualized on a 1% agarose gel, purified using a DNA purification recovery kit, and then inserted into the pBWA (V) BS cloning vector driven by the CaMV35S promoter. The ligated DNA was introduced into Escherichia coli Top10 competent cells, and positive clones were selected and confirmed by sequencing. The recombinant plasmid pBWA (V) BS- AhTGA11 was subsequently transferred into Agrobacterium tumefaciens EHA105, which was used to transform wild-type (WT) Arabidopsis plants via the floral dip method. After screening with antibiotics and verifying the transgenic seedlings through PCR, homozygous transgenic lines were successfully obtained in the T2 generation. Subsequently, homozygous T3 progeny were examined and selected for further experimental procedures. The Col-0 seeds and empty half MS medium as control. 12 d old seedlings were transferred to new plates containing no or 8% (w/v) PEG for 5 days. The plant phenotypes were measured, and leaf and root tissues were collected for the measurement of relevant physiological and hormone indicators. For cold treatment, the 18 d old seedlings were treated at 4°C for 5 days, and the phenotypes, physiology, and hormones analyzed.





Generation of soybean hairy roots using Agrobacterium Rhizogenes transformation

The AhTGA11 gene was amplified and cloned into the pCAMBIA3301 vector under the control of the CaMV35S promoter to generate the pCAMBIA3301-AhTGA11 overexpression vector. Transgenic hairy roots were induced following the method described by Kereszt et al. (2007). The pCAMBIA3301-AhTGA11 vector was transformed into Agrobacterium strain K599, and soybean cultivar Williams seedlings at 7 days old were inoculated with the transformed K599 cells for treatment, while soybean plants induced with the K599 strain carrying pCAMBIA3301 were used as controls. The induction of hairy roots was carried out under 90% humidity conditions, and when the hairy roots reached a length of 3-4 cm, the plants were placed in a solution of 8% (w/v) PEG to promote their stable growth. After 4 days of treatment, phenotypic observations and physiological indicators in the roots and leaves were measured.





Physiological and hormone measurements

Physiological indicators and hormone levels were determined in both overexpressed Arabidopsis plants and soybean transgenic plants containing roots. The H2O2 content was measured following the method described by Sagisaka (1976), malondialdehyde (MDA) content and superoxide dismutase (SOD) activity were determined following the method of Zhang H. et al., 2019, and peroxidase (POD) activity was measured according to the method of Do et al. (2003). Quantitative analysis of hormones in plant samples was performed using liquid chromatography-tandem mass spectrometry (LC-MS/MS) technology, following the procedures outlined in studies (Pan et al., 2010; Cai et al., 2014; Li et al., 2016).





Statistical analysis

The analyses of statistically significant data were processed by a one-way analysis of variance (ANOVA). In the case of multiple comparisons between different groups, Dunnett’s multiple comparison test or the Student’s t-test method was used. All data were analyzed using R language (version 4.3.0), and all statistical analyses in this study were conducted using the respective R packages. All the values were calculated as the means ± standard deviation (SD). Asterisks indicate significant differences. *P < 0.05. * *P < 0.01. Error bars represent the standard deviation from triplicate values.






Results




Genome-wide identification of TGA genes in cultivated and wild peanut

We conducted a comprehensive search in the peanut genome database using ten Arabidopsis TGA protein sequences as references, resulting in the identification of 40 candidate genes (Supplementary Table 1). Subsequently, structural domain analysis was performed on all sequences, revealing that the gene sequences of cultivated peanut and the two wild peanut species, A. duranensis and A. ipaensis, all contained intact bZIP and DOG1 domains (Supplementary Figure 1). Specifically, the cultivated peanut genome encompassed 20 AhTGA genes, designated as AhTGA01-AhTGA20 based on their respective chromosomal locations (Table 1). Similarly, the wild peanut genomes harbored 20 TGA genes, denoted as AdTGA01-AdTGA09 and AiTGA01-AiTGA11, distributed across eight chromosomes. We further analyzed the candidate TGA protein sequences (pI) (Table 1). The coding lengths of the 20 AhTGA protein sequences ranged from 331 to 531 amino acids. The predicted MW and pI of AhTGA proteins varied between 37.02 (AhTGA09 and AhTGA18) and 59.17 (AhTGA13) kDa, and 5.84 (AhTGA05) and 8.34 (AhTGA04 and AhTGA14), respectively. In the wild peanut species, the coding lengths of the 20 TGA protein sequences ranged from 331 to 538 amino acids in A. duranensis and from 331 to 550 amino acids in A. ipaensis. The expected MW of these TGA proteins ranged from 37.02 kDa (AdTGA07) to 59.63 kDa (AdTGA05) in A. duranensis, and from 37.02 kDa (AiTGA08) to 61.13 kDa (AiTGA06) in A. ipaensis. Moreover, the pI values ranged from 5.84 (AdTGA04) to 8.63 (AdTGA07) in A. duranensis, and from 5.97 (AiTGA04) to 8.63 (AiTGA08) in A. ipaensis. Subcellular localization predictions indicated that AhTGA, AdTGA, and AiTGA genes were primarily localized in the nucleus. Notably, the AhTGA genes in cultivated peanut and the wild diploid peanut species exhibited similar lengths and physical properties.


Table 1 | The genomic and biochemical information for TGA genes identified in cultivated peanut and two wild.







Phylogenetic analysis of the TGA genes in cultivated peanut

The phylogenetic tree was constructed for peanut, Arabidopsis, common bean, soybean, grape, alfalfa, chickpea, rice, maize, and sorghum (Supplementary Table 1). Based on the classification of 133 TGA proteins with reference to Arabidopsis TGA proteins, the TGA proteins were divided into five groups (Figure 1), namely Group I-Group V, each of which contained 41, 25, 15, 18, and 31 members, respectively. AhTGA04, AhTGA14, and AhTGA20 belonged to branch I, AhTGA07, AhTGA09, AhTGA11, AhTGA16, and AhTGA18 belonged to branch II, AhTGA05 belonged to branch III, AhTGA01, AhTGA02, AhTGA03, AhTGA08, AhTGA12, AhTGA13, and AhTGA17 belonged to branch IV, and AhTGA06, AhTGA10, AhTGA15, and AhTGA19 belonged to branch V. Phylogenetic analysis showed that peanut TGA proteins had high similarity and genetic distance with the protein sequences of other leguminous plants, indicating that they may have similar functions.




Figure 1 | A neighbor-joining phylogenetic tree was created using 133 TGA proteins from various plant species, including Arabidopsis (At), chickpea (Ca), alfalfa (Mt), common beans (Pv), soybean (Gm), grapes (Vv), rice (Os), sorghum (Sb), maize (Zm), and three Arachis species. The TGA proteins were categorized into five clades, distinguished by distinct background colors. TGA proteins found in cultivated and wild peanuts are denoted by red stars, circles, and triangles, respectively.







Gene structure and conserved motifs analysis

In cultivated peanut proteins, up to 8 motifs were identified, with a total length of 21-50 amino acids (Figures 2A, B; Supplementary Figure 2; Supplementary Table 2). The number of motifs in TGA proteins ranged from 5 to 7, all of which contained the 5 conserved motifs, Motif 1 to Motif 5. There were differences in motif distribution among different branches, with Motif 6 found only in branches II, IV, and V; Motif 7 only in branches II, and III and V; and Motif 8 only in groups I and III. Differences in motif distribution may lead to changes in TGA gene structure and function (Figure 2B). To analyze the relationship between genome evolution and functional differentiation, the gene structure of AhTGAs was further analyzed. The number of exons in the AhTGA gene family ranged from 9 to 16. TGA genes with close evolutionary relationships not only had the same number of exons, but also had similar structures (Figure 2C). According to conserved domain analysis, both bZIP and DOG1 domains were found in each AhTGA protein, and these domains were located in similar positions in different sequences (Figure 2D). These results suggest that AhTGA genes have conserved structural domains in gene structure, but specific sequence structures exist in TGA genes in different clades.




Figure 2 | Phylogenetic analysis, conserved motifs, gene structures, and conserved domains of TGA genes in both cultivated peanut and Arabidopsis were examined. (A) A phylogenetic tree was generated using the Neighbor-Joining (NJ) method, illustrating the relationships among TGA protein sequences in cultivated peanut and Arabidopsis. (B) Conserved motifs within AhTGAs were identified using MEME, with different colors representing distinct motifs. (C) The structural characteristics of twenty AhTGA genes were analyzed. (D) A comparison of conserved domains between AtTGAs and AhTGAs was conducted, with the ruler at the bottom indicating sequence lengths.







Chromosomal locations, gene duplication and syntenic analysis of AhTGAs

The AhTGA genes, comprising a total of 20 genes, are distributed across 15 chromosomes in the cultivated peanut genome. Similarly, the wild peanut species A. duranensis and A. ipaensis possess 20 TGA genes, which are located on eight chromosomes, respectively (Figure 3). While the chromosomal locations of most TGAs in cultivated peanut remain consistent with those in wild peanut species, some TGA genes have undergone changes in their genomic positions, likely attributed to segmental duplication events within the cultivated peanut genome (Figure 4A). These genetic rearrangements contribute to the diversification of the TGA gene family in cultivated peanut. To gain insights into the evolutionary mechanisms governing the AhTGA gene family, gene duplication events within the Arachis species were analyzed using MCScanx, leading to the identification of several duplication events (Figure 4; Supplementary Table 3). Notably, cultivated peanut lacks tandem duplications among its TGA genes, but it does exhibit 14 gene pairs for segment duplication. In contrast, only one pair of segmental duplication was detected in the wild peanut species A. ipaensis, while A. duranensis did not display any duplication events (Figure 4A). Furthermore, collinearity analysis revealed that 23 gene pairs were shared between A. hypogaea and A. duranensis, while 28 gene pairs were common to A. hypogaea and A. ipaensis. Additionally, 12 collinear gene pairs were identified between A. duranensis and A. ipaensis (Figure 4B). These findings emphasize a robust collinearity relationship between wild and cultivated peanut species.




Figure 3 | Distribution of TGA genes in three Arachis species genome. The chromosomes of A. duranensis, A. ipaensis and A. hypogaea were shown with pink, green and blue colors, respectively. Chromosome size is indicated by its relative length. The scale on the left is shown in megabases (Mb).






Figure 4 | Syntenic analysis of TGA genes between cultivated peanuts and other plants. (A) Syntenic relationships of TGA genes with in cultivated peanut and two wild diploid peanuts, respectively. (B) Syntenic connections among TGA genes across A. duranensis, A. ipaensis, and A. hypogaea were examined. The chromosomes of A. duranensis, A. ipaensis, and A. hypogaea are depicted in dark green, light green, and green colors, respectively. Putative homologous TGA genes are indicated by lines of varying colors.







Synteny analysis of TGA genes among various species

Orthologous gene pairs were identified between TGA genes in cultivated peanut and those in other plants, including soybean, chickpea, alfalfa, common bean, Arabidopsis, grape, rice, sorghum, and maize (Figure 5; Supplementary Table 3). There were 39, 7, 9, and 7 gene pairs between cultivated peanut and other legumes, including soybean, alfalfa, chickpea and common bean, respectively; 14 and 10 gene pairs were found between cultivated peanut and the dicotyledonous plants grape and Arabidopsis, respectively; 6 gene pairs were identified between cultivated peanut and the monocotyledonous plant rice, while there were no orthologous gene pairs between cultivated peanut and the monocotyledonous plants sorghum and maize. Collinearity analysis revealed that the relationship of TGA genes between cultivated peanut and dicotyledonous plants was closer than that with monocotyledonous plants, with the closest relationship found with soybean.




Figure 5 | Syntenic analysis of TGA genes between cultivated peanuts and other plants, including soybean, chickpea, alfalfa, common beans, Arabidopsis, grapes, rice, sorghum and maize. Gray lines in the background indicated the collinear blocks with in A. hypogaea and other plant genomes, while the syntenic TGA gene pairs are linked with green lines.



Comparison of orthologous gene pairs revealed differences in the synteny relationships of AhTGA genes with various species. For example, AhTGA20 in Group I showed the highest number of orthologous gene pairs (15 pairs) with other species, followed by AhTGA17 in Group IV and AhTGA19 in Group V, each having 12 pairs of orthologous gene pairs. AhTGA08, AhTGA09, and AhTGA13 in had 10-11 pairs of orthologous gene pairs with other species. These results indicate that the synteny modules containing these genes are highly conserved in different species genomes. There were differences in the synteny of AhTGAs, as some TGA genes’ synteny modules were only present within the three peanut genomes, such as AhTGA16, AhTGA05, AhTGA04, AhTGA14, and AhTGA02. Other AhTGAs showed synteny relationships with other legume crops, while cultivated peanuts and rice, a monocot, showed synteny only in Group V. These results suggest that different AhTGA genes gradually evolved with the replication of synteny modules during the evolutionary process.

To analyze the evolutionary selection pressure on AhTGA genes, we calculated the Ka/Ks ratio of TGA gene pairs. Except for 14 collinear gene pairs that could not be calculated, the Ka/Ks ratios of the remaining 131 collinear gene pairs between cultivated peanut and other species were all less than 1, indicating that the AhTGA genes were mainly subject to purifying selection during the evolutionary process (Supplementary Table 4).





Promoter analysis of AhTGAs

Promoter analysis plays a crucial role in unraveling the transcriptional regulation and potential functions of peanut TGA genes. To gain insights into these aspects, we conducted an investigation by submitting the 2000 bp regulatory region upstream of the ATG (promoter) to the PlantCARE database, which allowed us to detect cis-acting elements. Remarkably, a total of 860 cis-acting elements, encompassing 43 different types with potential functions, were successfully predicted (Figure 6A; Supplementary Table 5). Among the predicted cis-acting elements, 29 types were associated with growth and development, 9 were related to hormones, and 5 were associated with stress responses. Notably, a significant portion of the growth and development-related elements were light-responsive components, with a total count of 223. Hormone-responsive elements accounted for 102 instances, including 42 JA-responsive elements, 20 SA-responsive elements, 16 ABA-responsive elements, 10 GA-responsive elements, and 14 auxin-responsive elements. Furthermore, the promoter regions of AhTGA genes exhibited a clustering pattern into five distinct clades, which was consistent with the protein sequence analysis. Intriguingly, variations were observed in the composition of cis-acting elements present among the different clusters (Figure 6B). A thorough analysis of cis-acting elements in the AhTGA genes responding to hormones and abiotic stresses such as low temperature and drought has been conducted (Figure 6C). The hormone responses are primarily focused on MeJA, SA, ABA, GA, and auxins. Variations in the distribution of cis-acting elements in different genes have been observed; for instance, MeJA-related elements are found to be more abundant in AhTGA04, AhTGA11, and AhTGA14, while SA-responsive elements are more prevalent in AhTGA02, AhTGA03, and AhTGA13. Concerning stress responses, it has been noted that most AhTGA genes contain 1-3 cis-acting elements related to low temperature or drought, but some genes, such as AhTGA08, AhTGA17, and AhTGA20, are not associated with these elements related to low temperature and drought.This finding suggests that different types of TGA genes interact with specific transcription factors, enabling their participation in diverse regulatory pathways.




Figure 6 | Analysis of the cis-acting elements in the promoter regions of 20 AhTGA genes. (A) Distribution of cis-elements in the promoters of AhTGAs. Gray lines indicate the promoters. Cis-elements differing in function are color-coded accordingly. (B) Functional statistics of cis-elements in the promoters within different groupings. (C) Cis-acting elements of AhTGA genes responded to cold, drought stress and hormone treatment.







Protein-protein and miRNA-genes regulatory networks prediction for AhTGAs

To gain further insights into the potential functions, signal transduction, and metabolic pathways of AhTGA members, we constructed a protein-protein interaction (PPI) network (Figure 7A). The analysis revealed that all 20 AhTGA genes exhibited orthologous relationships with 10 Arabidopsis TGAs and interacted with 40 functional proteins (Figure 7A; Supplementary Table 6). Notably, the proteins interacting with AhTGAs encompassed stress-responsive and pathogen defense-related proteins, such as NPR1, PR1, NIMIN1, and WRKY70. Additionally, several proteins involved in reproductive growth and flower organ development, including COI1, ROXY1, BOP1, and BOP2, were identified based on gene ontology (GO) information (Supplementary Figure 3).




Figure 7 | Interactions and regulatory associations involving peanut TGA genes with other proteins and miRNAs were explored. (A) A protein-protein interaction network involving peanut TGA proteins and other interacting proteins is presented. Peanut TGA proteins are represented by green triangles, while other proteins interacting with AhTGAs are depicted as pink circles. Interaction relationships are categorized into five groups based on evolutionary connections, denoted by different colored lines. (B) A regulatory network illustrates the potential miRNAs and their corresponding targeted AhTGAs. MiRNAs are represented by red lozenges, and the targeted AhTGAs are denoted by green circles. The presumed regulatory associations between miRNAs and their targeted AhTGAs are depicted as grey lines.



Based on the functional classification of genes, all 20 AhTGA members, across the five groups, were found to be involved in the interaction with stress-responsive proteins. Furthermore, 16 AhTGA members in the four groups, except Group V, interacted with proteins associated with plant pathogen defense. Moreover, 9 members from Group I, II, and Group III were implicated in responding to environmental stress. These findings collectively indicate that the majority of AhTGA genes play a crucial role in disease resistance and stress response.

In addition to protein-protein interactions, we performed miRNA target prediction for AhTGA genes. The analysis revealed that 9 AhTGA genes were targeted by 6 miRNAs belonging to 6 different families (Figure 7B; Supplementary Table 7). Most miRNAs were found to target only one or two AhTGA genes, except for ahy-miR160-5p, which targeted 3 genes (AhTGA11, AhTGA18, and AhTGA09). Interestingly, specific groups of AhTGA genes were regulated by distinct miRNAs. For instance, in Group II, 5 TGA genes were targeted by 3 miRNAs, namely ahy-miR3513-5p, ahy-miR3509-5p, and ahy-miR160-5p. Additionally, AhTGA17 and AhTGA08 in Group IV were regulated by ahy-miR3509-5p and ahy-miR3513-3p, respectively. AhTGA10 and AhTGA19 in Group V were targeted by ahy-miR3516. Notably, no miRNA regulation was observed in Group III and Group I. These results suggest that miRNAs may play a crucial role in the molecular regulation of AhTGA genes. Moreover, the regulation of AhTGA genes by different types of miRNAs in different groups may contribute to variations in their expression levels, thereby influencing their functions.





Expression patterns of AhTGA genes in various tissues and under different hormone and abiotic stress conditions

AhTGA gene expression patterns were investigated using RNA-Seq data, encompassing various developmental stages and tissues. Unique expression profiles for 20 AhTGA genes were revealed in the analysis of 22 tissues. Similar expression in orthologous pairs from A and B subgenomes was observed due to mRNA and promoter sequence similarity (Supplementary Figure 4). Expression was detected in all 22 tissues for AhTGA07, AhTGA16, AhTGA11, AhTGA09, AhTGA18, and AhTGA20, indicating their involvement throughout the peanut life cycle. Certain genes, such as AhTGA01, AhTGA06, AhTGA08, AhTGA12, AhTGA13, AhTGA15, and AhTGA17, showed higher expression in roots, nodules, and reproductive organs, suggesting roles in peanut reproductive development and underground growth. Similar expression levels among homologous genes indicated functional redundancy. Orthologous AhTGAs were identified in the reference genome Shitouqi (Supplementary Table 8) (Zhuang et al., 2019). The transcriptome-based expression patterns of orthologs under hormone, low-temperature, and drought treatments were determined. The results showed that, regardless of low-temperature or drought treatments, the expression levels of five TGA genes in subgroup II, AhTGA07, AhTGA09, AhTGA11, AhTGA16, and AhTGA18, significantly increased. In subgroup I and III, AhTGA04, AhTGA05, AhTGA14, and AhTGA20 also exhibited significant upregulation under stress conditions but at lower expression levels than genes in subgroup II (Figure 8). In contrast, under different hormone treatments, genes in subgroups I, II, and III showed significantly higher expression compared to others. Combining tissue-specific expression with stress and hormone responses, the five TGA genes in subgroup II, AhTGA07, AhTGA09, AhTGA11, AhTGA16, and AhTGA18, displayed higher expression levels throughout the entire developmental stages of peanut and significantly increased expression under stress and hormone treatments such as salicylic acid, indicating their crucial roles in peanut growth, development, and stress regulation.




Figure 8 | Expression profiles of 20 AhTGAs under different hormone and abiotic stress conditions. Heatmap clustering was based on the FPKM values of AhTGA genes following hormone and stress condition treatments. Log2-transformed values are used in a color-coded heatmap, with bars representing normalized FPKM (Log2) expression levels, and red for higher expression, green means low.







Expression patterns of AhTGAs under abiotic stresses and diverse hormone treatment

To investigate the response of AhTGA genes to abiotic stresses and hormone treatments, we performed qPCR analysis on two peanut varieties, NH5 (tolerant) and FH18 (sensitive), under low temperature and drought stress conditions (Figure 9). The expression levels of selected TGA genes were measured at five different time points. The primers used for qPCR are listed in Supplementary Table 9. Our results revealed that several genes, including AhTGA01, AhTGA02, AhTGA03, AhTGA06, AhTGA08, AhTGA09, AhTGA10, AhTGA12, AhTGA13, AhTGA15, AhTGA17, and AhTGA19, exhibited relatively low expression levels in both NH5 and FH18 under low temperature and drought stress treatments. Furthermore, no significant changes in expression levels were observed across the five time points, suggesting that these genes may not be involved in stress responses or may lack functional roles under these conditions.




Figure 9 | Expression patterns of the AhTGA genes in NH5 and FH18 under drought and low-temperature treatments. (A) Relative expression levels of the AhTGA gene in the cold-sensitive variety FH18 and the cold-tolerant variety NH5. (B) Relative expression levels of the AhTGA genes in the drought-sensitive variety FH18 and the drought-tolerant variety NH5. Student’s t-test was used to detect differences between the two varieties at the same time point (*, P < 0.05; **, P < 0.01).



Under low temperature conditions, the expression levels of AhTGA04, AhTGA07, AhTGA11, AhTGA14, AhTGA16, AhTGA18, and AhTGA20 exhibited significant changes over time. Some genes showed differential expression patterns between cold-tolerant and cold-sensitive varieties. For instance, AhTGA04 and AhTGA14 exhibited significantly higher expression levels in FH18 than in NH5 at 24 hours, while AhTGA18 and AhTGA20 displayed significantly higher expression levels in FH18 than in NH5 at 12 hours. These findings suggest that these genes have distinct expression patterns between cold-tolerant and cold-sensitive varieties and may play roles in the molecular regulation of peanut cold tolerance (Figure 9A). Similar expression patterns were observed under drought stress conditions. AhTGA04, AhTGA07, AhTGA11, AhTGA14, AhTGA16, AhTGA18, and AhTGA20 also displayed higher expression levels, but with differences in expression patterns between FH18 and NH5. For instance, AhTGA04 and AhTGA14 exhibited opposite expression patterns compared to those under low temperature conditions, showing significantly upregulated expression in FH18. On the other hand, AhTGA18 and AhTGA20 displayed similar expression patterns to those under low temperature conditions, with significantly higher expression levels in FH18 than in NH5 at 12 hours (Figure 9B).

To elucidate the involvement of different hormone regulatory mechanisms in AhTGA genes, we treated the low temperature and drought-sensitive variety FH18 with exogenous hormones and analyzed the expression characteristics of selected TGA genes (Figure 10). Seven Genes that displayed significant expression level differences under low temperature and drought conditions were selected for analysis under hormone treatments. Within 48 hours of distilled water spray treatment, the expression levels of seven genes did not show significant changes. However, after hormone treatments, the expression levels of AhTGA genes exhibited significant alterations, particularly in response to MeJA and MeSA treatments compared to ABA and GA treatments. With the exception of AhTGA, the expression levels of other AhTGA genes showed an increase followed by a decrease. Notably, the expression level of AhTGA treated with salicylic acid decreased significantly, whereas the expression levels of AhTGA genes treated with other hormones initially increased and then decreased. Following exogenous ABA treatment, the expression levels of AhTGA11 and AhTGA14 decreased, while exogenous GA treatment led to decreased expression levels of AhTGA genes, with AhTGA11 displaying an initial increase followed by a decrease. These findings suggest that AhTGA genes are involved in the regulation of different hormone pathways, with the salicylic acid and jasmonic acid pathways showing the most significant regulation (Figure 10).




Figure 10 | The expression levels of the AhTGA genes under different hormone treatments were examined in. The differential expression levels of AhTGA in FH18 after hormone treatment were analyzed using ANOVA and Dunnett’ s multiple comparison method, with the 0h time point used as the control group. Significant differences were indicated by ** (P < 0.01).







Overexpression of AhTGA11 confers cold and drought stress in transgenic Arabidopsis

Due to its significant responses under both abiotic stress and hormonal treatments, as well as differential expression patterns observed between cold and drought-tolerant genotypes versus sensitive genotypes, AhTGA11 is hypothesized to be a key factor in abiotic stress and hormone regulatory pathways. Therefore, AhTGA11 was transformed into Arabidopsis and its gene function was identified in transgenic plants of the T3 generation. After amplification with the primers AhTGA11-F/R, the CDS sequence of AhTGA11 was sequenced and found to be consistent with the reference genome sequence (Supplementary Table 10; Supplementary Figure 5). Following insertion into a vector under the control of the 35S promoter, Arabidopsis was transformed. Under non-PEG treatment conditions, the wild-type and AhTGA11-OE phenotypes were similar, whereas under 8% PEG treatment, the wild-type Arabidopsis plants exhibited wilting, with significantly reduced root length compared to the overexpressing AhTGA11-OE plants (Figure 11A). Under low-temperature conditions, the leaves of wild-type plants appeared water-soaked (Figure 11B). Physiological and endogenous hormone measurements of wild-type and AhTGA11-overexpressing plants under low-temperature and drought treatment conditions revealed that in overexpressing plants, root tissue H2O2 content, POD activity, and SOD activity were significantly higher than in wild-type plants, while MDA content was significantly lower than in wild-type (Figure 11C). Hormone measurements for four stress-related endogenous hormones showed that in overexpressing plants, JA content was significantly higher than in the wild-type, whereas ABA content was significantly lower than in the wild-type, with no significant differences in SA and GA. These results indicate that AhTGA11 likely plays a positive regulatory role in drought and low-temperature stress in plants and is involved in mediating ABA and JA-related pathways.




Figure 11 | The phenotypic and physiological changes in AhTGA11-overexpressing Arabidopsis plants (AhTGA11-OE) and their wild-type under low temperature and drought stress conditions. (A) Phenotypic changes in AhTGA11-OE plants and their wild-type controls following 5 days of treatment with 8% PEG. (B) Eighteen-day-old seedlings of AhTGA11-OE plants and their wild types were subjected to 5 days of treatment at 4°C. (C) Physiological parameters and endogenous hormone alterations in AhTGA11-OE and wild-type plants under low-temperature and drought treatments. The data is expressed as the mean ± standard deviation (n = 3), and asterisks denote significant distinctions between transgenic plants and wild-type plants subjected to the same treatment, as determined by t-tests (** P < 0.01).







AhTGA11 enhances drought resistance in transgenic soybean hairy roots

AhTGA11’s sensitivity to drought stress was assessed with a focus on the root region, and this assessment was conducted through Agrobacterium rhizogenes-mediated transformation of soybean hairy roots. After 4 days of exposure to 8% PEG treatment, it was observed that overexpressing AhTGA11 did not exhibit significant changes when compared to transgenic hairy soybean roots containing an empty vector. In contrast, transgenic hairy roots containing an empty vector displayed symptoms of drought stress under PEG treatment (Figure 12A). Root tissue of overexpressing plants showed significantly higher levels of H2O2, POD activity, and SOD activity compared to control plants, while MDA content was significantly lower in overexpressing plants (Figure 12B). These trends were consistent between root tissue and non-transgenic leaf tissue. Furthermore, both root and leaf tissues of overexpressing plants exhibited significantly higher levels of endogenous SA and JA compared to control plants. However, there was no significant difference in GA content between overexpressing and wild-type plants in both root and leaf tissues.




Figure 12 | Phenotypes of AhTGA11 transgenic soybean hairy roots under drought stress. (A) Phenotypic differences between AhTGA11 transgenic soybean hair roots, empty vector transgenic soybean hair roots under PEG treatment, and their empty vector controls. (B) Physiological and endogenous hormone changes in AhTGA11 transgenic soybean hair roots and leaves without transgenic components under drought treatment. The data is expressed as the mean ± standard deviation (n = 3), and asterisks denote significant distinctions between transgenic plants and wild-type plants subjected to the same treatment, as determined by t-tests (* P < 0.05; ** P < 0.01).








Discussion

Investigating gene families of different transcription factors is of great significance for uncovering the functions of key plant genes and understanding the intricate regulatory networks governing plant processes (Feng et al., 2020; Dong et al., 2023). In recent years, extensive studies have focused on elucidating the functions of transcription factor families in peanut (Arachis hypogaea), such as the AP2/ERF, WRKY and NAC families (Song et al., 2016; Yuan et al., 2020; Cui et al., 2021). These studies have shed light on the roles of these transcription factors in peanut growth, development, and stress responses. However, despite the importance of the TGA transcription factor in other plant species, such as Arabidopsis (Kim et al., 2022), rice (Ueda et al., 2020) and soybean (Li et al., 2019a), little is known about the TGA transcription factors in peanut. To address this knowledge gap, the present study aimed to identify and characterize the TGA transcription factors in peanut and explore their potential roles in peanut growth, development, and stress responses.

A total of 20 TGA genes were identified in cultivated peanut, while 9 and 11 TGA genes were identified in wild diploid peanuts, respectively. The majority of wild peanuts exhibit a correspondence between the number of TGA genes, their chromosomal locations, and physicochemical properties with the TGA genes in the subgenomes A and B of cultivated peanut. This alignment significantly improves the accuracy of AhTGA gene identification. The identified AhTGA genes all contained representative domains, bZIP and DOG1 (Figure 2D). TGA genes belong to the D branch of the bZIP gene family, and the number of genes identified in the D branch of bZIP in wild diploid peanuts differed from the findings of this study (Wang et al., 2019c). In contrast, our study employed the latest version of the tetraploid cultivated peanut and diploid wild peanut genomes (Genome Assembly 2) data, allowing for a more efficient identification of peanut gene family members. This approach likely led to more comprehensive genome annotations (Bertioli et al., 2019) (https://www.peanutbase.org/download/). When comparing the identification results of the D group of bZIP genes in wild diploid peanuts from previous studies, we identified two additional AdTGA genes, AdTGA02 and AdTGA03, and four AiTGA genes, AiTGA03, AiTGA04, AiTGA08, and AiTGA09. These genes were also retained in the cultivated peanut genome as AhTGA04, AhTGA05, AhTGA14, AhTGA18, and AhTGA19. Notably, AhTGA04 and AhTGA18 exhibited changes in expression levels under stress and hormone treatments in this study (Figure 9), while other genes also showed expression level variations in different tissues (Supplementary Figure 4). This suggests that these genes may have corresponding functions in the growth, development, and stress response of cultivated peanuts. Thus, the utilization of the updated cultivated peanut genome data in this study facilitated the exploration of AhTGA genes. The targeted exploration of TGA genes in the bZIP gene family using newly released genome data has also been reported in other plants such as soybean and kiwifruit (Li et al., 2019a; Jin et al., 2021; Liu et al., 2022b; Yue et al., 2023).

Understanding the gene structure is of significant importance in elucidating gene function (Wang et al., 2019a). The structural features of a gene, such as the arrangement of exons and introns, promoter regions, and conserved domains, provide valuable insights into its regulatory mechanisms and functional roles (Weake and Workman, 2010). The non-coding regions of AhTGA genes exhibit significant variation, particularly in the UTR regions and introns, while the coding structure remains relatively conserved (Figure 2C). The five most conserved motifs, Motif 1-5, are present in every AhTGA gene, comprising the key structural domains of bZIP and DOG1 (Figures 2B, D). Specific motifs unique to different groups are mainly located at the N-terminus, indicating a higher diversity in the N-terminal region of TGA genes, while the C-terminal region is more conserved (Figure 2). bZIP proteins are characterized by their conserved bZIP domain, responsible for DNA binding and dimerization. The bZIP domain shows high sequence identity among Arabidopsis TGAs and is conserved across plant species (Jindrich and Degnan, 2016). The DOG1 domain, found in the C-terminus of TGAs, plays a role in seed dormancy control and potentially modulates TGA activity (Magnani et al., 2014). The presence of conserved residues implicated in Calmodulin (CaM) binding suggests a potential interaction between DOG1 and CaM, linking TGA transcriptional regulation to calcium signaling (Sall et al., 2019). The N-terminus of TGAs exhibits high variability in sequence and length, likely contributing to their functional specificity in transcriptional regulation (Katagiri et al., 1989; Tomaz et al., 2022). The TGA genes in peanut also exhibit these structural characteristics, indicating the conservation of TGA gene structure and function across different species.

Gene duplication is a key driver of gene family formation (Flagel and Wendel, 2009). No tandem duplications were found in both wild diploid and cultivated peanuts. In the genome of wild diploid peanuts, only one segment duplication was identified. However, within A. hypogaea genome, 14 pairs of segment duplications were detected. The occurrence of segment duplications is primarily attributed to the homologous genes derived from the A. duranensis and A. ipaensis, resulting in transpositions between the A and B subgenomes of cultivated peanut. Consequently, this leads to locational differences, gene duplications, or deletions among orthologous genes from A and B subgenomes within cultivated peanuts (Figure 3). Similar results have been documented in other polyploid plant species, including hexaploid wheat (Triticum aestivum) and cotton (Gossypium hirsutum) (Yousafzai et al., 2010; Paterson et al., 2012). Homologous exchange, also known as recombination, plays a vital role in creating genetic diversity and facilitating the evolution of species. Therefore, the origin of TGA genes in cultivated peanuts is primarily due to whole-genome duplication during the formation of tetraploid cultivated peanuts, as well as transposition events between the A and B subgenomes. TGA genes in peanuts lack tandem duplication and primarily originate from the retention of orthologous genes during the species evolution. The results of the synteny analysis between AhTGA genes and other species showed that AhTGA genes within the same group share the same collinearity modules (Figure 5; Supplementary Table 3). There are significant differences in collinearity of AhTGA genes across different species. For instance, AhTGA20 exhibits collinearity relationships in all dicotyledonous plants studied in this research, while AhTGA02, AhTGA04, AhTGA05, AhTGA14, and AhTGA16 show collinearity only in Arachis species. This suggests that different AhTGA genes have diverged in their formation time during evolution. In addition, all AhTGA genes have undergone purifying selection, as indicated by the Ka/Ks ratio calculation resulting in values less than 1. Combined phylogenetic analysis, gene structure, and collinearity analysis reveal that AhTGA genes have similar structures within the same clade, showing close phylogenetic and collinearity relationships with other species. Therefore, the sequence and structural analysis of AhTGA genes suggest that they may have similar functions within the same clade while exhibiting significant differences between clusters.

The expression patterns of the AhTGA genes under hormonal and abiotic stress in peanuts were studied using transcriptome data and qPCR. Significant differences in the expression of three AhTGA genes (AhTGA04, AhTGA14, and AhTGA20) in Group I and four AhTGA genes (AhTGA7, AhTGA11, AhTGA16, and AhTGA18) in Group II were observed across different peanut tissues, hormonal treatments, and stress responses (Figures 8–10). AhTGA04, AhTGA14, and AhTGA20, belonging to the same branch as the Arabidopsis TGA genes AtTGA01 and AtTGA04, are involved in SA signaling and contribute to plant resistance against pathogens through their interaction with NPR1 (Gatz, 2013; Shearer et al., 2021). In terms of abiotic stress, overexpression of AtTGA4 in Arabidopsis has been shown to enhance drought tolerance by improving nitrate transport and absorption (Zhong et al., 2015). Genetic transformation of soybean with the overexpressing group I GmTGA15 gene has been found to increase drought resistance (Chen et al., 2021). AhTGA04 and AhTGA14 are homologous genes from the A and B subgenomes, and under low-temperature conditions, the cold-tolerant genotype NH5 exhibits lower expression levels compared to the sensitive genotype FH18, whereas under drought conditions, the expression pattern is reversed (Figures 8–10). In Clade II, AhTGA07, AhTGA11, AhTGA16, and AhTGA18 exhibit higher expression levels than other AhTGA genes in peanut, and their expression patterns are altered under low temperature, drought, and hormone treatments. AtTGA2, AtTGA5, and AtTGA6, as Clade II genes, are essential for systemic acquired resistance in Arabidopsis, as they interact with NPR1 and regulate the expression of pathogenesis-related (PR) genes and pathogen resistance (Zhang et al., 2003). Low temperature and drought stress can disrupt membrane lipid metabolism (Gigon et al., 2004; Zhang X. et al., 2019). AtTGA2, AtTGA5, and AtTGA6 play critical roles in lipid stress responses (Mueller et al., 2008). These transcription factors are involved in both the SA-dependent SAR pathway against biotrophic pathogens and the JA-ethylene-dependent defense mechanism against necrotrophic pathogens (Zander et al., 2010; Zander et al., 2014). Interestingly, in this study, besides being regulated by JA and SA, we also found significant changes in the expression levels of TGA genes in response to exogenous ABA and GA treatments. While the ability of TGA genes to respond to ABA induction has been reported in soybean, the involvement of TGA genes in GA-related gene regulation is less explored (Li et al., 2019a). Therefore, further investigations are needed to elucidate the regulatory mechanisms of AhTGA11 in response to GA induction (Figure 10).

AhTGA11 was selected for functional validation in transgenic Arabidopsis and soybean hairy roots. The results demonstrated that AhTGA11 effectively alleviates plant antioxidant activity under low-temperature and drought conditions, thereby mitigating abiotic stress. However, in terms of hormone regulation, there were differences in the overexpression of AhTGA11 between transgenic Arabidopsis and soybean hairy roots. For instance, salicylic acid did not accumulate significantly in Arabidopsis, whereas ABA levels were significantly identified. Additionally, gibberellin levels did not accumulate in either transgenic soybean or Arabidopsis. This discrepancy may be attributed to the different genetic backgrounds of the two species, highlighting the complexity of TGA transcription factor regulation and the significant interspecies differences involved. The functional roles of TGAs from different clades have traditionally been associated with plant immunity for clades I, II, and III, while clades IV and V were initially implicated in developmental processes (Gatz, 2013). However, emerging evidence suggests that the functional division between clades is not as clear-cut, as studies have revealed their involvement in various biological processes. For instance, clade I TGAs have been shown to play a role in growth and development regulation (Li et al., 2019b; Wang et al., 2019b), and clade IV TGAs have been implicated in biotic stress responses (Venturuzzi et al., 2021). Functional analyses of TGAs across different clades have demonstrated their significance not only in biotic stress responses (Kesarwani et al., 2007; Sun et al., 2018) but also in the regulation of gene expression related to abiotic stress responses (Fang et al., 2017; Herrera-Vasquez et al., 2021), developmental processes (Maier et al., 2011), circadian rhythm (Zhou et al., 2015), detoxification (Fode et al., 2008; Mueller et al., 2008; Herrera-Vasquez et al., 2021), nitrate signaling (Alvarez et al., 2014; Canales et al., 2017), flowering (Thurow et al., 2005; Xu et al., 2021), and autophagy (Wang et al., 2020). Although we conducted in silico and expression patterns analysis of AhTGA genes, and functional identification of AhTGA11 in other plants species, it is important to note that TGA genes hold a pivotal position in various facets of plant regulatory pathways, encompassing growth, development, and stress responses. As peanuts are a tetraploid crop with a complex genetic backgroud, this complexity may result in increased functional redundancy and evolutionary adaptations. Consequently, additional research efforts are warranted to thoroughly characterize the functions of each AhTGA gene in cultivated peanut.





Conclusion

In our study, a comprehensive in silico analysis was conducted to investigate the AhTGA gene family in cultivated peanut, including evolutionary analysis, gene structure examination, identification of regulatory elements, prediction of protein-protein interactions, and identification of miRNA targets. A total of 20 AhTGA genes were identified and classified into five groups. Differential expression patterns of AhTGA genes in different tissues, under abiotic stress conditions such as low temperature and drought, and in response to hormonal stimuli were analyzed. AhTGA11 was chosen for functional validation in transgenic Arabidopsis plants and soybean transgenic hairy roots. It was found to have a positive role on both low-temperature and drought responses, involving regulation by SA, JA, and ABA, mitigating the oxidative stress generated in plants due to stress. These findings provide valuable insights into the functional characterization of AhTGA genes and can guide the breeding of novel abiotic-resistant peanut varieties.
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In recent years, numerous genes that encode proteins with specific domains that participate in different biological processes or have different molecular functions have been identified. A class of genes with typical domains whose function has rarely been identified and another type of genes with no typical domains have attracted increasing attentions. As many of these so-called as unknown/uncharacterized (U/U) genes are involved in important processes, such as plant growth and plant stress resistance, there is much interest in deciphering their molecular roles. Here, we summarize our current understanding of these genes, including their structures, classifications, and roles in plant growth and stress resistance, summarize progress in the methods used to decipher the roles of these genes, and provide new research perspectives. Unveiling the molecular functions of unknown/uncharacterized genes may suggest strategies to fine-tune important physiological processes in plants, which will enrich the functional network system of plants and provide more possibilities for adaptive improvement of plants.
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Introduction

The development of modern molecular biology tools has accelerated the discovery of genes involved in various biological processes. Many genes have known functions in regulating various physiological processes and mechanisms in plants, such as vegetative growth that the overexpressing of Lb1G04899 from Limonium bicolor improved the salt tolerance of transgenic Arabidopsis under NaCl environment (Liu et al., 2022a; Wang et al., 2022b); flowering time that CYLIN - DEPENDENT KINASE G2 (CDKG2) gene affected flowering time in Arabidopsis (Ma and Chen, 2007; Ma et al., 2015; Zhou et al., 2019); changes in phytohormone status that the NHL family genes of wild soybeans can regulate ABA and MeJA, laying the foundation for potential roles in signal transduction mechanisms (Xu et al., 2020; Zhang et al., 2022b; Zhao et al., 2023a); anther and pollen development that BcMF19 inhibited pollen development in Chinese cabbage-pak-choi (Huang et al., 2011) and resistance to harsh environments including drought that TaDTG6-BDel574 regulates the transcription of TaPIF1 to enhance drought resistance in wheat (Mei et al., 2022); salt that CycC1 controlled salt tolerance in Arabidopsis by regulating transcriptional regulation of SOS1 (Lu et al., 2023; Ma et al., 2023); diseases that adult-plant resistance (APR) genes played roles in inhibiting the occurrence of wheat rust (Dinglasan et al., 2022) and insect pests that three genes (Cry1Ac-Cry2Ab-EPSPS) in cotton have resistance to lepidopteran insect (Siddiqui et al., 2022). Based on conserved structural domains in their encoded proteins, various gene families are known to regulate different physiological processes, including development, reproduction, and environmental adaptation. For example, members of the SWEET family (containing an MtN3/saliva transmembrane domain) promote ion and sugar transport (Guan et al., 2008; Chen et al., 2010; Slewinski, 2011; Fang et al., 2022; Liu et al., 2022c); members of the WRKY family (containing a WRKY domain) participate in plant defense and aging processes (Silke and Somssich, 2001; Miao et al., 2004; Besseau et al., 2012); and members of the MYB family (containing an MYB domain) are widely involved in development and stress responses.

Genes with established functions are annotated based on the domains in their encoded proteins (defined as structural annotation) and their functions are verified by deletion or overexpression analysis (functional annotation). Genome annotation is primarily based on gene structure, that is, the boundaries of exons/introns and CDS (coding sequences)/UTRs (untranslated regions), at protein-coding loci (Zhang et al., 2022). With the advent of high-throughput sequencing technology, numerous genes have been sequenced and found to encode proteins with unknown/uncharacterized domains. The localizations of these proteins are also uncertain based on structural annotation. Thus, these genes are defined as unknown/uncharacterized (U/U) genes. Although the biological functions of proteins encoded by U/U genes are unclear, these genes occupy a large proportion of genes reported to date (Imtiaz, 2022).

Do U/U genes matter? More and more of these genes have been shown to play important roles in plants, such as controlling growth and development (Wang et al., 2020) and stress resistance (Soda et al., 2013; Qi et al., 2023). It is challenging to classify U/U genes. Here, we focus on recent progress in our understanding U/U genes, including their classifications, methods and functions. We also discuss research methods used to further study U/U genes.





Classification of U/U genes

Genes with typical domains whose function has rarely been identified and genes with no typical domains whose roles are uncertain were named unknown/uncharacterized (U/U) genes. Here, we classify U/U genes into two types based on the presence or absence of conserved domains.

One type is genes with domains but functions have not been identified. Many U/U genes have been identified in food crops and uncultivated plants. Many genes of unknown function contain conserved domains, allowing them to be classified into gene families that encode proteins with known functions. The presence of conserved domains helps researchers predict the roles of U/U genes and provides direction for the functional research of unknown genes. Exogenously overexpressing MbMYBC1 and MbMYB108 from Malus baccata enhanced the cold and drought resistance of transgenic Arabidopsis (Arabidopsis thaliana) (Yao et al., 2022; Liu et al., 2023). Exogenously overexpressing FvMYB82 from strawberry (Fragaria vesca) and the R1-MYB transcription factor gene LcMYB1 from sheepgrass (Leymus chinensis (Trin.) Tzvel.) enhanced the salt tolerance of transgenic Arabidopsis (Cheng et al., 2013; Li et al., 2022a). AgMYB5, an unknown gene from celery (Apium graveolens L.), enhanced β-carotene synthesis in transgenic Arabidopsis (Sun et al., 2023)(Figure 1A). Among NAC family transcription factor genes, overexpressing CaNAC46 from pepper (Capsicum annuum) and SlNAC10 from Suaeda liaotungensis enhanced the salt and drought resistance of transgenic Arabidopsis (Ma et al., 2021; Du et al., 2022) (Figure 1B). Among genes in the WRKY transcription factor family, OsWRKY54 is associated with salt tolerance in rice; heterologous expression of VvWRKY28 from grapevine (Vitis vinifera) and PcWRKY11 from Polygonum cuspidatum in Arabidopsis enhanced salt tolerance (Liu et al., 2022b; Wang et al., 2022a) (Figure 1C).




Figure 1 | U/U genes with typical conserved domains and their roles in plants. (A) Five newly identified MYB type genes and their related functions. (B) Two newly discovered NAC family genes and their related functions. (C) Three newly isolated WRKY genes and their related functions.



The other type is genes without a domain and with unknown functions. Several unknown genes that lack typical conserved domains also function in plant growth, development, and resistance to stress. The U/U gene Lb1G04202 from the halophyte Limonium bicolor, which lacks known structural domains or special structures, encodes a protein that functions in the nucleus and enhanced NaCl tolerance in Arabidopsis by alleviating osmotic stress. The RNA of Lb1G04202 localizes to the salt gland (a unique salt-secreting structure) of Limonium bicolor, suggesting that this gene plays a role in salt gland development (Wang et al., 2022b). In a word, U/U genes with and without conserved domains play significant roles in plants.





Methods to study U/U genes

U/U genes are almost always discovered in non-model plants, making functional studies quite challenging due to unstable transformation systems. Whole genome sequencing and comparative genomics are essential techniques for performing functional studies of these genes (Geng et al., 2022; Liu and Zhang, 2022; Yuan et al., 2022). U/U genes are always identified by RNA-seq, but their assembled sequences are not always accurate. Therefore, transcriptome sequencing techniques such as Iso-seq that yield full-length reference sequences are recommended in studies examining U/U function (Yuan et al., 2015; Yuan et al., 2016; Jia et al., 2022). Iso-seq can directly obtain complete transcripts without disrupting splicing, in order to accurately analyze structural information such as variable splicing and fusion genes of reference genome species. This technology can also promote the optimization of genome annotation and quantification of transcriptome abundance, providing opportunities for the discovery of new genes (Rhoads and Au, 2015; Li et al., 2017; Beiki et al., 2019; Jia et al., 2022).

Map-based cloning can be used to isolate and clone plant genes and to localize genes on chromosomes (Lee et al., 2019). This technology is particularly suitable for situations where the expression products of genes are unknown, functional information for unknown genes is lacking, or no suitable phenotypes are observed (Jin et al., 2022; Zhan et al., 2023). However, the complete sequence of new genes cannot be fully mastered, which undoubtedly poses difficulties for the full-length cloning and isolation. RACE (rapid amplification of cDNA ends) is an effective method for studying new genes, which based on PCR and RNA reverse transcription. It rapidly amplifies the unknown sequence regions of the 3’ or 5’ ends of cDNA through partial known gene sequences to obtain full-length cDNA (Groot Kormelink and Luyten, 1997; Lindberg et al., 1997; Cheng et al., 2006; Yeku and Frohman, 2011).

Bioinformatics analysis of candidate genes is crucial, as it provides a rough understanding of the possible range of gene action through domain prediction (SMART), hydrophilicity analysis (Expasy-ProtScale) (Dong et al., 2022), transmembrane region display (TMHMM 2.0) (Zhao et al., 2022), and subcellular localization prediction (WoLF PSORT) (Wang et al., 2021; Song et al., 2022). Bioinformatics analysis can lay a solid foundation for further in-depth research of U/U genes (Chen et al., 2022).

RNA interference (RNAi) is an efficient tool for studying the effects of gene deletions (Koeppe et al., 2023; Traber and Yu, 2023). Gene silencing mediated by double-stranded RNA (dsRNA) is widely used to study gene functions in various plants (Akond et al., 2022; Bharathi et al., 2023). Another efficient method to identify gene function is clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated nuclease 9 (Cas9)-mediated gene knockout (Hu et al., 2023). The phenotypes obtained using these two methods can be compared to phenotypes obtained via overexpression to analyze the biological function of the target gene or protein (Yuan et al., 2022). Of course, it is not sufficient to conduct research solely in the species harboring U/U genes. The transfer of candidate genes into model plants (Arabidopsis) or prokaryotic bacteria is extensively used for further functional research (Leng et al., 2021; Wang et al., 2022b).

The completion of various life functions in plant cells relies on interactions between proteins (Beihammer et al., 2023). Typically, functional proteins combine with other proteins (known or unknown) to form complexes and function in specific pathways (Zhao et al., 2008). Therefore, it is necessary to identify genes that are involved upstream or downstream of the U/U gene of interest and validate the interactions between their encoded proteins. U/U proteins and candidate proteins that may interact with each other identified by screening yeast libraries can be validated by examining in vitro and in vivo interactions using yeast-two hybrid assays (Cao et al., 2022), bimolecular fluorescence complementation (BiFC) (Choi et al., 2022), co-Immunoprecipitation (CoIP), and GST-pulldown (Du et al., 2023) in order to elucidate the associated signaling pathways (Liu et al., 2022a).





The roles of U/U genes in regulating plant growth

U/U genes that regulate plant growth and development are distributed across a variety of species, particularly soybean (Glycine max), rice (Oryza sativa), and non-model plants. The functions of reported U/U genes throughout the lifecycles of soybean and rice are shown in Figure 2.




Figure 2 | U/U genes related to plant growth regulation. (A) U/U genes related to growth and development identified in soybean. (B) Newly identified genes in rice and their functions in growth and development.






U/U genes in soybean

To date, many U/U genes that participate in reproductive growth have been identified in soybean (Figure 2A). The hemoglobin gene U47143 from soybean shares a protein sequence similarity of only 58% with another hemoglobin gene in soybean. As soybean is a non-symbiotic leguminous plant, hemoglobin is expressed in various tissues of this plant, such as cotyledons, seedling stems, roots, young leaves, and root nodules (Anderson et al., 1996). Glyma09G02130, a new NHX (Na+/H+ antiporter gene family) gene, was identified from the soybean genome, which is related to root growth. Under salt stress, the expression level of Glyma09G02130 in roots is significantly upregulated (Chen et al., 2015). A new ferritin gene SferH-5 has been cloned from soybean seedlings, which is related to the production of ferritin in soybean (Dong et al., 2007). The MORN motif type gene GmMRF2 has also been isolated from soybean. Soybean lines overexpressing GmMRF2 exhibited earlier flowering under long day (LD) conditions and showed an increase in plant height under both LD and short day (SD) conditions. In addition, gibberellin pathway genes which positively regulate plant height and promote flowering, were significantly upregulated in GmMRF2-overexpression lines (Zhang et al., 2023a), reflecting the important roles of GmMRF2 in regulating flowering time and plant height. In addition, E1-nl and E3-tr were identified as related to flowering time by AmpliSeq technology (Ogiso-Tanaka et al., 2019). By analyzing T-DNA mutant (S006) seeds, a gene related to seed development was discovered, named New Seed Size (NSS). Seeds of the CRISPR/Cas9-generated nss1 mutant were small with brown seed coats, which is consistent with the phenotypes of S006 seeds (Zhang et al., 2023b). What’s more, a novel male-stelile gene msNJ has been discovered (Nie et al., 2019). In a word, U/U genes are distributed at various locations in soybean and participate in different life activities.





U/U genes in rice

A gene underlying a quantitative trait locus (QTL) controlling plant height on chromosome 1 (QTLph1) was identified in rice; this gene encodes a protein that promotes sucrose transport to the leaves (Ishimaru et al., 2004) (Figure 2B). Ten new MADS-box homologous genes were identified in rice using pan-genome, all of which were expressed in flower tissue and six were highly expressed during seed development (Li et al., 2023a). A novel gene encoding alternating oxidase (AOX1c) was isolated from rice, mainly expressed in leaves and young panicles (Saika et al., 2002). The U/U gene Os08g0299000, named FLORAL ORGAN NUMBER7 (FON7), was identified in a mutant with altered floral organ number (generated by ethyl methanesulfonate treatment of Korean japonica rice cultivar Ilpum); this gene controls the number of floral organs. The fon7 mutant shows an increased number of stamens and pistils. The number of floral organs plays crucial roles in fruit development and grain maturity (Maung et al., 2023). In rice, LARGE EMBRYO (LE), a U/U gene that controls embryo size, was identified and characterized. In le mutants and RNA interference lines, the embryo size is increased, indicating that LE plays a decisive role in controlling embryo size (Lee et al., 2019). Therefore, U/U genes in rice play a major role in growth and reproduction.





U/U genes in other plants

Most other U/U genes have been reported in Arabidopsis, poplar, and sweet potato (Ipomoea batatas Lam). Four Arabidopsis mutants (rem1.2, orc1a, ppd1, and mcm4), exhibit varying degrees of reduction rosette size, confirming the novel role of these U/U genes in effective leaf surface area (ELSA) (Gonzalez et al., 2020). In Arabidopsis, the line expressing COBRA gene family showed a significant decrease in cellulose content, and the new member was identified related to the secondary cell wall formation (Brown et al., 2005). The protein encoded by the U/U transcription factor gene PebHLH35 (from Populus euphratica) enhances drought resistance by regulating stomatal development and photosynthesis, as demonstrated in transgenic Arabidopsis plants heterologously expressing this gene (Dong et al., 2014). The protein encoded by the U/U sucrose transporter gene IbSUT4 from sweet potato participates in plant growth by intervening in the abscisic acid signaling pathway (Wang et al., 2020). The U/U BrSCC1 gene BraA03g040800.3C identified in Brassica rapa L has been verified to be related to the seed coat color (Zhang et al., 2023c). The U/U gene GhMPK7 has been isolated from cotton, whose overexpression in transgenic tobacco promoted the transcription level of SA pathway quickly and efficiently and showed earlier germination compared to WT (Shi et al., 2010). It can be seen that there are numerous U/U genes distributed in different plants and participated in various life activities.






The roles of U/U genes in abiotic stress resistance

Most U/U genes identified in different plant play function in responses to different types and degrees of stress, including high salt (Figure 3A), water scarcity (Figure 3B), and harsh temperatures (high or low) (Figure 3C).




Figure 3 | U/U genes closely related to abiotic stress. (A) U/U genes that respond to Na+ in plants. (B) U/U genes that respond to water deficiency in plants. (C) U/U genes that respond to extreme temperatures.






Salt stress

In rice, OsASR6 (a newly identified salt-induced ASR gene) is upregulated under salt stress. OsASR6 RNAi transgenic lines showed poorer salt tolerance and oxidative stress capacity than the untransformed control plants, while genetically modified rice lines with OsASR6 overexpression showed excellent performance (Zhang et al., 2022a). A U/U SIF gene in rice might be involved in the plant response to salinity stress (Soda et al., 2013). A new WRKY gene named MxWRKY55 was isolated from Malus xiaojinensis and introduced into Arabidopsis to significantly improve its salt tolerance and biomass (Han et al., 2020). What’s more, overexpression of MxNAS3 cloned from M. xiaojinensis in transgenic Arabidopsis improve biomass and root length. Importantly, the high expression of MxNAS3 in transgenic Arabidopsis is associated with the formation of malformed flowers (Han et al., 2018b). Also, a new gene MxCS2 encoding citrate synthase promotes the synthesis of citrate synthase and increases the content of CA in Arabidopsis. Overexpression of MxCS2 also increased the fresh weight, root length, CS activity, as well as chlorophyll and citric acid content (Han et al., 2014). MbCBF2, an uncharacterized gene from Malus baccata (L.) Borkh, increased its expression in young tissues under high salt induction. In heterologous overexpressed Arabidopsis lines, it can enhance the adaptation to high salt environment and change physiological indicators related to stress, including proline, malondialdehyde (MDA) and superoxide dismutase (SOD), which reflects the tolerance of MbCBF2 to salt stress (Li et al., 2022b). Overexpression of a novel WRKY gene MbWRKY4 in transgenic tobacco enhances salt tolerance (Han et al., 2018a).

Functional analysis of the salt cress (Thellungiella halophila) genes ST6-66 and ST225 in Arabidopsis revealed their importance in salt resistance (Du et al., 2008). The U/U gene LcMADS9 was significantly upregulated in sheepgrass (Leymus chinensis (Trin.) Tzvel) under NaCl treatment, highlighting the response of this gene to NaCl (Jia et al., 2018). LcSAIN2, another salt-induced U/U gene from sheepgrass, enhanced salt tolerance in transgenic Arabidopsis plants (Li et al., 2013). Transcriptome sequencing of two maize (Zea mays) inbred lines revealed the U/U gene Zm00001d053925, whose expression level was significantly higher in AS5 (salt tolerant line) than in NX420 (salt intolerant line), indicating that Zm00001d053925 functions in the plant response to salt stress (Zhu et al., 2023) (Figure 3A). A U/U gene galactosyl transferase-like (SbGalT) from Salicornia brachiata alleviates osmotic and salt stress in transgenic tobacco (Dubey et al., 2021). Also, another new salt induced gene SbSI-2 (Salicornia brachiata salt-inducible-2) has been functionally identified to have the same function as SbGalT (Pandey et al., 2014). In one word, U/U genes exercise significant functions in response to salt stress.





Drought stress

In Populus euphratica, the transcription factor PebHLH35 confers drought resistance by regulating various developmental and physiological processes (Dong et al., 2014). DEHYDRATION RESPONSE ELEMENT-BINDING PROTEIN 2A (DREB2A) in apple (Malus domestica) responds to drought stress and plants overexpressing MhDREB2A exhibited enhanced tolerance to drought (Li et al., 2023b). An uncharacterized KdNOVEL41 (KdN41) gene from Kalanchoe (K.) daigremontiana confers drought resistance on K. daigremontiana and tobacco (Nicotiana tabacum) by playing a role in clearing reactive oxygen species and reducing osmotic damage (Wang et al., 2018). The unique proteins with obscure features (POFs) of Arabidopsis enhance tolerance to oxidative stress, including osmotic, salinity, and temperature stress (Luhua et al., 2008). The U/U gene BdRFS of Brachypodium distachyon has been identified to be functionally conserved, together with improve the drought resistance of Brachypodium and Arabidopsis (Ying et al., 2023). The inactivation of SIP1, encoding an unknown protein in Arabidopsis, decreased drought tolerance (Anderson and Kohorn, 2001). Furthermore, a novel gene DUF569 (AT1G69890) with “domain of unknown function” positively regulates drought stress in Arabidopsis (Nabi et al., 2021). The HSF transcription factor gene TrHSFB2a (B-type HSF), which was recently identified in drought-sensitive white clover (Trifolium repens), negatively regulates drought resistance (Iqbal et al., 2022) (Figure 3B). Under drought stress conditions, overexpression of the ONAC066 gene (a novel gene whose function has been newly determined) enhances the tolerance of rice to drought stress and sensitivity to ABA (Yuan et al., 2019). Numerous U/U genes responding to drought stress undoubtedly bring new possibilities for improving plant drought resistance.





Extreme temperature stress

MbCBF2, a U/U CBF transcription factor gene from Malus baccata (L.) Borkh, shows elevated expression at low temperatures. Exogenously overexpressing MbCBF2 enhanced the adaptability of transgenic Arabidopsis to cold conditions (Li et al., 2022b). MbERF12, an ERF gene, enhances its ability to scavenge reactive oxygen species through ethylene signaling, playing a crucial role in the response of salt and low temperature stress (Han et al., 2021). ZINC FINGER OF ARABIDOPSIS THALIANA 10 (ZAT10), a U/U gene in Malus domestica, is activated under low temperature stress. Apple lines overexpressing MhZAT10 showed increased tolerance to low temperature stress, indicating that this gene plays an important role in cold resistance (Li et al., 2023b). Low temperature significantly induced LcMADS1 and LcMADS2 expression in sheepgrass (Jia et al., 2018).

TrHSFB2a expression in white clover was strongly induced by exposure to high temperature (35°C) and the encoded protein negatively regulates heat tolerance (Iqbal et al., 2022). The POFs in Arabidopsis enhance plant tolerance to oxidative stress under both cold and heat stress (Luhua et al., 2008) (Figure 3C). Under harsh temperatures, in addition to previously characterized genes, there are also these uncharacterized genes, which enriches the large category of genes that have resistance to extreme temperature.

Though different new genes were identified in various stress, plants usually experience fluctuations in several key hormone levels during their early stress response, such as ABA, SA and JA (Verma et al., 2016). ABA is a regulatory factor for many plants under environmental stress, including drought, low temperature, and salinity. Abiotic stress generates osmotic signals, leading to ABA accumulation (Danquah et al., 2014). SnRKs are involved in osmotic stress and ABA signal transduction, and both SnRKs and ABA pathways involve MAPK responses (Zhu, 2016). Under extreme stress conditions, ROS is overproduced and causes oxidative damage to plants (Verma et al., 2016). After ROS signal transduction, anthocyanins are produced, which are used for antioxidant activities by clearing excess ROS (Naing and Kim, 2021). In short, plants have a similar fate after being subjected to abiotic stresses, which can trigger a series of homologous stress tolerance activities.






The roles of U/U genes in biological stress responses

Plant diseases such as powdery mildew, bacterial blight, and leaf rust frequently occur in plants (especially food crops), which greatly reduces crop quality and yields. Many U/U genes in crops are related to diseases responses. Here we summarize progress in identifying genes involved in biological stress resistance. Among them, most do not have obvious domains, except for family genes such as NAC.




Leaf rust resistance

Wheat leaf rust, a disease caused by Puccinia triticina, mainly damages the leaves of common wheat (Triticum aestivum) and causes serious losses in wheat production (Qi et al., 2023). Currently, the most effective control measure involves breeding and using resistant wheat varieties.

The U/U gene Lr68 in common wheat confers slow-rusting resistance to wheat rust, as demonstrated in the field (Herrera-Foessel et al., 2012). Lr46 is also associated with slow-rusting resistance to leaf rust in wheat (Singh et al., 1998). A leaf rust resistance gene named Lr81 was identified in wheat line PI470121, which is a unique leaf rust resistance locus (Xu et al., 2022a). A stable APR gene, named LrYang16G216, was detected in wheat and identified as a new and effective gene for leaf rust resistance (Zhao et al., 2023b). A gene Pc54 with leaf rust resistance has been identified in oat (Avena sativa) (Admassu-Yimer et al., 2022).These newly identified genes all have excellent activity in inhibiting rust (Figure 4A), which could contribute to the breeding of rust resistant wheat varieties.




Figure 4 | U/U genes related to resistance to biological stress in plants. (A) U/U genes involved in leaf rust resistance in plants. (B) U/U genes involved in powdery mildew resistance in plants. (C) U/U genes involved in bacterial blight resistance in plants.







Powdery mildew resistance

Powdery mildew is a crop disease induced by Blumeria graminis f. sp. Tritici that is extremely destructive to common wheat (Mapuranga et al., 2022). Identifying powdery mildew resistance genes could suggest strategies to improve growth and yield in wheat and other crops.

The U/U powdery mildew resistance gene Pm40 of Elytrigia intermedium confers resistance to this disease and has been transferred to wheat to enhance its resistance to powdery mildew (Luo et al., 2009). A gene Pm3 with powdery mildew resistance was identified in oat (Avena sativa) (Admassu-Yimer et al., 2022). PmW6RS has been identified as a powdery mildew resistant gene in rye (Secale cereale L., RR), providing a new gene selection for wheat disease resistance breeding (Wang et al., 2023). Pm351817, a new Pm65 allele in wheat, exhibits resistance to powdery mildew (Xu et al., 2023). PmSESY in rye (Secale sylvestre) also confers resistance to powdery mildew and can significantly improve resistance to this disease (He et al., 2021). The U/U gene Er3, which was identified in Pisum fulvum, markedly improves the resistance to powdery mildew (Sara et al., 2007). The U/U allele MlIW172 of Pm60 was shown to enhance resistance to powdery mildew in wheat by transgenic complementation (Wu et al., 2022). These genes provide genetic diversity for breeding wheat with enhanced resistance to powdery mildew (Figure 4B).





Bacterial blight resistance

Bacterial blight (BB), a disease caused by Xanthomonas oryzae pv. oryzae (Xoo), is a serious rice disease worldwide (Javed et al., 2022). Therefore, identifying and isolating BB resistance genes from different rice resources is of great significance. Different rice varieties have multiple different BB resistance genes. The BB resistance gene Xa43 was recently identified in Zhangpu wild rice (Oryza rufipogon) (Huang et al., 2023). A new NLR disease resistance gene Xa47 has long-term resistance to rice BB disease (Lu et al., 2022b). Xa26(t), which was identified in rice variety Minghui 63, has a dominant effect on the Chinese Xoo strain JL691 at both the seedling and adult stages (Yang et al., 2003) (Figure 4C). It can be seen that the identification and utilization of U/U genes are of great significance for resisting BB.





Resistance to other diseases

Multiple resistance genes to downy mildew exist in wild Lactuca, 11 of which were introduced into lettuce (Lactuca sativa L.) to facilitate the development of multi-gene downy mildew resistant lines (Parra et al., 2020). The resistance gene Rsg3 was recently discovered in Chinese barley landrace PI 565676 (a landrace from China). This gene, which provides strong resistance to greenbug (Schizaphis graminum Rondani), should help alleviate the major threat of this insect pest to global food production (Xu et al., 2022b). The resistance gene bph42, which confers resistance to brown planthopper (BPH), was identified in wild rice line Oryza rufipogon (Griff.) and transferred to cultivated rice (Oryza sativa), laying the foundation for the production of high-quality rice with enhanced insect resistance (Kaur et al., 2022). Brassica rapa shows obvious resistance to turnip mosaic virus (TuMV). Through genetic analysis, a uncharacterized TuMV resistance gene, BraA06g035130.3C, was recently identified, paving the way for improving TuMV resistance and agricultural production (Lu et al., 2022a). The U/U gene GbNAC1 from Gossypium barbadense L. has been identified to be positively involved in the regulation of Verticillium Wilt resistance (Wang et al., 2016).






Perspectives

More than a quarter of genes in the genomes of both crops and halophytes encode proteins of unknown function (Luhua et al., 2008). Some of these genes encode at least one previously defined domain or motif, but most lack previously defined features. Although transcriptome, metabolome, and proteome data show that many of these genes play important roles in plant growth, metabolism, physiology, and other life processes, their functions remain to be identified.

Nowadays the model organism Arabidopsis can be used to verify the functions of these genes via heterologous transformation and other experimental techniques, but studies of unknown genes should focus on their functions in the species harboring these genes and establishing genetic transformation systems for these species. Generating overexpression and silencing lines of the target gene of the species of interest via genetic transformation and observing the phenotypes of the transgenic lines would enable the analysis of gene function more directly and accurately. The functional study of unknown genes is not limited to the genes themselves. Genes are usually regulated by key upstream factors, and they encode proteins that regulate downstream genes. Therefore, clarifying the functions of the upstream and downstream factors of U/U genes and establishing a complete gene regulatory network are important aspects of functional studies of these genes.

U/U genes not only encode proteins that perform various biological functions in plants, but they also play important roles in the life activities of animals, microorganisms, and especially humans. We can also find inspiration from the study of U/U genes in animals. FREPs, a recently identified gene family in mussels (Mytilus edulis), are related to immune recognition in mollusks (Gorbushin and Iakovleva, 2011). A recently identified Ig kappa gene in sea star (Asterias rubens) confers specific resistance to horseradish peroxidase (Vincent et al., 2014). Previously unidentified genes obtained from chromosome replication promoted the study of the Neuropeptide Y family in vertebrates (Sundström et al., 2008). Innexin 3, a gene involved in dorsal closure in embryos, has also been identified in Drosophila (Fanning et al., 2013). A newly discovered gene that confers resistance to influenza virus H5N1 was identified in duck (Anas platyrhynchos) through transcriptome analysis (Huang et al., 2019). A new human membrane-associated mucin of the ocular surface was recently identified, which could contribute to the protection of human eyes (Fini et al., 2020). The discovery of a series of new genes in males revealed a new pathway for the production of testosterone (Flück and Pandey, 2014). New genes that function in osmotic stress resistance in the yeast Saccharomyces cerevisiae have also been identified (Gonzalez et al., 2016).

The study of U/U genes faces challenges because it is often unclear to which pathways these genes contribute. We can also uncover the unexpected functions of U/U genes in plant development and resistance, providing essential information to supplement our knowledge of known functional genes and improve our understanding of the connections between biological molecules.

In summary, numerous uncharacterized genes in living organisms have yet to be discovered, isolated, analyzed, cloned, and functionally identified. Some of these genes play key roles in the lifecycles of living organisms. Exploring these genes may enrich our understanding of existing physiological processes, metabolic pathways, and functional networks and offer new strategies to modulate them.
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Salt stress affects plant growth and development, resulting in the loss of crop yield across the world, and sodium-proton antiporters (NHXs) are one of the genes known to promote salt tolerance in transgenic plants. In this study, we conducted a comprehensive genome-wide analysis and expression profile of NHX genes in wheat under salinity stress. We identified 30 TaNHX genes in wheat based on the Na+/H+ exchanger domain, with all genes containing an amiloride motif except one, a known for inhibiting Na+ ions in plants. Phylogenetic analysis classified these genes into three classes with subfamilies: 12 were localized in vacuoles, while 18 were in the endoplasmic reticulum and plasma membrane. Promoter analysis revealed stress-related cis-acting elements, indicating their potential role in abiotic stress tolerance. The non-synonymous (Ka)/synonymous (Ks) ratios highlighted that the majority of TaNHX genes experienced robust purifying selection throughout their evolutionary history. Transcriptomis data analysis and qRT-PCR demonstrated distinct expression patterns for TaNHX genes across various tissues when subjected to salt stress. Additionally, we predicted 20 different miRNA candidates targeting the identified TaNHX genes. Protein-protein interaction prediction revealed NHX6’s involvement in the SOS1 pathway, while NHX1 gene exhibit proton antiporter activity. Molecular dynamics (MD) simulations were also conducted to examine the interactions of TaNHX1, TaNHX2, and TaNHX3. These results represent a significant advancement in our understanding of the molecular mechanisms governing Na+ transporters. This may also offer promising avenues for future studies aimed at unraveling the intricate details of their biological roles and applications.
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1 Introduction

Soil salinity stands as a formidable challenge with far-reaching consequences for agriculture on a global scale, impacting a staggering 45 million hectares of irrigated land (Wu et al., 2019). This issue carries immense significance, as it directly influences the capacity to sustain agricultural productivity. This becomes particularly critical when we consider that irrigated lands, renowned for their ability to yield twice the food production compared to rain-fed areas (Aharon et al., 2003), are pivotal in addressing the pressing concerns of food security and resource sustainability. Furthermore, projections indicate that around 50% of cultivable land could be affected by excessive salinization by 2050 (Gaxiola et al., 1999; Pehlivan et al., 2016). The increasing global population further underscores the need to resolve this issue to secure food security and the sustainability of agricultural practices.

In response to the adverse effects of salt stress, plants activate a range of sophisticated mechanisms to ensure their survival. These include complex hormonal regulation of plant growth and metabolism, precise osmotic regulation, and ion homeostasis maintenance (Wu et al., 2019a). The role of sodium/hydrogen antiporter (NHX) proteins is pivotal in regulating ion homeostasis. These proteins intricately modulate the equilibrium of ions, as underscored by their interplay with the essential proton pumps, the H+-PPase and H+-ATPase enzymes. Together, they meticulously orchestrate the translocation of sodium ions (Na+) from the dynamic cytoplasmic milieu to designated cellular destinations, including vacuolar compartments and extracellular regions. This ion flux operation serves as a vigilant guardian, staunchly preventing the potential deleterious accrual of Na+ ions within the intricate confines of cellular compartments (Aharon et al., 2003; Dragwidge et al., 2019).

The TaNHX gene family encodes widely distributed transmembrane proteins classified under the monovalent cation/proton antiporter 1 (CPA1) category (Fukuda et al., 2011). Prior studies (Wu et al., 2019a) have revealed that NHX proteins typically encompass 10–12 transmembrane helices (TMs) and predominantly inhabit vacuolar, endosomal, and plasma membrane locales (Aharon et al., 2003; Pehlivan et al., 2016). In A. thaliana, eight distinct NHX genes were identified (Gaxiola et al., 1999). These genes exhibit diverse subcellular distributions, with two NHX genes (AtNHX7 and AtNHX8) residing within the plasma membrane (PM-class), four inhabiting vacuoles (Vac-class), and two localizing to endosomes (Endo-class) (Shi et al., 2000; Aharon et al., 2003; Brett et al., 2005; Bassil et al., 2011). NHX proteins are distributed in a way that they reflects the specific roles they play in maintaining ion homeostasis in different environmental conditions.

Understanding the different mechanisms of NHX gene function is critical for decoding the plants complex response to salt stress. We can gain a valuable understanding of the critical roles that TaNHX genes play in regulating salt stress in various plant species by examining their regulatory functions, and evolutionary relationships. Such bioinformatics studies and experimental investigations pave the way for future research and manipulation of NHX genes, contributing to the production of salt-tolerant crop varieties and enhancing agricultural productivity in salt-affected regions.

NHX genes are intricately involved in a multitude of biological processes, including response to salt stress, regulation of cell growth, modulation of membrane vesicle trafficking, and maintenance of pH homeostasis (Dragwidge et al., 2019). After inactivating the mutation in AtNHX5 and AtNHX6, it was observed that there were development-related disorders and anomalies in cell division in tissues of the embryo and roots (Dragwidge et al., 2019). OsNHX1, OsNHX2, OsNHX3, and OsNHX5 in rice become activated when they are exposed to salt stress, hyperosmotic stress, and ABA stress conditions. Determining the salt tolerance mechanisms within the rice plant may be delineated by the nuanced expression patterns of NHX genes across diverse tissue types (Fukuda et al., 2011). In other experiments, rye grass engineered with the rice vacuolar membrane OsNHX1 gene endured high salt conditions (350 mM) for 10 weeks, while transgenic B. napus plants thrived even in the presence of 200 mM NaCl. Introducing the Vac-class membrane gene AgNHX1 from A. gmelinii into rice plants conferred the ability to withstand 300 mM NaCl for three days, surpassing the salt sensitivity of wild-type rice. Overexpression of AtNHX1 from A. thaliana into tomato and SsNHX1 from Salsola collina into M. sativa significantly improves salt tolerance in plants. These findings underscore the potential of NHX genes to enhance salt tolerance in various plant species (Manik et al., 2015; Wilkins et al., 2016; Kumari et al., 2018; Wu et al., 2019a). The most widely grown crop in the world is wheat. Its growth is significantly impeded by salt stress since it is not a halophyte. When exposed to salt, wheat cells quickly increase their Na+ concentration. Due to the relatively low net uptake compared to unidirectional inflow (Khare et al., 2015), it was expected that wheat roots would experience high rates of Na+ efflux. The ability of a wheat Na+/H+ antiporter (TaSOS1) to extrude Na+ across the plasma membrane has been experimentally studied (Parveen et al., 2021). Overexpression of the vacuolar NHX antiporter AtNHX1 from Arabidopsis led to an increase in wheat salt tolerance (Parveen et al., 2021). The putative wheat Na+/H+ antiporter TaNHX1 provided salt tolerance to transgenic Arabidopsis plants (Ramesh et al., 2019). In a previous study, TaNHX2 was cloned from bread wheat, and it was examined for its expression and function of the protein and yeast. The proposition that TaNHX2 mediates the compartmentalization of Na+ into vacuoles holds promise for elucidating its pivotal role in enhancing a plant’s salt tolerance. Nevertheless, the precise mechanisms underlying TaNHX2’s participation in Na+/H+ exchange and its subcellular localization within plant cells remain unverified (Shuai et al., 2013). In this study, we performed a genome-wide investigation of all TaNHX gene family members in wheat. The TaNHX genes were identified using gene structure, chromosomal locations, phylogenetic relationships, cis-element, and expression profiling, as well as molecular dynamic simulations. The expression patterns obtained from in-silico analysis were then confirmed using qRT-PCR. TaNHX can be used to breed salt tolerance using genome-editing methods. The results taken here are necessary to systematically explore the gene function of the wheat TaNHX gene family.




2 Materials and methods



2.1 Identification, characterization, phylogenetic analysis and gene ontology of sodium proton antiporters

To identify TaNHX genes in wheat, we employed a bioinformatics approach. Firstly, we obtained protein sequences of NHX from Arabidopsis, cotton, sorghum, and barley, which served as query sequences. These query sequences were then searched against the wheat genome available at the Ensembl Genomes database (fp://fp.ensemblgenomes.org/pub/plants/release-51/fasta/triticumaestivum/pep/) using the BLASTP algorithm. We selected all homologous protein sequences of NHX candidates that met the specified criteria, including an e-value threshold of 1e-10 and a bit score value higher than 100 percent. To further validate the presence of the Na+_H+_Exchanger domain (PF00999) characteristic of NHX transporters, the obtained sequences were scanned against this domain using the HMMER 3.1b2 online software (https://www.ebi.ac.uk/Tools/hmmer/) (Potter et al., 2018).

For the subcellular localization, Wolf Psort (https://wolfpsort.hgc.jp/) was used. The physio-chemical properties were predicted using the online programme ProtParam (http://web.expasy.org/protparam/).To study the evolutionary linkage, Clustal W software was used to analyze NHX protein sequences from Arabidopsis, barley, sorghum, cotton, and wheat (Larkin et al., 2007). Following that, an unrooted phylogenetic tree was built in MEGA-X with 1000 bootstrap repetitions using Maximum likelihood (ML) with default parameters the JTT model with uniform rates and 4 number of threads (Kumar et al., 2018). NHX members in wheat were classified into subfamilies based on their Arabidopsis, barley, sorghum, and cotton homologs.

Functional annotation of the identified genes was performed using Blast2GO (https://www.blast2go.com/). This analysis enabled the elucidation of molecular functions, biological processes, and cellular components intricately linked to the genes under investigation. Additionally, we harnessed the KEGG (Kyoto Encyclopaedia of Genes and Genomes) database (http://www.genome.jp/kegg/) to annotate the metabolic pathways, thus furnishing invaluable insights into the precise pathways where these genes actively participate. The combination of Blast2GO and KEGG analysis allowed for a comprehensive understanding of the functional properties and metabolic roles of the identified genes.




2.2 Conserved motifs, gene structure, promoter analysis and physical mapping of NHX genes

To unravel the presence of conserved motifs within the identified genes, we used the MEME webserver (Multiple Em for Motif Elicitation). Employing default parameters, which encompassed the exploration of 2-20 motif sites, the extraction of up to 10 motifs, and a motif width range extending from 6 to 50 (Bailey et al., 2009), this analysis provided an intricate glimpse into the genetic signatures. Furthermore, we delved into the gene structure using the Gene Structure Display Server (GSDS) tool (Hu et al., 2015), unravelling the intricacies of these genes’ architectural features. This comprehensive approach not only unveiled conserved motifs but also shed light on the structural nuances inherent to the genes under study. The promoter sequences, of up to 2 kb in size, were used for cis-acting element analysis and submitted to the PLANTCARE webserver. The cis-acting elements that were produced were categorized according to their functional class.

Based on the position sites, the chromosomal locations of the wheat TaNHX genes were examined. The Ensembl database is used to retrieve information about the TaNHX gene’s locations. Physical mapping of the transporters was constructed using Map-Chart software to construct the location on the wheat genome (Voorrips, 2002).




2.3 Protein-protein interaction, miRNA targeting, and gene duplication events

For the identification of functional protein-protein interactions, the STRING v1054 databases were employed (Szklarczyk et al., 2015). However, Arabidopsis was used as the reference species to search the interactive network in the database. Blast the sequences with set parameters to an e-value of 1e-10, and the A. thaliana genome was searched against all known interaction partners. The best-hit gene for each gene was chosen using Cytoscape 58 to create a PPI network. Using Cytoscape’s cyto Hubba plugin, the top hub gene from the interaction network was finally determined. Furthermore, we conducted an analysis to pinpoint significant Gene Ontology (GO) terms (FDR ≤ 0.01) related to the molecular functions and biological processes of the interaction network nodes using the iDEP webtool (Ge et al., 2018). The transcript sequences of the TaNHX gene were obtained using the Ensembl plant database. Now, the transcript sequences of TaNHX and the mature miRNA sequences from miRbase (Kozomara and Griffiths-Jones, 2014) were analyzed by using the psRNATarget service’s default settings (Dai and Zhao, 2011) to find the targets of miRNAs.

We accessed the coding sequences (CDS) of T. urartu (A genome), A. tauschii (D genome), and T. dicoccoides (AB genome) from Ensembl plants (fp://fp.ensemblgenomes.org/- pub/plants/release-42/fasta/triticum_urartu,fp://fp.ensemblgenomes.org/pub/release-42/plants/fasta/aegilops_tauschii/cds,fp://fp.ensemblgenomes.org/pub/release-42/plants/fasta/triticum_dicoccoides/cds/). These genomes served as references for the A, D, and AB genomes, respectively. We conducted BLASTn searches using these sequences against the TaNHX CDS sequences in T. aestivum to identify orthologous genes. Top hits were designated as orthologs within each species, adhering to stringent criteria, including an e-value cut-off of 1e-10 and a 150-bit-score cut-off. This approach was similarly applied to search for orthologous genes in other monocots and dicots, including O. sativa, H. vulgare, Z. mays, and A. thaliana. To examine the synteny relationships of the NHX gene family within and across various species, we employed TBtools for a comprehensive analysis.




2.4 Gene expression profiling using RNA-seq data

To determine in-silico gene expression in different tissues under salinity stress, the log2 value of the FPKM value was calculated using the SRA data (SRP304900) from NCBI. Heatmaps were created with Clustvis (https://biit.cs.ut.ee/clustvis/).




2.5 Sample collection and treatments

To investigate the expression patterns of TaNHX genes in response to salinity stress, we sourced wheat genotypes, specifically KRL213 and HD2009, from the Germplasm Unit of the ICAR-Indian Institute of Wheat and Barley Research, located in Karnal, India. In a controlled environment, we initiated the germination process by placing the seeds in Petri dishes at a temperature of 22°C. Prior to germination, the seeds were sterilization using a 1% sodium hypochlorite solution for duration of 10 minutes, followed by thorough rinsing with distilled water, ensuring the removal of any residual sterilization agents. After five days of germination, seedlings were transferred to full-strength Hoagland’s solution phytojars and incubated for 14 days in a BOD incubator with two sets of three biological replicates of each genotype. For salt stress, two contrasting wheat genotypes, HD2009 (salt sensitive) and KRL213 (salt tolerant), were used. Both genotypes at the two-leaf seedling stage were stressed with 150 mM NaCl. After the treatment, the leaf samples were taken at 0, 3, 24, and 48 hours. For total RNA isolation, all acquired samples were immediately wrapped in foil and frozen in liquid nitrogen at -80°C.




2.6 RNA extraction and qRT-PCR analysis

To isolate RNA, we employed TRIzol reagent following the manufacturer’s guidelines. The extracted RNA was further processed to eliminate any residual DNA through DNase I treatment (NEB, USA). Utilizing Superscript-III reverse transcriptase (Invitrogen, USA), 1 µg of total RNA was converted into the first strand of cDNA. This resulting cDNA was subsequently diluted at 1:2 ratio, and 1 µl of the diluted cDNA was employed as a template within a 10 µl reaction volume for real-time qRT-PCR analysis. We conducted SYBR Green-based real-time quantitative RT-PCR analysis using the BIO-RAD CFX96 system (Bio-Rad). For normalization purposes, we employed wheat actin as an endogenous control (Muthusamy et al., 2016). The expression levels were quantified as relative fold changes through the application of the 2△△-Ct method (Livak and Schmittgen, 2001). All the samples were set up in 3 biological replicates. Experimental data was statistically analyzed by a one-way Analysis of Variance (ANOVA) and Tukey’s multiple range test was used for mean value separation by PAST software (Hammer et al., 2001). P-value of <0.05 was considered statistically significant.




2.7 Molecular modelling and dynamics simulations

The three-dimensional structure for TaNHX was generated using AlphaFold2 (Skolnick et al., 2021), as it employs deep learning techniques, specifically deep neural networks, to predict protein structures with remarkable accuracy. It leverages vast amounts of protein sequence and structural data to generate predictions of protein structures, even for proteins with no known structures.

The molecular dynamics simulations (MDS) were performed using GROMCAS 5.0 (Abraham et al., 2015). The simulations aimed to investigate the conformational changes of the TaNHX protein structures in the presence of a solvent system. To set up the simulations, the OPLS_2005 force field (Dubay et al., 2012) was employed to describe the interactions within the proteins. The system was solvated in a cubic water box using the SPC water model. The protein atoms were kept at a minimum distance of 10 Å from the edges of the box. To achieve a neutral charge for the systems, counter ions were added, and a 0.15 M ionic concentration was maintained by including Na+ and Cl ions. First, each system underwent 50,000 steps of steepest descent energy minimization, which helped eliminate steric overlap and stabilize the initial configurations. Following the energy minimization, a two-step equilibration phase was performed. The first step was NVT equilibration, where the number of particles, volume, and temperature were kept constant. This phase ran for 100 picoseconds (ps) to stabilize the system’s temperature. The V-rescale temperature-coupling method was used for NVT, with a constant coupling time of 1 ps and a target temperature of 303.15 K. The second step was NPT equilibration, where the number of particles, pressure, and temperature were maintained constant. This phase also ran for 100 ps, and it involved using the Nose-Hoover pressure coupling method with a constant coupling time of 1 ps and a target temperature of 303.15 K. During this phase, the system was relaxed, and the protein was restrained using position restraints (h-bonds). To account for electrostatic interactions, the Particle Mesh Ewald method was employed for both NVT and NPT simulations. After the equilibration phases, each system underwent a full production run of 30 nanoseconds (ns) without any restraints. The integration time step used was 0.002 ps, and coordinates were recorded every 10 ps using an xtc collection interval of 5,000 steps.





3 Results



3.1 Characterization, phylogenetic analysis, and gene ontology of TaNHX genes in wheat

In order to identify members of the TaNHX gene family within the wheat genome, we employed a two-step approach. Firstly, utilized known NHX sequences from other species as queries and performed a blast search against the wheat proteome database (Supplementary Table S1). This enabled us to retrieve putative TaNHX genes in wheat. Subsequently, we eliminated redundant sequences and confirmed the gene identifications based on the presence of the Na+_H+_Exchanger domain (PF00999). This stringent filtering process resulted in the identification of 30 TaNHX genes in T. aestivum.

To understand the physio-chemical properties of the wheat TaNHX genes, we conducted a comprehensive analysis, the results of which are summarized in Table 1. Hence, to determine the subcellular localization of NHX proteins, prediction tools have been employed, which were found to predominantly reside on the plasma membrane, endosomes, and vacuoles. Furthermore, we assessed several parameters, including the number of amino acids, which ranged from 374 to 1191, reflecting the diversity in NHX protein lengths. Additionally, the molecular weight of the NHX proteins revealed a wide range of values. For instance, TaNHX16 exhibited a molecular weight of 40.84 kDa, whereas TaNHX11 displayed the highest molecular weight of 131.42 kDa. The findings presented in Table 1 shed light on the distinct physiochemical characteristics of the identified wheat NHX genes.


Table 1 | Features of the 30 NHX proteins from T. aestivum identified in this study.



To analyze the evolutionary lineages of the NHX gene family across different species, a dataset comprising 63 NHX protein sequences was utilized. The sequences were obtained from five species, namely A. thaliana, H. vulgare, G. hirsutum, S. bicolor, and T. aestivum (Supplementary Table S2). These sequences were employed to construct a phylogenetic tree, as depicted in Figure 1. The analysis involved the utilization of previously reported genes, resulting in the classification of the 63 genes into three distinct categories: class I (endo-class), class II (PM-class), and class III (vac-class). Among the five species, the largest group was class III (vac-class), which encompassed 39 proteins. Specifically, this group comprised 4 NHX proteins in A. thaliana, 2 in H. vulgare, 15 in G. hirsutum, 6 in S. bicolor, and 12 in T. aestivum. It is worth noting that 9 TaNHX proteins were distributed evenly between classes I (endo-class) and II (PM-class), as shown in Figure 1.




Figure 1 | Phylogenetic trees showing relationships of NHX genes family of T. aestivum, A. thaliana, S. bicolor, H. vulgare, and G. hirusitum. The trees were constructed using the maximum likelihood method and a bootstrap replicate of 1000. The trees with the highest bootstrap support for each gene class have been shown here. The three major classes (Vac-, Endo-, and PM-) are marked with different colors.



GO enrichment analysis was conducted to uncover the potential functions of the NHX genes. Among the twenty TaNHX genes, significant enrichment was observed in biological processes (BP), molecular functions (MF), and cellular components (CC). In BP, the enriched terms included “sodium ion transmembrane transport,” “response to salt stress,” “potassium ion homeostasis,” and “regulation of pH,” among others (Supplementary Table S3). The enriched MF terms encompassed “binding,” “antiporter activity,” and “potassium: proton antiporter activity.” Furthermore, the enriched CC terms were associated with “plasma membrane” and “vacuolar membrane.” Notably, individual TaNHX genes exhibited enrichment in specific GO terms, indicating their involvement in distinct processes. For comprehensive information on the enriched GO terms and their functions see Supplementary Table S3.




3.2 Analysis of conserved motifs, gene structure, cis-regulatory elements, and physical mapping

The MEME web-server with default settings was employed to predict conserved motifs, shedding light on the evolutionary preservation of specific functional amino acids within the NHX protein family. Based on the protein sequences of all NHXs, we discovered a total of 10 potential motifs (Figure 2A). The length of the TaNHXs’ anticipated motifs ranged from 6 to 50 amino acids. Members of the same subfamily shared a similar motif arrangement. Logos of the motifs were presented in Supplementary Figure S1. The descriptive details of domains were given in Supplementary Table S4.




Figure 2 | (A) Distribution of conserved motifs identified in proteins encoded by TaNHX. (B) Gene structures showing the organization of exons and introns, TaNHX genes.



Using Gene Structure Display Server v.2.0, the intron/exon architecture of the genes was examined to determine the structural properties of the wheat TaNHXs. The number of introns and exons differed significantly depending on the intron/exon patterns studied, which further explains the diversity in gene length. Non-coding sequences are frequently found in the genome, which is thought to be a sign of genomic complexity. Thus, examining these intron configurations reveals important details about the development, regulation and functionality of the NHXs. The examination of the wheat TaNHX gene architectures revealed significant variations across the three classes in terms of the number of introns and exons. The bulk of the Vac-class family among the 30 wheat TaNHXs included UTR (untranslated region) sequences at both the 5’ and 3’ ends. However, 6 out of the 12 Vac-class TaNHXs had 14 exons, 3 had more than 20 exons, and the rest were less than 10. The endo-class TaNHX had more than 10 exons except TaNHX26 (Figure 2B). However, the PM-class TaNHX (TaNHX9 and TaNHX10) had the highest share of intron-exons, with 27, 37 exons and 14, 20 introns, respectively. It was found that the distribution of introns and exons in the genes belonging to the same clade was very comparable. The exon lengths and intron regions of genes in the same class were mostly conserved. The analysis of amino acid sequence identity further confirmed the wheat TaNHXs’ sequence conservation (Figure 2B).

In order to better understand transcriptional control and gene expression, the promoter sequences of wheat TaNHX were identified by PlantCARE software (Figure 3). The major focus of the analysis was on cis-acting components associated with stress and hormones. Twenty two of the cis-acting components that were discovered had a hormonal connection, including ABA, salicylic acid (SA), gibberellin (GA), and jasmonate. The TaNHX comprised of phytohormones were TaNHX1, TaNHX3, TaNHX5, TaNHX7, TaNHX12, TaNHX13, TaNHX19, TaNHX22, TaNHX23, and TaNHX29 (Figure 3). Eleven cis-acting components, including anaerobic environments and low temperatures, were responsible for stress. The number of light-responsive elements was higher among these components. These cis-acting elements’ findings imply that TaNHXs may be crucial for the control of hormones and the response to stress in wheat.




Figure 3 | Predicted cis-elements in TaNHX promoters. The upstream length to the translation starting site can be inferred according to the scale at the bottom. The green, yellow, pink, red, orange and violet-colored boxes stand for DSR, SA, MeJA, Me, ABRE and MYB cis-elements, respectively.



To better comprehend how the TaNHX gene family evolved, we further examined the gene duplication occurrences. Thirty TaNHX genes were unevenly mapped onto six (A, B, D) chromosomes of the 21 T. aestivum chromosomes (Figure 4). Two chromosomes (Chr2 and Chr5) contained six TaNHX genes and three chromosomes (Chr1, Chr3, and Chr4) contained only one TaNHX gene on each A, B, and D sub-genome (Figure 4). No genes were present on chromosome 6. Gene duplication events, which are a primary mechanism of gene family growth, gave chances for the synthesis of additional genes and their functional divergence.




Figure 4 | The distribution of NHX genes on chromosomes of T. aestivum. Chromosome numbers have been indicated on the top of each chromosome. The position of each gene on the respective chromosome has been depicted in terms of mega base-pairs by numbers beside each gene.






3.3 Protein-protein interaction, miRNA targeting, and duplication events in NHX genes

The response to salt stress is one of the major biological processes in which NHXs play a significant role. The PPI network was created by the STRING database to further examine the potential role of TaNHXs during potential interactions with other proteins (Figure 5). TaNHX proteins are not expected to have any direct interactions with one another. Out of thirty TaNHX proteins, six were participating in the protein-protein interaction network. They shared a similar kind of putative interactive protein. TaNHX1, TaNHX2, TaNHX7, and TaNHX20 were involved in proton exchange and belong to monovalent and proton antiporters (Figure 5). Numerous physiological processes, including vesicle trafficking, pH control, K+ homeostasis, protein transport, and growth and development, are regulated by the antiporters. In contrast, TaNHX6 interacted with SOS1, which is crucial for the expulsion of Na+ ions from cells.




Figure 5 | Interaction network among NHX protein in wheat.



This study employed network analysis, using TaNHX gene expression data, to uncover key insights into sodium ion transport mechanisms in plants. Significant Gene Ontology (GO) terms (FDR < 0.001) were identified, revealing TaNHX genes’ involvement in cellular processes, particularly transmembrane transport. Intriguingly, our analysis revealed intricate interactions between sodium ion transport and the regulation of biological quality, chemical homeostasis, and metal ion homeostasis (Supplementary Figure S2). Subcellular localization indicated that TaNHX proteins primarily reside in plasma membranes, endosomes, and vacuoles, emphasizing their role in Na+/-H antiporter activity and ion homeostasis. The findings also imply potential gene interactions affecting activity levels, paving the way for further investigations into these regulatory networks in plant sodium ion transport (Supplementary Figure S2). This research contributes valuable insights to plant biology and ion homeostasis regulation.

The psRNATarget service has been used to look at how miRNAs regulate the expression of TaNHX genes. For twenty distinct miRNAs, we identified 32 TaNHX genes as potential targets (Table 2). Tae-miR395 is implicated in the regulation of eight TaNHX genes (TaNHX6, TaNHX9, TaNHX10, TaNHX11, TaNHX12, TaNHX24, TaNHX25, and TaNHX28). Tae-miR9666 accounted for regulating the expression of four TaNHX genes (TaNHX6, TaNHX9, TaNHX24, and TaNHX25). The expression of TaNHX genes (TaNHX1, TaNHX3, and TaNHX29) may be influenced by Tae-miR9656 (Table 2). Tae-miR9772, Tae-miR9773, and Tae-miR9774 were predicted to regulate the expression of TaNHX22, TaNHX13, and TaNHX9, respectively.


Table 2 | Prediction of Tae-MIR genes and their targets by using the psRNATarget server with default parameters.



Comparative analysis was utilized to evaluate the orthologous of TaNHX gene duplication in wheat and A. tauschii. We discovered 28 orthologous gene pairs among all the NHX genes from wheat and A. tauschii. Contrarily, there were 27 NHX orthologous gene pairs discovered between wheat and rice, 29 between wheat and T. dicoccoides, and 30 between wheat and Arabidopsis (Supplementary Table S4). Orthologous associations between several species can be found through the analysis of collinearity correlations. NHX gene pairings between the genomes of T. aestivum and A. thaliana were syntenized. The findings revealed that 12 T. aestivum NHX genes shared syntenic relationships with AtNHX genes (Figure 6), indicating that these genes may have aided in the development of the TaNHX gene family.




Figure 6 | Interspecies synteny of T. aestivum, A. thaliana, O. indica, and H. vulgare on the basis of orthologous genes. Gray lines in the background indicate the collinear blocks within T. aestivum, A. thaliana, O. sativa, and H. vulgare while the red lines highlight the syntenic NHX gene pairs.



We conducted an analysis of synonymous substitutions (Ks) and non-synonymous substitutions (Ka) values to investigate the selective pressures underlying the duplication events of TaNHX genes, considering all nucleotide sequences. Our findings unveiled intriguing patterns, notably identifying six gene pairs (TaNHX7/TaNHX5, TaNHX15/TaNHX14, TaNHX22/TaNHX27, TaNHX1/TaNHX3, TaNHX20/TaNHX18, and TaNHX26/TaNHX23) characterized by Ka/Ks ratios lower than 1. These results suggest that these gene pairs experienced purifying selection, indicative of their evolutionary conservation (Supplementary Table 5). Our analysis detected nine distinct segmental duplication events occurring across various chromosomes, along with one notable tandem duplication event within the same chromosome. These findings underscore the pivotal role of segmental duplications in driving the expansion of TaNHX genes within the wheat genome. Furthermore, our observations suggest that certain TaNHX genes may have originated as a consequence of gene duplication events, shedding light on the evolutionary mechanisms responsible for the diversification of this gene family. But it may be due to selection pressure that the number of TaNHX genes was not expended in comparison to other transcription factors in wheat. Genes from three subfamilies (PM, endo and vac.) participated in the tandem and segmental duplication. We also investigated how frequently tandem duplications occur. This region contained 10 TaNHX gene pairs, all of which were closely linked. Notably, the sequence identities among these genes exceeded 80%, strongly suggesting their involvement in tandem duplication events. Given the profound impact of gene duplication on the emergence of novel functionalities and gene families, we conducted a comprehensive exploration of TaNHX gene duplication events within the wheat genome. The paralogous gene pairs were employed to construct a circos plot (Figure 7), enabling us to visualize and elucidate the intricate patterns of duplication events and their implications.




Figure 7 | The synteny analysis of TaNHX family in T. aestivum. Different colors represent NHX family on A, B and D sub-genome red lines indicate duplicated TaNHX gene pairs on A sub-genome, green lines indicated on B sub-genome and blue represented D sub-genome. The chromosome number is indicated at the bottom of each chromosome.






3.4 Tissue-specific expression profiles of NHX genes

TaNHX expression levels were analyzed in wheat roots and leaf tissues exposed to salt stress. The expression analysis was done using RNA-seq data (SRP304900) from NCBI. Under normal conditions, TaNHX1, TaNHX2, TaNHX3, TaNHX5, TaNHX10, TaNHX11, and TaNHX20 were found to be upregulated in all tissues except in grain (Figure 8). However, TaNHXs displayed differential gene expression levels among the tissue types in different genes. It was observed that 23 out of 30 TaNHX genes were expressed very highly in both tissues. Whereas, the genes e.g., TaNHX4, TaNHX17, TaNHX21, TaNHX22, TaNHX27, TaNHX28, and TaNHX29 expression were downregulated in all tissues under salt stress conditions (Figure 8). However, it was found that TaNHX3, TaNHX5, TaNHX7, TaNHX11, TaNHX16, TaNHX18, and TaNHX20 expressed upregulation in all tissues under heat, drought, and cold (Supplementary Figure S3) stresses.




Figure 8 | Normalized expression profiles of NHX genes of T. aestivum in various plant tissues under; (A) control and (B) salt stress conditions. CG represented the control wheat root samples, TG: 150mM NaCl treated wheat root, TMG: 5mM 3-Methylamide + 150mM NaCl treated wheat root, CY: control wheat leaves, TY: 150mM NaCl treated wheat leaves, TMY: 5mM 3-MA + 150mM NaCl treated leaves.






3.5 Validation of NHX genes using qRT- PCR under salinity stress

Using qRT-PCR analysis, we quantitatively evaluated the expression patterns of ten TaNHXs genes under control and salt-stress conditions to observe the potential functions that TaNHXs may play in wheat in responses to salinity stress. The findings demonstrated that salt tolerance (KRL213) and salt-sensitive (HD2009) wheat cultivars both stimulated all TaNHX genes in leaf and root tissues in a concentration-dependent manner (Figure 9). The tissues with the highest induction were the roots, followed by the leaves. TaNHX gene overexpression caused by salinity was greater in KRL213 than HD2009. Out of ten TaNHX genes, five genes [TaNHX2 (~14 folds), TaNHX12 (~9 folds), TaNHX16 (~7 folds), TaNHX20 (~10 folds), TaNHX23 (~3 folds)] showed up-regulation, in the roots of KRL213 at 48 h under 150 mM NaCl stress condition (Figure 9A). On the other hand, expression levels of TaNHX2, TaNHX16, and TaNHX20 were expressed more than twofold in roots treated with 150 mM NaCl at different time intervals. It was observed that TaNHX2, TaNHX12, and TaNHX20 expression levels were higher in the leaves of KRL213 (~10, ~5, and ~16 times, respectively) than HD2009 were down-regulated at 48 h of 150 mM NaCl treatment (Figure 9B). Salinity stress clearly shows up-regulation of TaNHXs in the leaves of KRL213, whereas in HD2009 two genes TaNHX2 and TaNHX20, were expressed higher in leaf tissue at 0 h and 3 h of stress. In KRL213 leaf tissue, all genes used for the validation were up-regulated at 3 h of salt stress (Figure 9B). The gene expression profiles of individual TaNHX members were evaluated in both leaf and root tissues under salinity stress conditions, yielding results that consistently mirrored the salt tolerance characteristics of the two wheat genotypes under study.




Figure 9 | qRT-PCR expression analysis of selected genes in contrasting wheat varieties KRL213 and HD2009 for salt tolerance. (A) leaf tissues and, (B) root tissues under salt stress (150mM NaCl) at different time intervals. The names of the genes are shown in the x-axis, and y-axis represents the fold changes of expression of the genes. The data represents the mean ± standard deviation with n = 3. * Above the bars indicate significant correlation at the 0.05, as analyzed by Student’s T-test.






3.6 MD simulation analysis

The Root Mean Square Deviation (RMSD) serves a crucial statistic for assessing the average changes of a set of atoms concerning a reference frame. Analyzing the RMSD of the protein backbone atoms relative to their initial positions can yield valuable insights into the protein conformational dynamics. In our investigation, the RMSD values for all three proteins were below 2.5 nm. Figure 10A illustrates a stabilizing trend in the RMSD values around 10 ns mark, suggesting the attainment of equilibrium within the simulation. This stabilization milestone serves as an optimal foundation for subsequent analysis.




Figure 10 | MD simulations analysis of NHX Proteins. (A) Root mean square deviation, (B) Root mean square fluctuations (C) Radius of gyration during 30 ns simulations. Superimposition between pre- and post-MD structure shown with different colours for; (D) TaNHX1, (E) TaNHX2 and, (F) TaNHX3 proteins.



Moreover, the Root Mean Square Fluctuation (RMSF) analysis delves into the localized fluctuations occurring along the protein chain during the molecular dynamics (MD) simulations RMSF graph uncovered fluctuations primarily at the C-terminals of the proteins, while the core of the TaNHX proteins displayed no substantial variations (Figure 10B). Additionally, the radius of gyration (Rg) value for the TaNHX structure exhibited a decreasing trend as the simulation time progressed, indicating a progressive compaction of the modeled structure. This observation aligns with the results from the initial run of the simulations. The radius of gyration is a measure of the overall size and compactness of a protein structure. A lower Rg value suggests a more tightly folded and compact conformation, while a higher Rg value indicates a more extended or flexible structure. Therefore, the lower Rg values obtained for the TaNHX protein structure suggest that they adopt a more compact and stable conformation (Figure 10C).





4 Discussion

Sodium-proton (Na+/H+) antiporters, which are encoded by genes belonging to the NHX family, play a pivotal role in upholding ion equilibrium and aiding in membrane trafficking. Their significance is particularly pronounced in plant cells exposed to the challenges of salinity stress, as elucidated by Pehlivan et al. (2016). The NHX gene families have undergone comprehensive identification and functional characterization in various plant species such as Arabidopsis, rice, wheat, sugar beet, and cotton (Manik et al., 2015; Wilkins et al., 2016; Kumari et al., 2018; and Wu et al., 2019). A comprehensive genome-wide investigation of TaNHX genes in T. aestivum has not been conducted yet. Our study aimed to fill this gap by identifying TaNHX genes in the wheat genome and conducting a thorough characterization, including phylogenetic relationships, their characterization, and expression profiling under varying salinity stress conditions, along with molecular dynamic simulation.

Our analysis revealed that TaNHX members in wheat could be classified into three groups based on multiple sequence alignments and sub-cellular localization. For instance, TaNHX7 and TaNHX8 were found to be localized in the plasma membrane, TaNHX5 and TaNHX6 in the endo-membrane, while the remaining members were localized in the vacuole. This localization pattern was comparable with the prior studies in Arabidopsis (Ramesh et al., 2019; Parveen et al., 2021). Notably, the similarity observed in NHX families across lower to higher plant taxa suggests the retention of functional importance throughout evolutionary processes (Shuai et al., 2013). Sub-cellular localization of NHX transporters significantly influences their functionality. NHX family members situated on both the plasma membrane and tonoplast play an integral role in maintaining ionic equilibrium by sequestering and eliminating excessive sodium ions (Na+).

In our analysis, we identified ten conserved motifs in TaNHXs. Notably, a key element of profound importance is the remarkably conserved membrane-spanning pore and cation-binding domain, exemplified by the nonapeptide sequence “FFIYLLPPI,” renowned as the amiloride-binding site. This distinctive characteristic defines the membrane-bound NHX transporters in plants (Wu et al., 2011). This site is well-known for its role in inhibiting cation/H+ exchange when amiloride is present. Interestingly, we found that this region is conserved in the second motif of all TaNHX peptides, indicating that TaNHXs, as a whole, exhibit functional and sequence-based similarities, with the exception of TaNHX14 (Figure 2A). Similar sequence characteristics have been observed in Arabidopsis (Aharon et al., 2003), soybean (Chen et al., 2015), and tea (Paul et al., 2021). These findings contribute to our understanding of the conserved motifs and functional characteristics of TaNHX proteins in wheat and highlight the evolutionary relationships among TaNHXs based on their gene structures.

cis-acting elements, serving as genetic switches for gene transcription, exert significant control over biological processes, encompassing responses to hormonal fluctuations, environmental stress, and developmental stresses (Ren et al., 2017; Zhang et al., 2020). Phytohormones such as gibberellins, methyl jasmonic acid, and abscisic acid wield immense influence over growth, development, and stress responses (Zhao et al., 2021). It is conceivable that TaNHXs actively participate in hormone signaling throughout wheat’s developmental stages and stress responses. This conjecture finds support in the presence of ABREs (abscisic acid responsive elements) and MeJA (methyl jasmonate) responsive elements within the promoter regions of these genes (Table 2). Our findings are in tune with those in P. trichocarpa (Shuai et al., 2013) and S. bicolor (Kumari et al., 2018), which unveiled stress-responsive elements in NHX gene promoters. Furthermore, the promoter regions of TaNHXs harbor elements associated with light responsiveness and low-temperature sensitivity, suggesting their potential involvement in pivotal regulatory processes encompassing phytohormonal dynamics, stress responses, cellular development, and metabolism. By identifying these cis-acting elements and their association with TaNHXs in wheat, our study sheds light on their potential role in the regulation of TaNHX gene expression and their involvement in crucial physiological processes. These findings deepen our understanding of the intricate signaling networks that coordinate hormone responses, stress adaptation, and overall plant development in wheat.

The association of TaNHXs with other proteins, such as SOS2, contributes to the production of a protein kinase that plays a vital role in alleviating salt stress in Arabidopsis (Wilkins et al., 2016). Another protein, SOS3, acts as a calcium ion sensor and facilitates the transportation of SOS2 and SOS1, leading to the efflux of sodium ions from the cells (Shi et al., 2000). The analysis of protein-protein interactions (PPI) revealed a predicted interaction between PM-bounded TaNHX6 and SOS1. TaNHX6, known to possess several hormone- and stress-related cis-acting elements, plays a pivotal role in facilitating the exclusion of Na+ ions from the cell. Similar results have been observed by Manik et al. (2015) in honeysuckle. However, it is important to note that the regulation of salt tolerance involves a complex and interconnected network of interactions (Figure 5). Among the key players in this network are the membrane-bound pyrophosphatases, namely H+-PPase and H+-ATPase related proteins. These proton transporters, dependent on potassium, are crucial for plant responses to stress as well as growth and development. A balanced Na+/K+ ratio is essential for various vital functions, including proper stomatal function, protein synthesis, cell osmoregulation, photosynthesis, and turgor maintenance (Parveen et al., 2021). Given the importance of TaNHXs and potassium transport-related proteins in maintaining this balance, it is justified to include them in protein interaction networks in current research endeavors.

miRNAs have been previously reported as having abiotic stress-responsiveness (Ramesh et al., 2019), indicating their potential involvement in regulating stress-related processes. Specific miRNA families have known roles in different aspects of plant development and response to abiotic stresses (Shuai et al., 2013; Gupta et al., 2014; Luan et al., 2014; Zhang and Chen, 2021; Liu et al., 2022). We identified a total of 20 different miRNAs targeting 26 distinct TaNHX genes (Table 2). Differential expression patterns of TaNHX genes observed in our study can be linked to the stress-responsive miRNAs that target these genes, further emphasizing their role in stress adaptation and plant development.

The analysis of 30 salt-responsive genes in T. aestivum revealed interesting insights. Collinearity analysis indicated that 18 TaNHX genes resulted from whole-genome duplication or segmental duplication, a pattern observed in various gene families, including cotton MADS-Box, GT47, and soybean WRKY, highlighting the role of gene duplication in their evolution (Cannon et al., 2004; Yin et al., 2013; Ren et al., 2017; Wu et al., 2019). Additionally, the collinearity analysis of NHXs revealed shared ancestry among the A, B, and D genomes of NHXs, signifying their common origin. These findings shed light on the NHX family’s evolution in wheat, primarily driven by WGD or segmental duplication events. This deepens our understanding of gene duplication mechanisms, genetic information exchange between species, and the processes shaping species evolution. Furthermore, the evaluation of non-synonymous (Ka) and synonymous (Ks) substitution rates among duplicated gene pairs stands as a pivotal tool for assessing selection pressure and approximating the timing of duplications. In the context of TaNHX genes in wheat, these findings robustly suggest that purifying selection mechanisms played a prominent role in generating genes with conserved functions and, in some cases, undergoing pseudogenization (Supplementary Table S4). Regarding the anticipated motifs within NHX proteins, it has become evident that genes within the duplicated gene cluster showcase functional conservation, while a few motifs lack discernible functional details, potentially indicating pseudogenization. This intriguing observation underscores the possibility of pseudogenization events, as indicated in (Supplementary Table S4). This phenomenon can be attributed to one or more ancestral polyploidy events that transpired in numerous angiosperm plant lineages. Consequently, these gene duplications within the wheat genome have been instrumental in the emergence of evolutionary innovations. Furthermore, a thorough examination of syntenic blocks among NHX genes across wheat and several other plant species has unveiled that the closest orthologs of the wheat channels trace their origins to barley. These extensive synteny relationships at the gene level serve as compelling evidence affirming the close evolutionary affiliations between these species (Ullah et al., 2022). Variations in these evolutionary relationships can provide valuable insights into the substantial rearrangement events that have left their imprint on the genomes of wheat and its related species throughout the course of evolution.

Considering the association of TaNHX genes with stress-responsive cis-acting elements and miRNAs, we hypothesized that their expression patterns would exhibit variations. In our study, we observed up-regulation of TaNHX genes in both leaf and root tissues of the cultivars under salinity stress, irrespective of the severity of salt exposure and the cultivars’ salt tolerance capacity (Figure 8A). Remarkably, the roots, being the first organs exposed to salt, displayed significantly higher induction of TaNHX genes. Although the induction of TaNHXs in leaves was relatively lower compared to roots, it still contributed to the exclusion and improved compartmentalization of Na+ ions within the cells. This heightened expression of sodium transporters directly facilitated the maintenance of Na+ ion homeostasis. Additionally, we observed a gradual increase in gene expression within 3h of salt treatment in leaf tissue. Similar expression patterns were observed in cotton roots, where gene expression reached its peak at 3h, gradually declined, and then increased again at 48h (Figure 8). These findings align with previous studies on BvNHX genes in sugar beet (Wu et al., 2019). Similarly, the wheat gene TaNHX3 exhibited increased expression within 24h in both roots and leaves, followed by a gradual decrease within 48h. Consistent with previous studies on wheat transgene TaNHX, our findings highlighted the responsiveness of TaNHX2, TaNHX12, and TaNHX20 to salinity stress. Yue et al. (2021) found that the addition of 3-methyladenine (3-MA) inhibits autophagy, increases ROS accumulation and impairs the tolerance of wheat seedlings to NaCl stress. Differential expression patterns of NHXs under salinity stress have also been reported in other plant species, such as Beta vulgaris with five NHXs (Wu et al., 2019), Populus trichocarpa with eight NHXs (Tian et al., 2017), and Sorghum bicolor with six NHXs (Kumari et al., 2018). Hierarchical clustering analysis (Figure 8B) revealed two distinct clusters based on the activities of TaNHXs in all tissues under saline conditions in both cultivars. This clustering suggests different regulatory mechanisms or functional roles of TaNHXs in response to salinity stress.

To gain further insights into the TaNHX proteins, we employed molecular modeling and MD simulations to analyze their three-dimensional structure, stability, and conformational changes. The MD simulations clearly confirmed the stability of the three predicted TaNHX proteins over the entire simulation period. These findings collectively offer valuable insights into the expression patterns of TaNHX genes under salinity stress and their potential role in maintaining Na+ ion homeostasis. By elucidating the distinctive expression patterns and robust stability of TaNHX proteins, our study contributes significantly to the comprehension of the molecular mechanisms that underlie salt tolerance in wheat.




5 Conclusions

A comprehensive analysis of the TaNHX gene family in wheat was carried out in the present study. A total of 30 TaNHXs had been identified and phylogenetically divided into three subfamilies, as supported through highly conserved gene structure and motifs in addition to regulatory elements, revealing their significant role in wheat tolerance under salt stress. These thirty TaNHX genes were unevenly distributed among 18 chromosomes in wheat, except chromosomes 6A, 6B, and 6D, wherein no genes have been present. Collinearity analysis results confirmed that segmental duplication events had been essential for the expansion of TaNHX genes in the wheat genome and that certain TaNHX genes might also had been formed through gene duplication. Through qRT-PCR analysis, we observed that certain TaNHX genes in wheat showed increased expression under salt stress, with varying expression patterns at different time intervals in salt-tolerant and salt-sensitive cultivars of wheat. These findings emphasize the significance of the NHX family in wheat tolerance for salt stress response and offer a strong foundation for in addition exploration of wheat NHX genes.
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Introduction

Increasing global warming has made heat stress a serious threat to crop productivity and global food security in recent years. One of the most promising solutions to address this issue is developing heat-stress-tolerant plants. Hence, a thorough understanding of heat stress response mechanisms, particularly molecular ones, is crucial.





Methods

Although numerous studies have used microarray expression profiling technology to explore this area, these experiments often face limitations, leading to inconsistent results. To overcome these limitations, a random effects meta-analysis was employed using advanced statistical methods. A meta-analysis of 16 microarray datasets related to heat stress response in Arabidopsis thaliana was conducted.





Results

The analysis revealed 1,972 significant differentially expressed genes between control and heat-stressed plants (826 over-expressed and 1,146 down-expressed), including 128 differentially expressed transcription factors from different families. The most significantly enriched biological processes, molecular functions, and KEGG pathways for over-expressed genes included heat response, mRNA splicing via spliceosome pathways, unfolded protein binding, and heat shock protein binding. Conversely, for down-expressed genes, the most significantly enriched categories included cell wall organization or biogenesis, protein phosphorylation, transmembrane transporter activity, ion transmembrane transporter, biosynthesis of secondary metabolites, and metabolic pathways.





Discussion

Through our comprehensive meta-analysis of heat stress transcriptomics, we have identified pivotal genes integral to the heat stress response, offering profound insights into the molecular mechanisms by which plants counteract such stressors. Our findings elucidate that heat stress influences gene expression both at the transcriptional phase and post-transcriptionally, thereby substantially augmenting our comprehension of plant adaptive strategies to heat stress.
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1 Introduction

In recent years, global warming has emerged as a critical consequence of climate change, and it poses a significant threat to crop productivity worldwide (Abbas et al., 2018). The rising temperatures, which often surpass the optimal tolerance range for plants, result in what’s known as heat stress -a major abiotic stressor. This condition significantly affects plant growth and overall agricultural output (Li et al., 2011). Heat stress induces oxidative stress and ultrastructural alterations in various plant parts, causing membrane fluidization, lipid bilayer disintegration (Los et al., 2013), unsaturated fatty acid peroxidation, and the promotion of reactive oxygen species (Boca et al., 2014). These affect photosynthesis and nutrient uptake and reduce plant growth and yield (Ali et al., 2020).

To mitigate future risks to global food security, the development of heat-tolerant crops with enhanced productivity holds great promise. Understanding the physiological, molecular, and genetic mechanisms that govern the response to heat stress in model plants is of great value. It can offer insights into improving heat stress tolerance in other plant species, including important agricultural crops (Singh et al., 2019). Consequently, it is crucial to investigate potential mechanisms enabling plants to respond to heat stress and identify genes involved in this response. Despite extensive use of transcriptional profiling assays to identify heat stress-related genes and potential tolerance-inducing mechanisms, there remains a substantial unexplored territory regarding signaling pathways, plant hormones, and transcription factors (TFs) associated with heat stress response (Zhao et al., 2020). Furthermore, the outcomes of these studies often exhibit inconsistencies and fail to fully capture the real-world heterogeneity due to variations in transcript levels resulting from environmental conditions and plant development. Additionally, the high cost of analysis often limits the number of repetitions considered in studies, typically allowing only two (Haynes et al., 2017; Zhang et al., 2017).

Meta-analysis represents a potent approach that effectively mitigates the limitations often encountered in individual expression profiling studies. It plays a pivotal role in enhancing the reproducibility and reliability of results by enhancing statistical power for detecting expression changes, thus providing a more robust and precise identification of differentially expressed genes (DEGs) (Haynes et al., 2017). Microarray technology has been extensively employed to investigate the heat stress response in Arabidopsis thaliana, producing vast datasets amenable to meta-analyses. These meta-analyses are important in the quest to pinpoint key genes and elucidate the mechanisms vital to the plant’s response to heat stress. In this context, this study is dedicated to the identification of genes exhibiting both upregulation and downregulation in response to heat stress. Furthermore, we explored how biological processes, molecular functions, and pathways are affected by the identified DEGs in both upregulated and downregulated directions.




2 Materials and methods



2.1 Dataset collection and processing

In this study, the Gene Expression Omnibus (GEO) (Edgar et al., 2002) and ArrayExpress (AE) (Brazma et al., 2003) databases were utilized to select A. thaliana expression profiling datasets related to heat stress conditions. Searches were conducted using the keywords “heat stress“, “heat shock“, and “abiotic stress“ and filtering results by “Arabidopsis thaliana“ and “Expression Profiling by Array“. Abstracts and keywords of the datasets were carefully examined, and only datasets meeting all the following criteria were used for meta-analyses:

	Dataset derived from mRNA expression profiling using single-channel microarray technology: Single-channel microarrays are widely used for gene expression profiling, making it easier to combine and compare data from different sources.

	Probe-gene mapping annotation from the Affymetrix platform [http://www.affymetrix.com/technology/index.affx]: It is a well-established and reputable microarray platform. Its use allows for consistent annotation and interpretation of gene expression data and reduces platform-specific complications.

	At least two controls and two case samples: The presence of multiple replicates in each dataset allows for assessing the heterogeneity of effects across datasets.

	Control samples originated from plants not exposed to heat stress or any other stress, while case samples originated from plants exposed solely to heat stress.

	Processed gene expression data: To reduce the data complexity and ensures data consistency across the selected datasets.



Each dataset was manually curated to exclude samples exposed to other treatments than heat stress, even in combination. The random-effects meta-analysis was used to account for the presence of heterogeneity, including factors such as light intensity, humidity, recovery time, and plant age , allowing the combination of different studies (Borenstein et al., 2009). To find out how mutant samples affected the different results, two meta-analyses were done: one with all the chosen samples, and the other with only wild-type A. thaliana samples, leaving out the mutant samples.

We downloaded the expression data and all available annotations for the selected datasets from AE database. The GEO datasets were automatically obtained using the MetaIntegrator package (Haynes et al., 2017). Classes (1 for heat stressed samples and 0 for control samples) were manually assigned for each dataset. For all selected datasets, the normalization was unnecessary, as the median values of the samples were similar within each dataset, and the data was already in log scale due to expression values ranging from 0 to 15.




2.2 Meta-analysis and differentially expressed genes identification

A flowchart was created to summarize the meta-analysis methodology employed in this study (Figure 1). The meta-analysis of the selected microarray datasets was conducted using the MetaIntegrator R package. Hedges’ g effect size (Borenstein et al., 2009) was calculated for each gene in each dataset to determine the effect size (ES). The computed ESs were combined using a random-effects model with the inverse-variance method to obtain the summarized effect size (SES). The p-value for each gene was calculated using z-statistics based on a standard normal distribution, using the SES and its corresponding standard error (Khatri et al., 2013). To minimize false-positive results, p-values were adjusted for multiple hypothesis testing using the Benjamini-Hochberg False Discovery Rate (FDR) correction (Benjamini and Hochberg, 1995). Cochran’s Q value was also calculated to assess the heterogeneity of the ES estimates between datasets. Cochran’s Q p-value was computed and adjusted with the Benjamini-Hochberg FDR correction (Haynes et al., 2017).




Figure 1 | Methodology Flowchart for the Conducted Meta-Analyses.



DEGs involved in the heat stress response were identified using the FilterGenes function in the MetaIntegrator R package by adjusting filtering parameters. The cutoffs for the absolute value and the false discovery rate (FDR) of the SES were 1 and 0.001, respectively. The gene must show consistent over- or under-expression across all included datasets to be included in the DEGs list. To examine the heterogeneity of gene expression among different selected datasets, the heterogeneity of the ES was chosen as a cutoff of 0 to retain heterogeneously expressed genes and a cutoff of 0.05 to remove all significantly heterogeneous genes.




2.3 Visualizing and validating the resulting DEGs

The performance of the identified DEGs in the conducted meta-analyses was evaluated to differentiate between heat-stressed samples and control samples in each dataset. This evaluation involved validation of specificity and sensitivity using Receiver Operating Characteristic (ROC) curves and Area Under the ROC Curve (AUC) measurements, facilitated by the MetaIntegrator R package. To display the ES of the obtained DEGs across different datasets and offer an overview of the expression profiles of the selected DEGs in all datasets, a heatmap was generated using the MetaIntegrator R package.




2.4 Gene ontology annotation and pathway analysis

GO terms facilitate an understanding of the fundamental biological processes and molecular functions mediated by genes. The g:Profiler database (Raudvere et al., 2019) was used to perform GO enrichment analysis for both over-expressed and down-expressed genes with a significant p-value < 0.05 to uncover significantly enriched biological processes and molecular functions.

The identified DEGs were converted to TAIR-LOCUS using Gene ID conversion in the g:Profiler platform, as the Affymetrix Arabidopsis ATH1 Genome Array [ATH1-121501] uses open reading frames (ORFs) to map probe sets. Unknown ORFs in this database were manually matched using available information from the GPL198 platform in the GEO database.

The REVIGO database (Supek et al., 2011) and Treemap R package were employed to summarize extensive and complex lists of biological process GO terms by identifying a representative subset of these terms using a clustering algorithm based on semantic similarity measures. Pathway enrichment analysis for DEGs was conducted based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) using the DAVID v.6.8 database (Huang et al., 2009).




2.5 Identifying transcription factors

The list of A. thaliana TFs was obtained from the Plant Transcription Factor Database PlantTFDB v5.0 (Jin et al., 2017). The identified DEGs were then matched with the TFs list using the merge function in R to pinpoint over- and down-expressed TFs.




2.6 Co-expression network analysis

To identify DEGs with similar expression patterns and hub genes, we used the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) v11.0 database (Szklarczyk et al., 2019). We used co-expression evidence from the String database. This database relies on extensive gene-by-gene correlation tests from a vast array of gene expression datasets. These datasets are compiled by processing and mapping numerous experiments archived in GEO database as described by Franceschini et al. (2013).

The complete list of detected DEGs was submitted, including upregulated and downregulated genes. We set the organism to A. thaliana and the co-expression network analysis was conducted by setting the minimum required interaction score to the highest confidence level (0.9). Additionally, we concealed disconnected nodes within the network for enhanced clarity. Nodes represent the encoded proteins, while edges indicate significant co-expression scores. Using Cytoscape software (3.10.1), hub genes were identified based on their extensive connectivity within the network (Shannon et al., 2003).




2.7 Computing platform

We used high-performance computing through an account with access to the HPC-MARWAN computing cluster [https://www.marwan.ma/index.php/services/hpc] to perform all analyses. The necessary statistical calculations were conducted using the R programming language (version 3.6.2), which can be downloaded from [https://cran.r-project.org/], along with associated packages.





3 Results



3.1 Dataset selection

Using the keywords mentioned in the Materials and Methods section and filtering for A. thaliana and Expression Profiling by Array, we found 54 and 58 related datasets in the GEO and AE databases, respectively, with 37 found in both databases. Out of the 75 datasets, 19 met all the criteria specified in the Materials and Methods section (17 from GEO database and 2 from AE database) with the following accession numbers: GSE112161, GSE103398, GSE83136, GSE63372, GSE63128, GSE58620, GSE58616, GSE44053, GSE44655, GSE26197, GSE26266, GSE19603, GSE12619, GSE16222, GSE6154, GSE4760, GSE4062, E-MEXP-1725, and E-MEXP-98. These datasets consisted of 214 samples (including mutant samples), with 92 control samples (untreated plants) and 122 case samples (exposed to heat stress).

All selected datasets were published between 2004 and 2019 and derived from the Affymetrix Arabidopsis ATH1 Genome Array [ATH1-121501] [https://www.ncbi.nlm.nih.gov/geo/info/geo_affy.html]. The datasets included samples from whole seedlings, shoots, and leaves that ranged from 4 and 58 days of age. Control plants were maintained at temperatures between 20 and 24°C, while heat-stressed plants (cases) were exposed to temperatures ranging from 30 to 44°C for 30 minutes to 1 day, with or without recovery time whether in light or dark conditions (Table S1).




3.2 Microarray meta-analyses including/excluding mutant samples

A gene is considered differentially expressed between control and heat-stressed samples when it meets specific criteria. First, the absolute SES value must be greater than or equal to 1. Second, the SES FDR should be less than or equal to 0.001. In addition, the gene is required to show significant over- or under-expressed in all used datasets.

Two meta-analyses were performed, one including samples from mutant plants and the other excluding them (Table 1). In the meta-analysis that included mutant samples (encompassing 19 datasets, 218 samples with 92 controls and 126 cases), a total of 2779 differentially expressed genes were identified (1038 over-expressed and 1741 under-expressed). However, when significantly heterogeneous DEGs were removed by adjusting the heterogeneity threshold to 0.05 in the filtering parameters only 473 genes (177 over-expressed and 296 under-expressed) were detected as DEGs. In this case, 82.97% of the DEGs were found to be heterogeneous across the datasets. Tables S2 and S3 provide lists of DEGs (with and without heterogeneous DEGs, respectively), along with their SESs and Cochrane’s Q values with their respective FDRs.


Table 1 | DEGs obtained under different meta-analysis conditions, with keeping or removing significantly heterogeneous genes.



In the meta-analysis excluding mutant samples (including 18 datasets, 131 samples with 56 controls and 75 cases), 2008 DEGs were identified (862 over-expressed and 1145 under-expressed). After the removal of significantly heterogeneous DEGs, 1998 DEGs remained (853 over-expressed and 1145 under-expressed). In this case, only 0.49 % of the DEGs were found to be heterogeneous across the datasets. Tables S4 and S5 present the lists of DEGs and all associated statistics for this second meta-analysis, both with and without heterogeneity removal. Notably, the first meta-analysis exhibited a much higher rate of heterogeneous DEGs, whereas the second meta-analysis had a very lower rate (0.49%).




3.3 Assessment of identified DEGs

A heatmap was created for the selected DEGs from both the first and second, meta-analyses using the MetaIntegrator R package. This visualization enabled the comparison of expression patterns for selected genes across different datasets and provided an overview of the selected DEGs’ expression profiles in all datasets. The heatmap revealed that the expression patterns of datasets E-MEXP-1725 and E-MEXP-98 were inconsistent with other datasets and the combined expression pattern. These discrepancies became more apparent after removing mutant samples (Figure S1).

The meta-analysis was conducted without including mutant samples, as well as excluding the E-MEXP-1725 and E-MEXP-98 datasets (comprising 16 datasets, 123 samples with 52 controls, and 71 cases). This analysis resulted in 1986 DEGs, with 838 over-expressed and 1148 under-expressed (Table 1). After removing significant heterogeneity, 1972 DEGs were obtained: 826 over-expressed and 1146 under-expressed. Tables S6 and S7 list the DEGs and their associated statistics for this third meta-analysis, both with and without heterogeneity removal.

Given the varied nature of results stemming from the inclusion of mutant samples and the inconsistent findings in the E-MEXP-1725 and E-MEXP-98 datasets, we focused exclusively on the differentially expressed genes (DEGs) derived from the third meta-analysis. This involved excluding all mutant samples, excluding the E-MEXP-1725 and E-MEXP-98 datasets, and removing genes showing significant variability. These selected DEGs were then used for further analysis in this research. Table S7 includes the whole list of DEGs. Additionally, Figure S2 displays a heatmap illustrating the ES of the 1972 significant DEGs identified in the meta-analysis across the 16 selected datasets. The heatmap in the Figure 2 illustrate the most prominently upregulated and downregulated DEGs among these 16 datasets.




Figure 2 | Heatmap of Prominently Upregulated and Downregulated DEGs in Meta-Analysis Across 16 Datasets (Effect Size > 2, FDR < 10-9, Heterogeneity Cutoff ≤ 0.05).



The Receiver Operating Characteristic Curve (ROC-Curve) and the pooled Area Under the Curve (AUC) were employed to evaluate the performance of the selected DEGs in discriminating between heat-stressed samples and control samples across the 16 datasets used in the meta-analysis. Out of the sixteen datasets, fifteen exhibited excellent AUC values (100%), while the remaining one demonstrated a high AUC (91.7%). The pooled AUC of the selected 16 datasets reached 91% (Figure 3).




Figure 3 | ROC Curves for Individual Datasets and Pooled ROC Curve with AUC Determination and Pooled AUC with Standard Error within 95% Confidence Interval for Selected DEGs in Response to Heat Stress in A. thaliana.







4 Gene ontology enrichment analysis



4.1 Enriched biological processes

>For over-expressed genes, 109 biological processes (BPs) were significantly enriched by 826 genes. The most critical processes were: response to heat (GO:0009408), protein folding (GO:0006457), and response to temperature stimulus (GO:0009266), with p-values of 1.51×10-34, 1.19×10-19, and 3.24×10-18, respectively. In contrast, 69 significant BPs were enriched by 1146 under-expressed genes. The most critical among them were transmembrane transport (GO:0055085), carbohydrate metabolic process (GO:0005975), and cell wall organization or biogenesis (GO:0071554), with p-values of 2.24×10-12, 5×10-10, and 2.02×10-8, respectively (Tables S2, 3).

The REVIGO database and Treemap R package were employed to summarize the extensive lists of BP GO terms obtained. The summarized results are presented in Figures 4A, B, where different colors represent superclusters and rectangle sizes are adjusted to reflect the p-value. The 109 enriched BP terms for over-expressed genes were condensed into 9 superclusters, with the most important being responses to heat (18 subsets), mRNA splicing via spliceosome (12 subsets), and chaperone-mediated protein folding (4 subsets). A similar process was conducted for the 69 BP GO terms for under-expressed genes, resulting in 13 superclusters. Protein phosphorylation, ion transmembrane transport, and secondary metabolite biosynthesis were the most represented, with 9, 7, and 12 subsets, respectively.




Figure 4 | REVIGO Treemap Analysis of Biological Process GO Terms for Over-Expressed (A) and Down-Expressed (B) Genes in A. thaliana Using Treemap R Package: Clustering Algorithm Based on Semantic Similarity Measures, Superclusters Visualization, and P-Value Representation.






4.2 Enriched molecular functions

We also used g:Profiler to do Molecular Function (MF) gene ontology enrichment for both over- and under-expressed genes, with a 0.05 p-value cutoff. From the eight molecular functions enriched for over-expressed genes, unfolded protein binding (GO:0051082), heat shock protein binding (GO:0031072), and misfolded protein binding (GO:0051787) were the top three enriched functions, with adjusted p-values of 1.30×10-13, 6.24×10-13, and 2.66×10-07, respectively. Among the 26 enriched molecular functions for under-expressed genes, transmembrane transporter activity (GO:0022857), transporter activity (GO:0005215), and ion transmembrane transporter activity (GO:0015075) were the most enriched, with adjusted p-values of 9.82×10-13, 2.40×10-11, and 7.42×10-09, respectively (Table 2).


Table 2 | List of molecular function GO terms enriched for the over- and down-expressed genes with a p-value <0.05 in response to heat stress in A. thaliana.






4.3 Enriched KEGG pathways

KEGG pathways for over- and under-expressed genes were identified using the DAVID database, with an FDR < 0.05. The top three significant KEGG pathways enriched for over-expressed genes were Ath03040: Spliceosome, Ath04141: Protein processing in the endoplasmic reticulum, and Ath03050: Proteasome, with FDR values of 1.43×10-14, 2.96×10-09, and 0.046959, respectively. Six significant KEGG pathways were identified for under-expressed genes, with the most enriched pathway being ath01110: Biosynthesis of secondary metabolites, with an FDR of 1.99×10-4 (Table 3).


Table 3 | Enriched KEGG pathways by over and down- DEGs with an FDR < 0.05 in response to heat stress in A. thaliana.






4.4 Over- and under-expressed transcription factors in response to heat stress

Identifying TFs is crucial for understanding the heat stress response mechanism in A. thaliana. In this species, 1717 loci encode 2296 TFs, classified into 58 families according to the PlantTFDB (Jin et al., 2017). Over and under-expressed TFs in response to heat stress were identified among the DEGs. The TF encoded by each gene was determined using STRAING v.11 (Table 4). From 1972 DEGs obtained through meta-analysis in response to heat stress, 128 (6.49%) genes encode TFs belonging to 35 families, with 50 over-expressed and 78 under-expressed TFs. The highest number of over-expressed TFs belonged to the Ethylene Responsive TFs family (ERF) with 9 genes, followed by the bZIP family with 8 genes, and the Heat Shock Factor family (HSF) with 7 genes. The largest number of under-expressed TFs belonged to the bHLH family with 7 genes, followed by the MYB family with 6 genes, and the ARF, MYB-related, and GRAS families, each with 5 genes. The GRAS, WRKY, G2-like, GATA, NAC, C2H2, MYB-related, C3H, NF-YB, Trihelix, ERF, and bZIP families contained both over- and under-expressed genes. Notably, only under-expressed TFs were detected in the LBD, LSD, MIKC-MADS, NF-YA, HD-ZIP, Nin-like, SBP, and ZF-HD.


Table 4 | Over- and down-expressed TFs in response to heat stress in A. thaliana.






4.5 Co-expression network analysis

We utilized the complete list to explore their co-expression interactions via the String v.11 platform. By setting the minimum required interaction score at the highest confidence level (0.9), we identified 266 edges connecting the 1959 submitted genes. Notably, 10 genes with a high degree of centrality emerged as hub genes using Cytoscape (v 3.10.1), indicating their extensive connectivity within the network. These hub genes include Imp4, Eda7, At5g08420, Rh36, At3g12050, At1g12650, Atpd, Eda14, Pae1, and Sqn, each scoring 16, 14, 11, 11, 11, 10, 10, 10, 10, and 10, respectively (Figure 5). In the network, nodes represent genes, while edges represent interactions based on co-expression evidence.




Figure 5 | Network Analysis of Selected DEGs Identifying 10 Hub Genes (IMP4, EDA7, AT5G08420, RH36, AT3G12050, AT1G12650, ATPD, EDA14, PAE1, SQN) with High Network Connectivity.







5 Discussion



5.1 Identified DEGs

There is no doubt that the analysis of genes and mechanisms involved in heat stress in plants is crucial for the development of heat-tolerant crops in the context of global warming. To this purpose, we considered that the meta-analysis using transcriptomic data is a very useful tool for several reasons. Firstly, variations in transcript levels due to environmental conditions and plant development can cause differences in gene expression across similar studies. Secondly, the high cost of analysis often limits the number of repetitions considered in studies (usually only two). Thirdly, identifying significant genes through meta-analysis of independent studies addressing the same biological question provides a statistically robust strategy (Balan et al., 2018). In this work, we aimed to highlight key biological processes, molecular functions, and pathways associated with the heat stress response in A. thaliana and to suggest candidate genes as heat stress biomarkers using a random effects meta-analysis.

Performing meta-analysis exclusively on wild type A. thaliana was the optimal approach to identify the most consistent differentially expressed genes (DEGs) since the mutant plants in this study increased result heterogeneity. This was demonstrated by comparing the meta-analysis heterogeneity of DEGs when using only wild-type samples (W) or a combination of wild-type and mutant samples (W/M). Heterogeneous DEG rates were 82.98% for W/M, while W yielded a significantly lower heterogeneity rate of 0.5% (Table 1). Including mutant samples introduced significant variability, which posed challenges in the identification of consistent DEGs. Excluding mutant samples allowed us to focus on the responses of wild-type plants to heat stress.

In this study, 1972 genes were identified as differentially expressed in response to heat stress treatment, with 826 (41.59%) over-expressed and 1146 (58.41%) down-expressed under the significance threshold of FDR ≤ 0.001 and an absolute value of SES ≥ 1. Furthermore, these genes exhibited significant over or down-expression without substantial heterogeneity across all 16 datasets used.

We used the Area Under the ROC Curve (AUC) to show how well the chosen DEGs could tell the difference between heat-stressed samples and control samples in the 16 datasets that made up this meta-analysis. Fifteen out of the sixteen datasets exhibited an exceptional AUC value (100%), while the remaining dataset achieved a high AUC (91.7%), leading to a combined AUC value of 91.5%. Consequently, the selected DEGs could distinguish between heat-stressed and non-heat-stressed A. thaliana with an extremely low probability of false positives. This indicates that the expression patterns of the DEGs can differentiate between heat-stressed and non-heat-stressed A. thaliana plants, validating the significant relevance of these DEGs to the heat-stress response (Figure 3).

Among the DEGs, 8 genes were highly over-expressed with an SES greater than 3; At4g23493 was the most over-expressed gene (with a yet unknown function and encoded protein) and had an SES of 3.57. The other most over-expressed genes included At5g25450, At2g29500, At2g20560, Til (AT5G58070), Hsp70 (AT3G12580), At1g53540, and GolS1 (AT2G47180). For the down-expressed genes, At4g25260, Rkl1 (AT1G48480), and Scl22 (At3g60630) (were the top three with an SES less than -2.40. Notably, the Til gene exhibited strong over-expression due to its involvement in thermotolerance, potentially by inhibiting plasma membrane lipid peroxidation caused by intense heat shock. Boca et al. (2014) demonstrated that Til knockout A. thaliana is much more sensitive to heat stress than the wild type. Conversely, At4g25260, At1g48480, and At3g60630 were the most down-expressed genes with an SES less than -2.40 (Table S7, Figure 2).




5.2 Enriched GO terms and TFs

In response to extreme environmental conditions, such as heat stress, plants undergo extensive transcriptomic, proteomic, and metabolic adjustments to adapt and survive. Our meta-analysis revealed the enrichment of several important pathways, molecular functions, and biological processes. As anticipated, the most significantly up-regulated processes included responses to heat, mRNA splicing via spliceosome, protein transport, chaperone-mediated protein folding, and protein folding. On the other hand, processes such as protein phosphorylation, secondary metabolite biosynthesis, anatomical structure morphogenesis, carbohydrate metabolism, organic substance metabolism, response to endogenous stimuli, cell wall organization or biosynthesis, carbohydrate derivative metabolism, and general metabolism were significantly down-regulated in response to heat stress (Table S2, S3, Figures 4A, B). Molecular functions associated with unfolded protein binding, misfolded protein binding, heat shock protein binding, RNA binding, HSP90 protein binding, chaperone binding, and ATPase regulator activity were significantly up-regulated. In contrast, phosphotransferase activity, alcohol group as acceptor, secondary active transmembrane transporter activity, anion transmembrane transporter activity, transferase activity, kinase activity, and symporter activity were the most down-regulated molecular functions under heat stress conditions (Table 2). Spliceosome, protein processing in the endoplasmic reticulum, and proteasome were the significantly up-regulated pathways in this study. Down-regulated pathways in response to heat stress included biosynthesis of secondary metabolites, metabolic pathways, pentose and glucuronate interconversions, amino sugar and nucleotide sugar metabolism, carbon fixation in photosynthetic organisms, and fatty acid elongation (Table 3).

Regarding transcription factors, 128 differentially expressed transcription factors were identified, belonging to 35 families, with 78 being down-expressed and 50 being over-expressed. Among these transcription factor families, bHLH, HSF, ARFs, AP2, TCP, ERF, bZIP, Dof, MYB and MYB-related, C2H2, NAC, and GRAS were the most represented in response to heat stress in this study. Down-expressed transcription factors were detected in the bHLH, ARF, AP2, TCP, MYB, and Dof families, while only over-expressed transcription factors were found in the HSF family.

The AP2 transcription factor family specifically binds to the GCC-box found in the promoters of certain genes. In this family, 30 transcription factors were identified in A. thaliana, and four were found to be significantly down-expressed in this study, including RAP2.7 and SMZ, both of which repress the transition to flowering. Heat stress has been shown to cause a reduction in the number of flower buds for many plants (Ali et al., 2020). Perhaps, reducing the expression of these two repressors could be a strategy developed by A. thaliana to mitigate the impact of heat on floral development. Further studies are needed to confirm this hypothesis.

Auxin response factor (ARF) is a transcription factor family and specifically binds to the DNA sequence 5’-TGTCTC-3’ located in auxin-responsive promoter elements. Five significantly down-expressed transcription factors were detected belonging to the ARF family, including MP, ETT, ARF16, ARF8, and ARF4. Reducing the expression of some transcription factors involved in activating or repressing auxin-responsive genes alters the cellular response to auxin.

The MYB family contains 168 transcription factors in A. thaliana that bind to the DNA in promoter cis-regulatory elements 5’-GGCGCGC-3’ of cell cycle genes. All six significant transcription factors found in this study encoding for the MYB family are down-expressed, including FLP, AT1G49010, AS1, MYB30 (positive regulator of the hypersensitive response induced by pathogens), MYB28 (involved in the upregulation of aliphatic glucosinolate biosynthesis), and MYB16. The bHLH family is the largest family with 225 members. This study highlights seven differentially expressed transcription factors belonging to this family. Similar to ARF, AP2, and MYB transcription factor families, only down-expressed transcription factors were detected in the bHLH family, including SCRM2 (response to deep-freezing), AT1G29950, AT3G07340, AT3G61950 (all involved in regulation of transcription), MYC4 (involved in jasmonic acid gene regulation), BIM1 (positive brassinosteroid-signaling protein), and bHLH071 (possibly involved in stomatal guard cell differentiation).




5.3 Heat stress induces the response to several abiotic stresses

Among the differentially expressed genes (DEGs), we observed 61 DEGs linked to response to heat and 73 DEGs linked to the response to temperature stimulus, exhibiting the lowest p-value of less than 3 x 10-18 among the enriched biological processes GO terms. These findings emphasize the significance of temperature-related stress in A. thaliana’s adaptive mechanisms.

Notably, heat stress is usually associated with oxidative stress and the accumulation of reactive oxygen species in plants (Pucciariello et al., 2012; Fortunato et al., 2023). This could explain the activation of response to oxidative stress and response to hydrogen peroxide biological processes in heat-stressed plants, which help counter the effects of oxidative stress. Additionally, our analysis revealed several other GO terms that highlight the plant’s response to abiotic stimuli, such as heat acclimation, cellular responses to heat and stress, as well as responses to high-light intensity, hypoxia, decreased oxygen levels, and oxygen levels.

Additionally, the Ethylene Responsive Element Binding Factor (ERF) family, with 193 transcription factors in A. thaliana, is involved in response to various abiotic stresses (Xie et al., 2019). Nine over-expressed and three down-expressed genes belonging to this family were detected in this study. The over-expressed ERF transcription factors include CRF7, RAP2.6, RAP2.4, DREB19, AT2G40350, DREB2B, RAP2.2, CRF6, and DREB2A, which are involved in various stress responses and plant development; whereas AT4G16750, AT5G07580, and CRF2, the down-expressed ERF transcription factors, are involved in the development of cotyledons, leaves, and embryos.

It is worth mentioning that a previous study reported commonality in biological processes among different stress conditions in A. thaliana, including drought, heat, and cold stresses. These shared processes included responses to temperature stimulus and responses to heat (Pathania and Kumar, 2022). This suggests that A. thaliana employs overlapping molecular mechanisms to cope with a variety of environmental stresses.




5.4 Heat stress increases the repairing protein damage

Heat Shock Proteins (HSPs) and other chaperones play a crucial role in protein-related processes, including proper folding, stabilizing partially unfolded proteins, and preventing unwanted protein aggregation (Park and Seo, 2015). Our meta-analysis revealed the upregulation of several important pathways, molecular functions, and biological processes related to protein processing. Specifically, the upregulated pathways included Protein processing in endoplasmic reticulum and Proteasome. Moreover, we observed various upregulated molecular functions, such as unfolded and misfolded protein binding, heat shock protein binding, misfolded protein binding, Hsp90 protein binding, and chaperone binding. In parallel, the upregulated biological processes included responses to topologically incorrect proteins, protein folding, and cellular responses to unfolded proteins. These findings underscore the significance of these processes in maintaining proper protein structure and function under heat stress conditions.

Additionally, among the 25 HSF transcription factors identified in A. thaliana, seven were significantly over-expressed in this study (HSFA2, HSFA1E, HSFA7A, AT-HSFA7B, HSF4, HSFA3, and HSFB2A) (Table 4). HSFA2 is involved in the acquisition of heat memory. It has been shown that hsfa2 knockout A. thaliana exhibits a faster decline in heat shock protein (HSP) expression in response to heat stress compared to the wild type (Lämke et al., 2016). HSFA1E is involved in inducing the expression of HSFA2 (Nishizawa-Yokoi et al., 2011). HSF transcription factors stimulate the expression of heat shock proteins (HSPs), which in turn prevent and repair protein damages (Anckar and Sistonen, 2011). In this study, numerous HSPs were identified as highly over-expressed, such as HSP70b, HSP101, HSP70T-2, HSP17.6II, and HSP70, each with an SES greater than 2. Xu et al. (2018) reported the over-expression of HSP70 in all analyzed fine fescue cultivars under heat stress conditions. The over-expression of these proteins is aimed at repairing protein damage caused by heat stress, which also explains the activation of chaperon-mediated protein folding biological pathway, unfolded protein binding molecular function, heat shock protein binding molecular function, and chaperone binding molecular function.




5.5 Heat stress induces alternative splicing

It becomes evident that heat stress exerts a significant impact on gene regulation in plants, not only at the transcriptional level but also through post-transcriptional mechanisms, particularly alternative splicing. Alternative splicing increases the diversity of functional proteins by generating multiple mRNA products from a single pre-mRNA transcript (Xue et al., 2023). The meta-analysis conducted on A. thaliana in this study identified 46 upregulated DEGs associated with RNA splicing under heat stress conditions, emphasizing the importance of this process in the plant’s response to high temperatures. Notably, several biological processes related to mRNA splicing, (mRNA splicing via spliceosome, RNA splicing via transesterification reactions with bulged adenosine as nucleophile, and RNA splicing via transesterification reactions) exhibited significant upregulation (P-value < 1.2 x 10-13), along with the Spliceosome KEGG pathway (P-value < 1.4 x 10-14). These findings underscore the role of alternative splicing as a means to diversify the functional proteins generated from a single pre-mRNA transcript under heat stress conditions, a process that seems less pronounced under normal conditions (Laloum et al., 2018). Alternative splicing events have been observed in various plant species in response to heat stress. For instance, in Brachypodium distachyon, a total of 1,973 alternative splicing events were identified among 451 differentially expressed genes following exposure to a temperature of 42°C (Chen and Li, 2017). In Oryza sativa, the temperature and drought-responsive gene DREB2B undergoes alternative splicing. Under normal conditions, exon 2 inclusion results in a non-functional isoform. However, high-temperature exposure leads to exon 2 skipping, forming a functional isoform consisting of exons 1 and 3 (Matsukura et al., 2010). In Zea mays, a modest increase in the occurrence of alternatively spliced forms for both ZmHsf04 and ZmHsf17 when subjected to a heat stress treatment at 42°C (Zhang et al., 2020).




5.6 Heat stress alters mineral transport

It has been reported that the translocation and accumulation of minerals are severely disrupted under heat-stress conditions (Ali et al., 2020). This may be related to the down-expression of genes involved in mineral transport molecular functions and biological processes. In this study, the most significantly down-regulated molecular functions in response to heat stress included transmembrane transporter activity, transporter activity, ion transmembrane transporter activity, inorganic molecular entity transmembrane transporter activity, and active transmembrane transporter activity (Table 2). Ion transmembrane transport was among the most down-regulated biological process subclusters, which include ion transmembrane transport, ion transport, anion transmembrane, establishment of localization, carbohydrate derivative transport, and carbohydrate transport biological processes (Figure 4B, Table S3).




5.7 Heat stress alters fatty acid biosynthesis

In response to heat stress, there was a significant down-regulation of the fatty acid biosynthetic and lipid metabolic pathways, as well as the KEGG pathway responsible for fatty acid elongation, particularly in the production of polyunsaturated fatty acids (as shown in Table 3). This could account for the decrease in polyunsaturated fatty acid levels in cellular membranes, a mechanism that increases membrane stability in response to heat stress in plants (Higashi et al., 2015). Polyunsaturated fatty acids are known to be more susceptible to peroxidation (Boca et al., 2014), which can compromise membrane integrity while also increasing membrane fluidity (Los et al., 2013). Consequently, A. thaliana adapts to heat stress by decreasing polyunsaturated fatty acid content in its membranes, thus strengthening its ability to withstand the thermal stress more effectively.




5.8 Hub genes

Ten hub genes were identified through co-expression network analysis among the list of DEGs. With their ES values greater than 1, very low FDR (less than 0.1%), and consistent differential expression across all 16 selected datasets. These ten genes are inferred to hold pivotal roles in the response to heat stress. They include At1g63780 (IMP4), At5g08420, At3g12050, Atpd, At1g53850 (Pae1), RH36, At2g15790 (Sqn), EDA14, At1g12650 (RRP36), and At3g56990 (Eda7). These genes are involved in a diverse array cellular processes, encompassing ribosomal RNA processing, ribosome assembly, and plant development. Their consistent differential expression and significant enrichment values underline their central importance in orchestrating the cellular response to heat stress.




5.9 Genes of unknown function

Several genes, including At4g23493, At3g17110, At1g27590, and At4g17130, were found to be significantly differentially expressed in this study. However, their specific functions remain unknown, emphasizing the need for further research to elucidate their roles in the biological processes.





6 Conclusion

In this study, we conducted a random-effects meta-analysis to investigate the transcriptomic response of A. thaliana to heat stress. Our aim was to overcome the limitations of transcription profiling using microarray technology and reveal a more accurate and precise set of differentially expressed genes (DEGs). As a result, we identified 1972 DEGs, including 826 over-expressed and 1146 down-expressed genes. These genes may serve as a resource for potential candidate genes and molecular biomarkers for engineering heat-stress-tolerant plants. The over-expressed genes are primarily involved in heat response and RNA splicing BP, and unfolded protein binding KEGG pathways, while the down-expressed genes are mainly associated with the organization or biogenesis BP, transmembrane transporter activity MF, and secondary metabolite biosynthesis KEGG pathways. Furthermore, we identified 128 differentially expressed transcription factors (TFs) belonging to 35 TF families; co-expression network analysis revealed 10 hub genes.

By providing a comprehensive understanding of the molecular mechanisms involved in heat stress response, this research would serve as a valuable foundation for developing heat-stress-resistant crops, ultimately contributing to global food security in a warming world.
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Introduction

Continuous identification and application of novel resistance genes against stripe rust are of great importance for wheat breeding. Wild emmer wheat, Triticum dicoccoides, has adapted to a broad range of environments and is a valuable genetic resource that harbors important beneficial traits, including resistance to stripe rust caused by Puccinia striiformis f. sp. tritici (Pst). However, there has been a lack of systematic exploration of genes against Pst races in wild emmer wheat.





Methods

Genome-wide transcriptome profiles were conducted on two wild emmer wheat genotypes with different levels of resistance to (Pst (DR3 exhibiting moderate (Pst resistance, and D7 displaying high (Pst resistance). qRT-PCR was performed to verify findings by RNA-seq.





Results

A higher number of DEGs were identified in the moderately (Pst-resistant genotype, while the highly (Pst-resistant genotype exhibited a greater enrichment of pathways. Nonetheless, there were consistent patterns in the enrichment of pathways between the two genotypes at the same time of inoculation. At 24 hpi, a majority of pathways such as the biosynthesis of secondary metabolites, phenylpropanoid biosynthesis, phenylalanine metabolism, and alpha-Linolenic acid metabolism exhibited significant enrichment in both genotypes. At 72 hpi, the biosynthesis of secondary metabolites and circadian rhythm-plant pathways were notably and consistently enriched in both genotypes. The majority of (WRKY, MADs , and  AP2-ERF  families were found to be involved in the initial stage of response to Pst invasion (24 hpi), while the MYB, NAC, TCP, and b-ZIP families played a role in defense during the later stage of Pst infection (72 hpi).





Discussion

In this present study, we identified numerous crucial genes, transcription factors, and pathways associated with the response and regulation of wild emmer wheat to Pst infection. Our findings offer valuable information for understanding the function of crucial Pst-responsive genes, and will deepen the understanding of the complex resistance mechanisms against Pst in wheat.
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1 Introduction

Wheat is one of the most important crops in the world, providing more than 20% of total human food calories (Zhao et al., 2020). Stripe rust (also called yellow rust), caused by Puccinia striiformis f. sp. tritici (Pst), is generally considered one of the most devastating diseases of wheat all over the world (Schwessinger, 2017; Wu et al., 2023). In an infected field, this disease can cause significant reductions in both the yield and quality of wheat. In extreme situations, it can result in yield losses of up to 100% (Peng et al., 1999). Although stripe rust can be controlled through the timely application of fungicides, growing resistant cultivars has proven to be the most effective, economical and environmentally safe means of controlling the stripe-rust disease. Discovering key genes for stripe rust resistance can provide important elements for breeding resistant cultivars.

To date, a total of 86 correctly named stripe rust resistant (Yr) genes (Yr1-Yr86) and over 100 Yr genes with temporary names have been identified in wheat and its wild relatives (Zhu et al., 2023). Among these, certain wheat resistance genes, such as Yr9 (Liu et al., 2008), Yr15 (Yaniv et al., 2015), and Yr26 (Wang et al., 2008), have been extensively utilized in wheat breeding programs. However, the continuous emergence of new virulence races within Pst populations has rendered most of the stripe rust resistance genes ineffective (Poland et al., 2009; Zhang et al., 2021; Zhao et al., 2022). Chinese wheat varieties, such as Nanda 2419, Ganmai 8, Zhongliang 11, Nongda 139, and Chuanmai 42 become susceptible due to the development of new virulent races during these years (Kang et al., 2015; Zhao et al., 2022). Therefore, there is a pressing need to identify and utilize novel genes that exhibit exceptional resistance against the emerging virulent Pst races.

The greatest hope for future crop genetic improvement lies in exploiting the gene pools of the wild relatives of crop plants (Peng et al., 1999). Hence, wild emmer wheat, T. dicoccoides, the progenitor of all cultivated wheats, is particularly promising for stripe rust resistance. Wild emmer wheat is believed to have originated in the northeastern Israel and the Golan Heights and adaptively diversified throughout the Fertile Crescent, across a variety of ecological conditions (Nevo, 2002). It has adapted to a broad range of environments and is a valuable genetic resource that harbors important beneficial traits, including a potential source of genes for stripe rust resistance (Nevo, 2002; Fu et al., 2009; Peng et al., 2011). Broad-spectrum stripe rust resistance genes Yr36 (Fu et al., 2009) and Yr15 (Klymiuk et al., 2018), derived from wild emmer wheat, have been cloned. And also, several resistance genes, including Yr30/Sr2 (Singh et al., 2005; Liu et al., 2017), Yr35/Lr52 (Dadkhodaie et al., 2011) and YrH52 (Peng et al., 2000) derived from wild emmer wheat, have been mapped onto various chromosomes. Thus, wild emmer wheat represents one of the best hopes for genetic improvement of wheat stripe rust resistance.

RNA sequencing (RNA-seq) is a highly sensitive and comprehensive strategy for transcriptome analysis (Wang et al., 2021). It has been widely used in recent years for identifying genes and understanding the mechanisms underlying plant-pathogen interactions (Xu et al., 2011; Wang et al., 2021; Cai et al., 2023; Wang et al., 2023). Wang et al. (2023) recently employed mutagenesis and transcriptome sequencing to successfully clone the leaf rust resistance gene Lr9. Based on RNA-seq analysis, the underlying mechanisms of transcription factor BZR2 confer resistance to wheat stripe rust were revealed by Bai et al. (2021). Although previous studies have documented several wheat resistance genes against stripe rust, there has been a lack of systematic exploration of genes against Pst races in wild emmer wheat using RNA-Seq. The objectives of this study were to comprehensively analyze the transcriptome profiles of leaves from two wild emmer genotypes with different Pst resistance and identify crucial genes and pathways associated with the response and regulation of wild emmer wheat to Pst infection, as well as to elucidate the underlying molecular mechanisms involved in the response to strip rust. The findings will offer significant insights for enhancing the resistance of wheat cultivars against prevalent Pst races through molecular breeding techniques.




2 Materials and methods



2.1 Plant materials and Pst inoculation

In both field and greenhouse conditions, a total of 350 wild emmer wheat accessions were inoculated with a mixture of the prevalent Chinese Pst races comprising CY31, CY32, and CY34. Among these, two wild emmer wheat genotypes, namely DR7 and DR3, with different level of Pst resistance were used for identifying genes in response to Pst infection. Infection types (ITs) were assessed 20 days after inoculation using a previously established 0 to 9 scale (Chen and Line, 1992). Following Pst infection, DR7 exhibited a notable level of resistance against Pst races, as indicated by an IT value of 0 (Supplementary Figure S1). Whereas, DR3 demonstrated a moderate level of resistance against Pst races. More specifically, the DR3 genotype displayed chlorotic and necrotic areas in the leaves, accompanied by light sporulation. The IT value for DR3 was measured at 3-4, with a disease severity ranging from 20-30% (Supplementary Figure S1). Wheat plants were cultivated and subjected to Pst inoculation for RNA-Seq analysis, following the methodology outlined by Kang and Li (1984). Leaf samples were collected at three different time periods, i.e., 0, 24, and 72 hours post-inoculation (hpi). Sampling from each period was conducted with three biological replicates. The samples collected at 0 hpi were labeled as CK. The samples collected from DR7 at 24 and 72 hours after inoculation were labeled as DR7_24 and DR7_72, respectively, while the corresponding samples from DR3 were labeled as DR3_24 and DR3_72. All fresh samples were promptly frozen in liquid nitrogen and stored at -80 ° until RNA extraction.




2.2 RNA extraction, library construction and sequencing

The total RNA was extracted from the leaf samples collected at the specific time points using the Trizol reagent (Invitrogen) following the manufacturer’s protocol. Subsequently, the extract was treated with DNaseI to eliminate genomic DNA. The quantity and quality of the total RNA were assessed using an Agilent 2100 Bioanalyzer system. Following this, a total of 18 cDNA libraries were constructed and sequenced using the Illumina HiSeqTM 2000 system (Illumina, San Diego, CA, USA) at the Novogene Bioinformatics Technology Co., Ltd. (Beijing, China).




2.3 Transcripts assembly and sequencing alignment

The 18 libraries produced raw reads, which underwent a series of preprocessing steps to eliminate low-quality reads, adaptor sequences, and reads containing poly-N. Quality indicators, including Q20 (%), Q30 (%), error rate (%), and GC (%) content, were then calculated for further analysis. The clean reads were aligned to the wild emmer wheat reference genome using the HISAT2 software (https://daehwankimlab.github.io/hisat2/, version 2.2.1) (Kim et al., 2019). The wild emmer wheat genome WEW_v2.0, available at https://www.ncbi.nlm.nih.gov/genome/13332?genome_assembly_id=444209, was used as the reference. The assembly of transcripts was conducted utilizing the StringTie software (https://ccb.jhu.edu/software/stringtie/#top, version 1.3.4) (Pertea et al., 2016), followed by merging of spliced transcripts from each sample using the Cuffmerge software (version 2.2.1) (Trapnell et al., 2010). Subsequently, the transcripts were categorized into known and novel transcripts through comparison with the database. The quantification of gene expression was determined using the fragments per kilobase of transcript sequence per million base pairs sequenced (FPKM) methodology (Trapnell et al., 2010).




2.4 Differential expression analyses of genes

For the purpose of conducting differential expression analysis, the samples were subjected to pairwise comparisons between different time points within the same genotype. Specifically, the comparisons included DR3_24h vs DR3_CK, DR3_72h vs DR3_CK, DR7_24h vs DR7_CK, and DR7_72h vs DR7_CK. The DESeq2 method (Love et al., 2014) was employed for this analysis. The selection of significant differential expression genes (DEGs) was based on stringent criteria of Padj <0.05, |log2Ratio| ≥ | 1, and FPKM ≥ 1. To cluster the differentially expressed genes, hierarchical clustering was performed using the FPKM value of each sample.




2.5 GO terms and KEGG enrichment analyses of DEGs

The GOseq (Young et al., 2010) was used to conduct Gene Ontology (GO) enrichment analysis on differentially expressed genes. These genes were categorized into three GO categories: biological process (BP), cellular component (CC) and molecular function (MF). Additionally, the DEGs underwent enrichment analysis using the Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa et al., 2017) to identify Pst-responsive metabolic pathways and associated candidate genes. The hypergeometric test was used to determine significantly enriched GO terms and KEGG pathways, with a corrected P-value threshold of <0.05.




2.6 Identification and analysis of transcription factors

Transcription factors (TFs) were predicted using the iTAK (version 18.12) (http://itak.feilab.net/cgi-bin/itak/index.cgi) and assigned to different families (Zheng et al., 2016). The coexpression networks were constructed using the WGCNA package version 1.42 (Langfelder and Horvath, 2008). TFs with FPKM values > 1 were used for the WGCNA co-expressed network analysis. The modules were obtained by employing the automatic network construction function blockwiseModules with default settings. The network hub was defined as a highly connected gene within a network that exhibited high intra-modular connectivity.




2.7 Validation of mRNAs by qPCR analysis

To ensure the reliability and validity of the RNA-seq findings, a total of 20 DEGs were randomly selected for quantitative real-time PCR (qRT-PCR) analysis. The same RNA samples that were used to for RNA-seq were also utilized for qRT-PCR. The gene-specific primers (listed in Supplementary Table S1) required for qRT-PCR analysis were designed using Primer Premier 5.0 software (Premier Biosoft International, Palo Alto, CA, USA). Total RNA was extracted from the leaf samples following the procedure outlined in Section 2.2. Subsequently, first-strand cDNA was synthesized using M-MLV reverse transcriptase (Promega) and an oligo (dT) primer, following the manufacturer’s instructions. This cDNA was then utilized as a template for RT-PCR analysis. All qRT-PCR reactions were performed in triplicate, and the 2−ΔΔCT method was employed to calculate relative expression levels (Pfaffl, 2001). The Tublin gene served as an internal reference for normalizing the expression data in the qRT-PCR analysis. The correlation between RNA-Seq and qRT-PCR was assessed using SPSS 22.0 software (SPSS Institute Ltd., Armonk, NY, USA).





3 Results



3.1 Results and quality assessment of transcriptome sequencing

A total of 2,881,302,618 raw reads were generated from the 18 libraries, as indicated in Supplementary Table S2. After the removal of low-quality reads, adapter sequences, and reads with poly-N, a total of 2,873,356,960 clean reads were obtained (Supplementary Table S2). The “Q20” and “Q30” values exceeded 97% and 93% respectively, while the GC content ranged from 43.61% to 46.99% (Supplementary Table S2). These statistics suggest that the sequencing data exhibited high quality. Subsequently, the clean reads were aligned to the wild emmer wheat reference genome using the HISAT2 software (Kim et al., 2019). On average, 95.23% of the reads were successfully aligned with the reference genome, and 75.22% of these reads were unique (Supplementary Table S2).

The quantification of gene expression levels was achieved using normalized FPKM (Trapnell et al., 2010). The FPKM data underwent rigorous testing to assess correlations between biological replicates, with all obtained Pearson correlation coefficients exceeding 0.91 (Supplementary Figure S2A). Notably, the results of principal component analysis (PCA) demonstrate a strong clustering pattern among the biological replicates for each sample, as depicted in Supplementary Figure S2B. Taken together, these findings prove the high reproducibility and reliability of our experimental data.

Genes that exhibited expression were determined based on FPKM values > 1. Utilizing Cufinks software (Trapnell et al., 2010), a total of 27,355 annotated expressed genes were identified across the eighteen samples. The distribution of these 27,355 expressed genes across the chromosomes is depicted in Figure 1.The distribution of genes across the 14 chromosomes was relatively uniform, with the lowest number observed on chromosome 6A (1,528 genes) and the highest number observed on chromosome 3B (2,275 genes).




Figure 1 | Genomic distribution of genes with FPKM ≥ 1.






3.2 Characterization of differentially expressed genes in response to Pst infection

Based on the criteria of |log2Ratio| ≥ |1|, Padj < 0.05, and FPKM ≥ 1, a total of 16,659 DEGs were obtained when comparing the 24 hpi and CK samples, as well as the 72 hpi and CK samples, in the two accessions (Figures 2B, C). In the DR3 genotype, a total of 9,371 genes exhibited differential expression at 24 hpi, with 6,318 genes showing upregulation and 3,053 genes showing downregulation. Similarly, at 72 hpi, 9,609 genes displayed differential expression, with 5,869 genes upregulated and 3,740 genes downregulated (Figure 2A). In the DR7 genotype, 1,536 genes exhibited differential expression at 24 hpi, with 1,299 genes upregulated and 307 genes downregulated. At 72 hpi, 7,346 genes displayed differential expression, with 4,758 genes upregulated and 2,588 genes downregulated (Figure 2A). The DR3 genotype exhibited a greater proportion of differentially expressed genes compared to the DR7 genotype at both 24 and 72 hpi, suggesting that the inoculation of Pst may exert a more substantial regulatory impact on the genotype with moderate resistance to Pst than those with high resistance to Pst (Figure 2A).




Figure 2 | Identification and characterization of differentially expressed genes (DEGs) between pairs of libraries based on criteria of Padj < 0.05, |log2Ratio| ≥1 and FPKM >1. (A) The numbers of DEGs detected across the four comparison groups (DR3_24h vs DR3_CK, DR3_72h vs DR3_CK, DR7_24h vs DR7_CK, and DR7_72h vs DR7_CK); (B) Venn diagram of up-regulated genes across the four comparison groups; (C) Venn diagram of down-regulated genes across the four comparison groups; (D) Hierarchical cluster analysis of 418 common Pst-responsive genes across all samples. Red color indicates that the gene is highly expressed in the sample, and the blue color indicates that the gene expression is low.



Venn diagram analyses were conducted to identify the presence of overlapping and unique genes in various comparison groups. In the DR3 genotype, a total of 8,407 DEGs were specific to this particular genotype. Of these, 4,067 DEGs were unique to the 24 hpi, while 2,607 DEGs were unique to the 72 hpi. Moreover, 1,773 DEGs were found to be shared between the 24 hpi and 72 hpi. In the DR7 genotype, a total of 1,772 DEGs were exclusively expressed. Among these, 148 DEGs were unique to the 24 hpi, while 1,562 DEGs were specific to the 72 hpi. Additionally, 62 genes were found to be common to the two time points (Figures 2B, C). Significantly, a total of 418 common DEGs (306 upregulated and 112 downregulated) were identified in response to Pst infection across four comparisons (DR3_24h vs DR3_CK and DR3_72h vs DR3_CK, and DR7_24h vs DR7_CK and DR7_72h vs DR7_CK) (Figures 2B, C). The identification of these 418 common DEGs is of great importance in understanding the defense mechanisms against stripe rust. Their presence suggests the existence of conserved regulatory pathways that are activated by Pst infection in both genotypes. Notably, further investigation of these DEGs revealed consistent expression patterns between DR7 and DR3 at the same Pst-inoculation time point (Figure 2D). Although there was minor variation observed among the three replications, such as DR7 at 24 hpi, the differentially expressed genes at the same Pst-inoculation time point were well clustered and effectively distinguished from other Pst-inoculation time point.




3.3 GO and KEGG enrichment analyses of differentially expressed genes

The DEGs from each comparison groups (DR3_24h vs DR3_CK, DR3_72h vs DR3_CK, DR7_24h vs DR7_CK, and DR7_72h vs DR7_CK) and 418 common DEGs across all four comparison groups were subjected to GO analysis to predict their biological function in response to Pst-inoculation (Figure 3A). The top 20 enriched terms for each comparison groups are displayed in Figure 3A. A great number of DEGs were found to be involved in BP function and MF function in this study. Specifically, metabolic process, organic substance metabolic process, single-organism process, cellular process, primary metabolic process, single-organism metabolic process, and cellular metabolic process in the BP, as well as catalytic activity, transferase activity, and oxidoreductase activity in the MF, were commonly enriched across all comparison groups (DR3_24h vs DR3_CK, DR3_72h vs DR3_CK, DR7_24h vs DR7_CK, and DR7_72h vs DR7_CK). Importantly, 418 common DEGs were also dominantly enriched in metabolic process, organic substance metabolic process, cellular process, and primary metabolic process in the BP and catalytic activity, binding, and oxidoreductase activity in the MF (Figure 3A). In addition, it was observed that at 24 hpi, the DR7 and DR3 genotypes exhibited common enrichment in three terms: phosphate-containing compound metabolic process, binding, and ion binding. Similarly, at 72 hpi, both genotypes showed common enrichment in several terms, including single-organism cellular process, establishment of localization, transport, transmembrane transport, lipid metabolic process, localization, single-organism transport in the MF category, and membrane in the CC category (Figure 3A). These findings suggest that genes associated with these categories may have significant roles in the defense against Pst infection in both DR7 and DR3 genotypes.




Figure 3 | GO and KEGG pathway enrichment analysis of differentially expressed genes in response to stripe rust. (A) GO enrichment analysis of DEGs; only the significantly terms were showed. (B) KEGG enrichment analysis of DEGs; only the significantly enriched pathways were showed.



To identify the metabolic pathways activated in response to Pst-inoculation, we searched the DEGs against KEGG database. The significant enriched pathways for each comparison groups are presented in Figure 3B. In the DR3 genotype, several pathways including biosynthesis of secondary metabolites, phenylpropanoid biosynthesis, phenylalanine metabolism, and alpha-Linolenic acid metabolism were found to be significantly enriched at 24 hpi (Figure 3B). The pathways of biosynthesis of secondary metabolites, secondary metabolites and circadian rhythm - plant were significantly enriched at 72 hpi (Figure 3B). A greater abundance of pathways exhibited enrichment in DR7 compared to DR3. At 24 hpi, the significantly enriched pathways in the DR7 include biosynthesis of secondary metabolites, secondary metabolites, circadian rhythm-plant, glutathione metabolism, glyoxylate and dicarboxylate metabolism, alpha-Linolenic acid metabolism, monoterpenoid biosynthesis, cyanoamino acid metabolism, and photosynthesis antenna proteins (Figure 3B). Similarly, at 72 hpi, the significantly enriched pathways in the DR7 included biosynthesis of secondary metabolites, circadian rhythm - plant, starch and sucrose metabolism, galactose metabolism, and cyanoamino acid metabolism (Figure 3B). These results suggest that the DR7 genotype, which exhibits a high level of resistance to Pst, has a more complex regulatory networks when exposed to Pst infection, as compared to the genotype with moderate resistance (Figure 3B). Notably, the analysis revealed that 418 DEGs shared among the four comparison groups were also significantly enriched in the pathways of phenylpropanoid biosynthesis, phenylalanine metabolism, circadian rhythm-plant, thiamine metabolism and ubiquinone (Figure 3B).




3.4 Transcription factors in response to Pst infection

Transcription factors (TFs) play a significant regulatory role in the wheat response to Pst infection (Bai et al., 2021). A total of 298 differentially expressed TFs from 9 families were identified, according to the criteria of |log2Ratio| ≥ |1|, Padj < 0.05, and FPKM ≥ 1. These nine TF families identified were NAC, WRKY, MYB, bHLH, AP2/ERF, MADS, bZIP, HY, and TCP. Of these families, the WRKY family was the most abundant in the response of wild emmer wheat to Pst infection. As shown in Table 1, the majority of these TFs were upregulated, and DR3 had a higher proportion of differentially expressed TFs in comparison to DR7 at both the 24 and 72 hpi.


Table 1 | Identification and characterization of differentially expressed transcription factors in four comparison groups based on the criteria of Padj < 0.05, |log2Ratio| ≥1 and FPKM > 1.



To analyze the co-expression and correlation networks of these differentially expressed TFs, we conducted weighted correlation network analysis (WGCNA) as depicted in Figure 4. The findings indicate that the differentially expressed TFs can be categorized into three distinct co-expression modules, indicated with different colors (brown, turquoise and blue) (Figure 4A). Further analysis indicates that these three modules (colored brown, turquoise and blue) exhibit a strong correlation with Pst-inoculation time (0 hpi, 24 hpi, and 72hpi) (Figure 4B). Significantly, TFs in both DR3 and DR7 genotypes exhibit similar expression patterns during the same time of Pst-inoculation, but with higher expression levels in DR3 compared to DR7. The majority of TFs belong to the turquoise module (131) and blue module (120), indicating that the highest expression of most TFs occurred at 24 hpi and 72hpi, respectively. Notably, there was family-specific expression observed at different time points (Figure 4C). The majority of WRKY, AP2-ERF, and MADs reached their highest expression level at 24 hpi, whereas all HY5 and over half of MYB, TCP, and bZIP reached their peak expression at 72 hpi.




Figure 4 | WGCNA of differentially expressed transcription factors (TFs). (A) Cluster dendrogram of TFs based on expression levels after Pst infection. Each branch represents a gene and each color below represents a gene co-expression module. (B) Correlation of transcription factor expression patterns at different Pst-inoculation time points (0, 24 and 72 h). The color bar indicates correlation from low (blue) to high (red). (C) Distribution of transcription factor families in different WGCNA modules. Brown: 0 hpi; Turquoise: 24 hpi; Blue: 72 hpi. Each color in the visual representation signifies a co-expression module, while the numerical values correspond to the quantity of transcription factors present within each module. (D) A heatmap showing fold-changes of hub genes identified across the four comparisons. The color gradient represents log2fold-change between the Pst-infection group and the control group with red color referring to the upregulated genes and blue color referring to the downregulated genes.



Within each module, hub genes were identified, including MYB3, MYB52, MYB86, ERF34, ERF43, bZIP19, bZIP46, bZIP(HY5), WRKY19, NAC73, and bHLH130 in the blue module. Similarly, the turquoise module was found to have WRKY22, WRKY24, WRKY28, WRKY50, MYB30, NAC2, NAC17, ER1, and ERF23 as its hub genes.




3.5 Validation of RNA-seq analysis by quantitative real-time PCR

To evaluate the reliability of DEGs obtained through RNA-seq analysis, a random selection of 20 DEGs were subjected to qRT-PCR analysis (Supplementary Table S1), with Tublin as the reference gene for normalization. The findings demonstrated a good agreement with the gene expression pattern derived from RNA-Seq, although there were minor discrepancies in the log2 Fold change values. A highly significant correlation (R2 = 0.9094, n = 80; correlation coefficient of qRT-PCR log2FC versus RNA-seq log2FC) between the RNA-seq and qRT-PCR data was observed (Supplementary Figure S3). This outcome unequivocally validates the reliability of the DEGs obtained from RNA-seq analysis in this study.





4 Discussion



4.1 Potential value of wild emmer wheat in wheat breeding for stripe rust resistance

Evaluation of resistance against stripe rust can help us understand the application potential of wild emmer wheat germplasm in wheat breeding programs for resistance against the stripe rust disease. In the present study, we systematically assessed the stripe rust response of a germplasm collection including 350 wild emmer wheat accessions. The germplasm, collected from Near East Fertile Crescent, represent the natural distribution of wild emmer wheat. A total of 49 accessions identified were completely immune to the prevalent stripe rust races, and 6 moderately resistant under both the field and greenhouse conditions. Hence, the resistant accessions screened are the useful core germplasm for mining resistant genes for wheat genetic improvement. Among these, two wild emmer wheat genotypes, namely DR7 and DR3, with different level of Pst resistance were used for identifying genes in response to Pst infection.




4.2 Global patterns of transcription in response to Pst-infection in wild emmer wheat

The emergence of new and highly virulent races of Pst poses a significant threat to global wheat production, making it imperative to identify novel Pst-resistant genes in order to enhance wheat resistance against this devastating stripe rust disease (Kang et al., 2015; Schwessinger, 2017). RNA-seq analysis is the most promising method for elucidating the molecular mechanisms underlying plant-pathogen interactions, including the roles of genes, pathways, and transcription factors involved (Cui et al., 2017; Bai et al., 2021; Xu et al., 2023). In the present study, we conducted RNA-seq analysis on two genotypes with different levels of resistance to Pst. A total of 16,659 DEGs were identified in the two genotypes. Notably, a greater number of DEGs were observed in DR3 (9,371 at 24 hpi; 9,609 at 72 hpi) compared to DR7 (1,536 at 24 hpi; 7,346 at 72 hpi) (Figure 2A). A higher number of DEGs were detected in DR3 at 24 hpi, suggesting that global gene expressions were more quickly initiated in the moderately Pst-resistant genotype than those in the highly Pst-resistant genotype, when they were exposed to Pst-infection. However, the analysis of KEGG showed that more pathways were enriched in DR7 than in DR3 (Figure 3B). This suggests that more metabolic pathway and more complex molecular mechanisms were triggered in the highly Pst-resistant genotype to against stripe rust. Notably, significantly enriched pathways had similar patterns at the same inoculation time between the two genotypes. At 24 hpi, most pathways including biosynthesis of secondary metabolites, phenylpropanoid biosynthesis, phenylalanine metabolism, and alpha-Linolenic acid metabolism were commonly enriched in both genotypes (Figure 3B). While biosynthesis of secondary metabolites and circadian rhythm-plant were identified as the commonly enriched pathways at 72 hpi (Figure 3B). Importantly, these 418 commonly identified DEGs across the four comparison groups were significantly enriched in the pathways of phenylpropanoid biosynthesis, phenylalanine metabolism, circadian rhythm-plant, thiamine metabolism, and ubiquinone. These findings shed light on the potential significance of these pathways in conferring wheat resistance against Pst infection, as depicted in Figure 3B.




4.3 Phenylpropanoid biosynthesis and phenylalanine metabolism could play a role in wheat resistance against Pst during the early stage of infection

The phenylpropanoid pathway, which is responsible for the biosynthesis of many secondary compounds, plays a crucial role in plant defense against pathogens (Govender et al., 2017; Dong and Lin, 2021). Previous study has shown that the activation of phenylpropanoid biosynthesis and phenylalanine metabolism pathways occurred in wheat after 24 hpi (Hao et al., 2016). Similarly, our findings indicate that these pathways were significantly enriched at 24 hpi in both the genotypes, suggesting their potential importance in conferring wheat resistance against Pst during the initial phase of infection.

Previous studies have demonstrated that phenylalanine ammonia-lyase (PAL) functions as the gateway enzyme in phenylpropanoid metabolism and plays a key role in the response to various environmental stimuli, including pathogen infection (Yuan et al., 2019; Pant et al., 2021; Liu et al., 2023b). Here we show that the expression of the majority of PAL genes in wild emmer wheat is significantly increased in response to Pst infection in the two accessions. Although the enrichment factors of phenylpropanoid biosynthesis and phenylalanine metabolism were significantly higher in the moderately Pst-resistant genotype of DR3 compared to the highly Pst-resistant genotype of DR7, the up-regulated expression fold of the PAL gene in DR3 was significantly lower than that in DR7 (Figure 5B). This finding is consistent with a previous study by Chen et al. (2013), which showed the involvement of PAL in phenylpropanoid biosynthesis in both the Yr39-mediated high-temperature adult-plant (HTAP) and Yr5-mediated all-stage resistances of wheat. Recent report showed that TaPAL contributes to wheat resistance to Pst by regulating lignin and phenol synthesis, which was verified by the virus-induced gene silencing (VIGS) technique (Liu et al., 2023b).




Figure 5 | Phenylpropanoid biosynthesis pathway and its expression pattern in response to Pst infection in the two wild emmer wheat genotypes, DR7 and DR3. (A) The phenylpropanoid biosynthesis pathway map. The regulatory network is constructed based on the expression levels of known genes involved in this pathway. The red color indicated an increase in expression levels at 24 hpi in both DR7 and DR3 genotypes. (B) A heatmap showing fold-changes of Pst-responsive genes in phenylpropanoid biosynthesis across the four comparisons. The color gradient represents log2 of fold-change between the Pst-infection group and the control group with red color referring to the upregulated genes and blue color referring to the downregulated genes. PAL, phenylalanine ammonia-lyase; HCT, shikimate Ohydroxycinnamoyl transferase; 4CL, 4-coumarate-CoA ligase; CCR, cinnamoyl-CoA reductase; CAD, cinnamyl-alcohol dehydrogenase; POD,peroxidase; CHI, chalcone isomerase; CHS, chalcone synthase.






4.4 The continuous accumulation of secondary metabolites contributed to the resistance to Pst in wild emmer wheat

In plants infected with Pst, the induction of multiple secondary metabolite pathways was observed. PAL catalyzes the polymerization of lignin, flavonoids, hydroxycinnamic acid, phenolics, and anthocyanin, among other secondary metabolites (Figure 5A). These metabolites play crucial roles in plant defense mechanisms (Dong and Lin, 2021; Pant et al., 2021; Liu et al., 2023b). Of particular importance is lignin, which serves as a component of secondary cell walls and contributes to defense against various pathogens (Xu et al., 2011; Yuan et al., 2019). The deposition of lignin strengthens the cell wall and provides a physical barrier against pathogen spread (Xu et al., 2011; Yuan et al., 2019). Hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyl transferase (HCT), 4-coumarate-CoA ligase (4CL), Cinnamoyl-CoA reductase (CCR), cinnamyl-alcohol dehydrogenase (CAD), and peroxidase (POD) are key enzymes in the process of lignin biosynthesis (Tronchet et al., 2010; Xu et al., 2011; Govender et al., 2017). Functional investigation have showed that deactivation of CAD, CCR, and POD genes could reduce lignin synthesis in various plant species (Tronchet et al., 2010; Xu et al., 2011; Govender et al., 2017). In the present study, these genes were significantly up-regulated in the two genotypes (Figures 5A, B). Therefore, it can be inferred that the up-regulation of HCT, 4CL, CAD, CCR and POD in wheat may potentially contribute to the enhancement of lignin synthesis, thereby playing a noteworthy role in conferring resistance against Pst.

Anthocyanin, a crucial secondary metabolite in plants, plays a significant role in various plant developmental processes and responses to biotic stress. It possesses notable antibacterial, antiviral, and fungicidal properties (Dong and Lin, 2021; Lev-Yadun and Gould, 2009). Anthocyanins may contribute to plant defense against pathogenic organisms either directly as chemical repellents or indirectly as visual signals (Lev-Yadun and Gould, 2009). In the current study, key genes encoding chalcone synthase (CHS) and chalcone isomerase (CHI) for anthocyanin synthesis in the flavonoid pathway were induced in both genotypes (Figures 5A, B). The expression levels of CHS and CHI were also increased with Pst inoculation time (Figure 5B), indicating that these genes may exert a significant influence throughout the entire course of Pst infection, particularly in the later stages of resistance, by promoting the accumulation of anthocyanins. According to Himeno et al. (2014), the accumulation of anthocyanin in Arabidopsis has the potential to mitigate leaf cell death resulting from infection by ‘Candidatus Phytoplasma asteris’ OY-W strain. Hence, the up-regulation of these crucial genes leading to increased anthocyanin accumulation may serve as an early to late mechanism of Pst-resistance in wheat.




4.5 Circadian rhythm is associated with the wheat resistance against Pst during the later stage of infection

The circadian clock has been increasingly recognized as a crucial component in the defense mechanisms of plants against pathogens and pests (Lu et al., 2017; Zhang et al., 2019; Yamaura et al., 2020). Rhythms are generated by interlocking transcriptional-translational feedback loops in the core oscillator. The primary constituents of the plant circadian system include adagio1 (ADO1), the late elongated hypocotyl/circadian clock associated 1 (LHY/CCA1), gigantea (GI), the evening complex (EC), lux arrhythmo (LUX), E3 ubiquitin-protein ligase (COP), and the pseudo-response regulator (PRR) family (Lu et al., 2017; Zhang et al., 2019; Yamaura et al., 2020). The disruption of certain clock genes, such as CCA1/LHY, leads to reduced resistance against bacterial, oomycete, and fungal pathogens (Yamaura et al., 2020). In Arabidopsis, the circadian clock is responsible for regulating the rhythmic expression of numerous resistance genes associated with innate immunity, thereby enabling the plant to effectively combat the oomycete pathogen Hyaloperonospora arabidopsidis and prevent downy mildew (Wang et al., 2011). ADO1, a significant component of the Arabidopsis circadian system, exhibits altered gene expression and cotyledon movement in a loss-of-function ado1 mutant (Jarillo et al., 2001). The transcription factor HY5, which functions as a molecular hub in light signal transduction, provides the link between blue-light perception and the circadian clock (Hajdu et al., 2018; Su et al., 2021).

Here, LHY, ADO1, CHS, COP, HY5, and SPA in the pathway of circadian rhythm were significantly upregulated in the two genotypes, while PRR1 (also known as TOC1), PRR7, PRR5, and GI were significantly downregulated (Figures 6A, B). In fact, CCA1 and LHY encode Myb-like transcription factors that have been reported to repress the expression of PRR7, PRR5, PRR1 and GI genes (Yamaura et al., 2020; Su et al., 2021). Our data indicate that the circadian clock plays a crucial role in conferring resistance against Pst in wild emmer wheat. However, our current understanding of involvement of the circadian clock in defense regulation is still in its early stages, and further research is needed to elucidate the underlying mechanisms. Previous studies have demonstrated that certain clock genes regulate plant defense through a stomata-dependent pathway (Lu et al., 2017). Abnormal expression of clock genes, such as CCA1, LHY and TOC1, has been observed to disrupt the diurnal patterns of stomatal opening and closure (Zhang et al., 2013; Korneli et al., 2014; Lu et al., 2017). In fact, plants have the ability to actively induce stomatal closure as a defense mechanism against pathogen invasion by perceiving the invader as nonself. CCA1 and LHY were shown to impose time-of-day dependence on (gate) the plant response to P. syringae induced stomatal closure (Zhang et al., 2013).




Figure 6 | Circadian rhythm pathway and its expression pattern in response to Pst infection at 72 hpi in the two wild emmer wheat genotypes, DR7 and DR3. (A) The Circadian rhythm pathway map. The regulatory network was constructed based on the expression levels of known genes in this pathway. The blue color signifies downregulation, whereas the red color indicates upregulation at 72 hpi in both the DR7 and DR3 genotypes. (B) A heatmap showing fold-changes of Pst-responsive genes in circadian rhythm pathway between DR3_72h vs DR3_CK, and DR7_72h vs DR7_CK. The color gradient represents log2fold-change between the Pst-infection group and the control group with red color referring to the upregulated genes and blue color referring to the downregulated genes. PAL, phenylalanine ammonia-lyase; CHS, chalcone synthase; COP, E3 ubiquitin-protein ligase; LHY, Late elongated hypocotyl, PRR, Pseudo-response regulator; GI, Gigantea; SPA, suppressor of phytochrome A; CK2α, casein kinase II subunit alpha; CK2β, casein kinase II subunit beta.






4.6 Numerous transcription factors response to the Pst infection

Numerous prominent plant transcription factor families, such as AP2-ERF, bHLH, NAC, bZIP, and WRKY, have been recognized for their pivotal involvement in the response to biotic stresses (Viswanath et al., 2023). In this study, it was observed that WRKY, MADs and AP2-ERF families exhibited participation in the initial stage response (24 hpi) to Pst invasion, while the MYB, NAC, TCP and b-ZIP families contributed to defense during the later stage (72 hpi) of Pst infection (Table 1, Figure 4).

The AP2/ERF family of transcription factors holds significant importance in the plant kingdom due to their involvement in growth, development and responses to a range of biotic and abiotic stresses (Moffat et al., 2012; Zheng et al., 2019; Liu et al., 2023a). Numerous ERFs have been found to activate the transcription of defense-related genes, including pathogenesis-related (PR) genes, osmotin, chitinase, and β-1,3-glucanase (Moffat et al., 2012; Liu et al., 2023a). Additionally, ERF11 has been identified as an activator of BT4 transcription, which plays a crucial role in regulating immunity against Pseudomonas syringae (Zheng et al., 2019). In the present study, ERF1 and ERF23 were identified as hub genes within the turquoise module. Notably, the expression of these genes exhibited a significant induction at 24 hpi, with a 7.9-fold (log2fold-change = 2.95) and 7.5-fold (log2fold-change = 2.84) increase in the DR7 genotype. In comparison, the DR3 genotype exhibited a 37.3-fold (log2fold-change = 5.36) and 33.6-fold (log2fold-change = 5.32) increase in expression (Figure 4D). These findings suggest that ERF1 and ERF23 play a crucial role in the early stage response of wheat to Pst infection, with a more pronounced regulatory impact on the moderately Pst-resistant genotype DR3. Additionally, ERF34 and ERF43 were identified as hub genes within the blue module, displaying significant upregulation at 72 hpi. Specifically, ERF34 exhibited a 23.4-fold increase in expression in DR7 and a 10.7-fold increase in DR3, while ERF43 demonstrated even greater induction with a 41.6-fold increase in DR7 and a 43.1-fold increase in DR3 (Figure 4D). These findings strongly imply the potential involvement of ERF34 and ERF43 in the immune response of wild emmer wheat to Pst infection during the later stages of the response. Consistent with these results, a previous study by Hawku et al. (2021) presented similar findings, demonstrating the positive involvement of TaAP2-15, an AP2/ERF transcription factor, in conferring resistance to the stripe rust fungus in wheat.

WRKY TFs are a large family of regulators that play crucial roles in various developmental and physiological processes, especially in response to diverse biotic and abiotic stresses. In Arabidopsis, a majority of WRKY genes have been identified as pivotal contributors in defense against pathogenic invasions (Mao et al., 2011; Joshi et al., 2022; Ng et al., 2018; Viswanath et al., 2023). Similarly, in rice, the WRKY genes showed positive effects in the rice blast fungal interaction (Shimono et al., 2007; Cheng et al., 2015; Liu et al., 2018). In wheat, the transient expression of HvWRKY6, HvWRKY40 and HvWRKY70 has been observed to enhance the resistance of wheat against P. triticina (Gao et al., 2018). In the current study, it was observed that a majority of WRKY genes displayed induction at 24 hpi in both the DR7 and DR3 genotypes. Especially, the induction of hub genes, including WRKY22, WRKY24, WRKY28 and WRKY50, exhibited a significant increase of over 120-fold in the comparison of DR3_24 vs DR3_CK (Figure 4D). These findings suggest that these WRKY TFs play a crucial role in wheat resistance against Pst infection during the early stage response. Furthermore, they exert a more pronounced regulatory impact on the DR3 genotype response to Pst infection compared to the DR7 genotype. In contrast, the expression of WRKY19 exhibited an increase over time following Pst inoculation, with a greater magnitude of increase in the DR7 genotype compared to the DR3 genotype (Figure 4D). This suggests that WRKY19 may have a substantial involvement in both the early and late responses to Pst infection, exerting a particularly pronounced impact in the highly resistant DR7 genotype.

Research on bZIP transcription factor has mostly focused on their role in response to abiotic stress and development, but there is increasing evidence that they also play a role in regulating plant immunity against pathogens. For instance, the interaction between bZIP23 and NAC28 has been shown to modulate rice resistance against sheath blight disease (Yuan et al., 2023). Likewise, the overexpression of Vitis vinifera VvbZIP60 has been found to enhance Arabidopsis’s resistance to powdery mildew by activating the salicylic acid signaling pathway (Yu et al., 2019). In wheat, TabZIP74 functions as a positive regulator in wheat stripe rust resistance. When TabZIP74 was suppressed through gene silencing induced by barley stripe mosaic virus, the susceptibility of wheat seedlings to stripe rust increased (Wang et al., 2019). In the current study, analysis of the blue module identified bZIP19 and bZIP46 as hub genes, which were significantly upregulated at 72 hpi. Specifically, the expression of bZIP19 was upregulated by 8.7-fold (log2fold-change = 3.12), while bZIP46 showed a 38-fold upregulation (log2fold-change = 5.19) in the DR7 genotype (Figure 4D). In DR3 genotype, the expression of bZIP19 was upregulated by 25.9-fold (log2fold-change = 4.69), while bZIP46 exhibited a 19.3-fold upregulation (log2fold-change = 4.26) (Figure 4D). According to these findings, bZIP19 and bZIP46 may be involved in the immune response to Pst infection in wild emmer wheat. Additionally, our study successfully identified seven HY5 genes that displayed significant induction only at 72 hpi, indicating the potential involvement of HY5 in the late-stage plant immune response to Pst infection in wild emmer wheat. HY5, a member of the b-ZIP family, plays a crucial role in light signal transduction, plant growth and development, and circadian rhythm regulation (Gangappa and Botto, 2016). To date, only one study has provided evidence that HY5 in Arabidopsis not only serves as a significant element in light signaling regulation, but also actively enhances host plant immunity against H. arabidopsidis by transcribing defense-related genes (Chen et al., 2021). Our findings provide additional evidence that supports the essential role of HY5 in regulating plant immune responses to pathogens.

Although some Pst-modulated transcription factors have been identified, few are known in wild emmer wheat. Additionally, the roles of novel identified Pst-regulated transcription factors, such as ERF and HY5, in wheat response to Pst-infection are largely unexplored. More work will be carried out to validate transcription factors identified in this study and develop diagnostic molecular markers to accelerate the introgression of the novel resistance gene into new wheat cultivars. Furthermore, with the rapid development of transgenic technology and genome editing technologies, these findings coupled with the technologies will offer novel opportunities for the enhancement of resistance in wheat cultivars.





5 Conclusion

In summary, the study aimed to examine the transcriptome profiles of leaves from two wild emmer wheat genotypes with different levels of resistance to Pst. Following exposure to Pst-infection, numerous genes were significantly induced in wild emmer wheat. The findings revealed a higher number of DEGs in the moderately Pst-resistant genotype, while the highly Pst-resistant genotype exhibited a greater enrichment of pathways. These results indicate a significant disparity in the response to Pst between the two genotypes. Nonetheless, there were consistent patterns in the enrichment of pathways between the two genotypes at the same time of inoculation. The resistance of wild emmer wheat to Pst may be linked to the biosynthesis of secondary metabolites, phenylpropanoid biosynthesis, phenylalanine metabolism, alpha-Linolenic acid metabolism, and circadian rhythm-plant. Additionally, numerous transcription factors, such as ERF1, ERF23, WRKY22 and HY5, were identified to be involved in the response to Pst infection. These findings contribute to a better understanding of the molecular mechanisms underlying the response to strip rust in wild emmer wheat.
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Climate change and global warming represent the main threats for many agricultural crops. Tomato is one of the most extensively grown and consumed horticultural products and can survive in a wide range of climatic conditions. However, high temperatures negatively affect both vegetative growth and reproductive processes, resulting in losses of yield and fruit quality traits. Researchers have employed different parameters to evaluate the heat stress tolerance, including evaluation of leaf- (stomatal conductance, net photosynthetic rate, Fv/Fm), flower- (inflorescence number, flower number, stigma exertion), pollen-related traits (pollen germination and viability, pollen tube growth) and fruit yield per plant. Moreover, several authors have gone even further, trying to understand the plants molecular response mechanisms to this stress. The present review focused on the tomato molecular response to heat stress during the reproductive stage, since the increase of temperatures above the optimum usually occurs late in the growing tomato season. Reproductive-related traits directly affects the final yield and are regulated by several genes such as transcriptional factors, heat shock proteins, genes related to flower, flowering, pollen and fruit set, and epigenetic mechanisms involving DNA methylation, histone modification, chromatin remodelling and non-coding RNAs. We provided a detailed list of these genes and their function under high temperature conditions in defining the final yield with the aim to summarize the recent findings and pose the attention on candidate genes that could prompt on the selection and constitution of new thermotolerant tomato plant genotypes able to face this abiotic challenge.
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1 Introduction

Climate change caused by a rise in temperatures under natural conditions is predicted to significantly affect plant growth and development, comporting a dramatical reduction in crop productivity (Bita and Gerats, 2013). In 2017 the global average surface temperature of the earth has increased between 0.8°C and 1.2°C above the pre-industrial level, resulting in a plethora of ecological, economic and societal impacts (Masson-Delmotte et al., 2019). As a whole, it was predicted that the global agricultural productivity will decline between 3 to 16% by 2080 because of climate change (Cline, 2007). Tomato (Solanum lycopersicum L.) is one of the most important horticultural crops worldwide. In 2019 over 5 million hectares were allocated for tomato production, which was of around 250 million tons worldwide, and the countries with the highest production were China, India, and Turkey, which represented over 60% of world tomato production (retrieved from http://www.fao.org/faostat/en/#home, FAO–Food and Agriculture Organization of the United Nations, 2019), indicating its economic relevance for both fresh and processed consumption. Tomato plant is a sessile organism and is constantly challenged by a wide range of environmental stresses, such as drought, salt, and temperature changes, with consequent yield losses. All these stresses induce the production of reactive oxygen species (ROS), which imply oxidative stress and cell death (ul Haq et al., 2019). Plants might experience heat stress (HS) when subjected to high temperatures for a period of time higher than a threshold level, and this could permanently impair their growth and development. On the other hand, thermotolerance refers to the capability of plants to survive in extremely high or low environmental temperature conditions and produce commercial yield (Alsamir et al., 2021). Thermotolerance is generally divided into basal thermotolerance, namely the inherent ability to survive above the optimal growth temperatures, and acquired thermotolerance, which refers to the ability to cope with lethal high temperatures, following acclimatization at moderately high temperatures prior to a subsequent more severe HS; by contrast, basal thermotolerance refers to the absence of heat acclimation or pre-adaption (Larkindale et al., 2005; Suzuki et al., 2008; Stief et al., 2014; Sun et al., 2019). Since the increase of temperatures above the optimum usually occurs late in the growing tomato season, at least in the Mediterranean area, this dramatically affect reproductive stages (Figure 1), even though they could also impact vegetative stages, inducing leaf trait modifications. During the reproduction phases, both the time of exposure to heat stress and the temperature levels comport negative effects, resulting in flower abscission, impaired growth of stamens and pistils, poor pollen germination and altered pollen tube development with consequent low levels of fruit set and losses in the final yield (Ayenan et al., 2019; Raja et al., 2019).




Figure 1 | Schematic representation of high temperatures environmental conditions affecting tomato plant growth and cultivations in different tissues. Increase in temperatures above the optimum dramatically affect reproductive and vegetative stages, inducing leaf trait modifications, alteration of flower and pollen development, thus resulting in a reduction of the fruit set with consequent yield losses. (Created with BioRender.com).



Tomato plants respond to HS by activating developmental, physiological and biochemical modifications under the expression of stress-responsive genes (Guo et al., 2016). The molecular response includes stress signal perception, signal transduction to cellular components, gene expression, and, finally, metabolic changes inducing stress tolerance (Agarwal et al., 2006). The complex signalling system, that triggers the response to high temperatures, involves the role of Reactive Oxygen Species (ROS), calcium ions (Ca2+) flux, phospholipids and phytohormones, and their cross talk activates different classes of transcription factors and the consequent cascade in determine the heat-responsive genes reaction (Figure 2). In a simplified model, the increase in fluidity of the plasma membrane due to HS comports the activation of the channels that mediate the entrance of Ca2+ into the cells, the accumulation of ROS, the remodelling of membrane phospholipids and the increase of Phosphatidyl inositol 4,5-bisphosphosphate (PIP2) and phosphatidic acid (PA), which act as key mediators of signalling pathways, the role of phytohormones like abscisic acid (ABA), salicylic acid (SA) and ethylene, which determine the onset of the molecular response through the expression of heat-responsive genes (Choudhury et al., 2017; Nievola et al., 2017; Medina et al., 2021; Haider et al., 2022; Huang et al., 2022; Pan et al., 2019a; Qu et al., 2013).




Figure 2 | Schematic representation of tomato heat stress (HS) response. High temperature signalling pathways are activated by the increase in fluidity of the plasma membrane (A). This comports the activation of the channels that mediate the entrance of calcium ions (Ca2+) into the cells, the accumulation of Reactive Oxygen Species (ROS), the remodelling of membrane phospholipids, and the role of phytohormones in determining the onset of the molecular response (B). HsfA1a is the master regulator of this response and is activated by HS (C), which elicits the dissociation of HsfA1s from the two heat shock proteins Hsp70 and Hsp90, thus leading its action to start. In the cascade molecular events, HsfA1 directly activates HsfA2, HsfA7, DREB2A and MBF1c, all TFs promoting the thermotolerance by the induction of HS-related genes (D). Both HsfA2 and DREB2A also induce the expression of HsfA3. HsfA4s act as potent enhancers of HS gene expression, whereas HsfA5 specifically inhibits HsfA4s activity. In addition, the signalling system (A, B) induces the molecular response of HsfA9, NAC and WRKYs TFs, which function as activators on the promoters of several Hsps. By contrast, HsfBs are transcriptional repressors of the activities of HsfA1s, HsfA2 and HsfA7. Altogether, this complex mechanism contributes to the tomato HS response (Created with BioRender.com).



In the present review, we have focused on the tomato molecular response to HS during the reproductive stage, with an emphasis on the genes involved in this complex mechanism and their interactions. This work aimed not only to better clarify and resume the old and novel findings published on this issue but also to provide a comprehensive list of genes, among which Heat Shock Factors (Hsfs), Heat Shock Proteins (Hsps), flower-, pollen- and fruit set related, that might be involved in the tomato HS response.




2 Heat shock factors

Tomato HS response is governed by a network of Hsfs (Figure 2), which play a key role by detecting stress signalling and regulating the expression of several stress-responsive genes (Guo et al., 2016). The gene expression is regulated by the binding of Hsfs with heat stress elements (HSEs) distributed in the promoter regions of the targeted genes. HSEs are generally found in HS responsive genes and consist in a palindromic consensus sequence presenting a purine- and a pyrimidine-rich modules (5’-AGAAnnTTCT-3’) (Nover et al., 2001; Fragkostefanakis et al., 2015). Hsfs molecular structure presents: I) a N-terminal DNA binding domain (DBD) showing a central helix-turn-helix motif that binds HSEs in the promoter regions of the targeted genes; II) a oligomerization domain harboring a bipartite heptad pattern of hydrophobic amino acid residues (HR-A/B region); III) a flexible linker of variable length (15-80 amino acids) that connects HR-A/B to DBD; IV) a intracellular nuclear localization signal domain (NLS); V) a nuclear export signal domain (NES) and VI) a C-terminal short activator peptide motif (AHA) that confers transcriptional activator function to Hsfs (Baniwal et al., 2004; Guo et al., 2008; Sakurai and Enoki, 2010; Scharf et al., 2012; Fragkostefanakis et al., 2015). Three Hsfs classes (A, B and C) were identified, based on the number of amino acids present into the HR-A/B region and the length of the flexible linker (Figure 3) (Nover et al., 1996; Scharf et al., 2012). HsfAs show an insertion of 21 amino acid in the region within HR-A and HR-B and a flexible linker ranging from 9 to 39 ones, HsfBs consist in 6 amino acid residues in HR-A/B region and 50-78 in the flexible linker, while HsfCs present 7 amino acid residues in HR-A/B region and from 14 to 19 in the flexible linker (Nover et al., 1996; Nover et al., 2001; Scharf et al., 2012). In addition, HsfAs present AHA motifs in the C-terminal, formed of aromatic, large hydrophobic and acidic amino acid residues, and serving as transcriptional activator, while HsfBs comprise a characteristic LFGV-tetraptide motif, which acts as repressor domain (Fragkostefanakis et al., 2015; Guo et al., 2016). Little is known about HsfCs, which may play an active role in regulating plant heat tolerance (Zhuang et al., 2018).




Figure 3 | Schematic representation of the basic structure of Hsfs with the main features of the three classes. DBD, DNA binding domain; OD, oligomerization domain; NLS, nuclear localization signal domain; AHA, short activator peptide motif; LFGV, LFGV-tetraptide repressor motif; NES, nuclear export signal domain. (Created with BioRender.com).



Twenty-seven Hsf genes were reported in tomato (Yang et al., 2006; Scharf et al., 2012; Berz et al., 2019) among which 15 HsfAs, eight HsfBs, one HsfC and three Hsf-like (Supplementary Table 1). These genes absolve to different functions (Table 1).


Table 1 | List of Heat Shock Factors (Hsfs) involved in the tomato molecular response to heat stress. Their functions are also reported.



Generally, only members of the HsfA1 subfamily are reported to act as master regulators in stress response and thermotolerance (Liu et al., 2011; Yoshida et al., 2011). In tomato, among four HsfA1, HsfA1a (Solyc08g005170) solely acts as master regulator. El-Shershaby et al., (2019) demonstrated that HsfA1a is constitutively expressed under control and HS conditions in all the investigated tissues while HsfA1b (Solyc03g097120) showed a high variation in gene expression and was strongly induced in all fruit stages. By contrast, HsfA1c (Solyc08g076590) and HsfA1e (Solyc06g072750) generally showed low expression levels except in red ripe fruits, mainly indicating their involvement in the regulation of developmental processes. HsfA1a regulates the initial transcriptional activation and nuclear retention of chaperones and additional Hsfs, among which HsfA2 (Solyc08g062960), that are involved in maintenance and attenuation of the HS response, thus promoting the tomato acquired thermotolerance (Liu et al., 2011; Yoshida et al., 2011). HsfA2 is strongly expressed during the early stages of anther and pollen development and is involved in the development activity and in the control of stress-regulation genes. Indeed, Fragkostefanakis et al. (2016) demonstrated that HsfA2 suppression reduced the viability and germination rate of pollen exposed to HS during the stages of meiosis and microsporogenesis but had no effect on more advanced stages, thus supporting its role in maintenance of thermotolerance. In addition, Hu et al. (2020), investigating the genotypic variation of wild and cultivated tomato in thermotolerance, showed that the progressive sensitivity to high temperatures was associated to a polymorphism within the second intron of HsfA2 sequence. In the wild species, the intron splicing promoted the early stress response reducing the short-term acclimatation and thermotolerance, thus concluding that the HsfA2 in cultivated tomato reduced its ability in a rapid HS response enhancing the short-term acclimatation ability. HsfA3 (Solyc09g009100) is constitutively expressed in the cytoplasm under control and in the nucleus under HS conditions (Bharti et al., 2000). It is involved in the response to different stresses, among which drought and heat. Sakuma et al. (2006) showed that it is regulated by DREB2A gene in Arabidopsis thaliana, a transcription factor involved in regulation of dehydration-responsive genes. Over-expression of DREB2A promoted the induction of HS related genes, including HsfA3, comporting higher tolerance to HS treatments, whereas DREB2A knockout mutants showed reduced thermotolerance (von Koskull-Döring et al., 2007). Tomato HsfA4s (Solyc02g072000, Solyc03g006000 and Solyc07g055710) have been reported to act as potent enhancer of HS gene expression, whereas HsfA5 (Solyc12g098520) specifically inhibit HsfA4s activity (Baniwal et al., 2007; von Koskull-Döring et al., 2007). In addition, studies conducted on Arabidopsis thaliana revealed that HsfA4a (Solyc03g006000) acts as sensor of ROS produced under HS (Qu et al., 2013). HsfA6s (Solyc06g053960 and Solyc09g082670) also improve tomato acquired thermotolerance under HS and their respond to abscisic acid (ABA) heat-induced genes. Huang et al. (2016) demonstrated that ABA treatments activate the ABA signalling master effector ABSCISIC ACID–RESPONSIVE ELEMENT BINDING PROTEIN 1 (AREB1), which promoted the HsfA6s expression in Arabidopsis thaliana. Mesihovic et al. (2022) evidenced that, upon mild HS, alternative splicing of HsfA7 (Solyc09g065660) generated a stable protein isoform that regulated the activity of HsfA1a and the abundance of HS responsive genes in tomato. Moreover, Rao et al. (2022a), through GUS-aided promoter-reporter assays and VIGS silencing and transient over-expression approach, reported that both increasing HsfA7 levels and down-regulation of HsfB4a (Solyc04g078770) govern the thermotolerance in a heat tolerant tomato genotype. As for the HsfA4a, also the HsfA8 (Solyc09g059520) was proposed to function as ROS sensor to regulate the expression of HS-induced oxidation-related genes (Li et al., 2018). HsfA9 (Solyc07g040680) has been demonstrated to function as activator on the promoters of several Hsps. It was exclusively expressed in late stages of seed development in Arabidopsis thaliana and its expression is regulated by the seed-specific transcription factor ABSCISIC ACID-INSENSITIVE 3 (ABI3) (Kotak et al., 2007). Unlike HsfAs, class B Hsfs act as repressor of HS responsive genes. Fragkostefanakis et al. (2019) showed that HsfB1 levels under control conditions were low, increased after HS thus decreasing till the basal level during the recovery process. HsfB1 (Solyc02g090820) over-expression under non-stress conditions generated a tomato phenotype with aberrant growth and development but with increased thermotolerance, by promoting the accumulation of HS related genes, thus highlighting its role as co-activator of HafA1a. However, its suppression under HS resulted in a higher induction of Hsps related to the activity of the other Hsfs, thus showing an enhanced plant thermotolerance and also highlighting its role as transcriptional Hsfs repressor. In contrast to class A and B Hsfs, despite less is known about HsfC (Solyc12g007070), it was reported to play a role in salinity, oxidative stress tolerance and plant thermotolerance (Haider et al., 2022).




3 Other classes of transcriptional factors

Other TFs, such MBF1, NAC, WRKY, MYB, bZIP and DREB, are known to participate in plant growth, development and stress response, and are also involved in the regulation of heat-responsive genes (Tolosa and Zhang, 2020). Among these, the MBF1c (Solyc07g062400) over-expression in Arabidopsis thaliana was reported to enhance thermotolerance (Suzuki et al., 2008; Zhang et al., 2019). Yoshida et al. (2011) reported that HsfA1 regulates HS-induced MBF1c expression. Liang et al. (2015) highlighted the positive regulatory role of the SlNAC1 (Solyc04g009440) to improve tomato tolerance under high temperatures. Indeed, its downexpression comported a reduced accumulation and activity of Hsps and plant antioxidant enzymes, respectively, thus resulting in the high accumulation of ROS. Among the WRKY TFs, Wang et al. (2022) identified the SlWRKY3 as positive regulator of HS response in tomato. Its over-expression led to an increased thermotolerance and decreased ROS accumulation. In addition, they demonstrated that under HS, SlWRKY3 (Solyc02g088340) binds the promoter region of SlGRXS1 gene cluster, which are involved in ROS scavenging, thus promoting the tomato HS response. Meng et al. (2015) posed their attention on the LeAN2 gene that encodes an R2R3-MYB TF (Solyc10g086290) involved in anthocyanin regulation, observing that its over-expression in transgenic tomato plants improved the plant thermotolerance through higher net photosynthetic rate, higher non-enzymatic antioxidant activity and maximal photochemical efficiency of photosystem II, and less accumulation of ROS compared to the wild type under HS. Li et al. (2015) investigated the expression level of 26 tomato bZIPs and identified that SlbZIP10 (Solyc01g109880), SlbZIP32 (Solyc04g072460) and SlbZIP33 (Solyc04g078840) genes were up-regulated in leaf and root tissues under HS, even if further investigations would be conducted to elucidate their role in tomato thermotolerance. Finally, it is reported that dehydration-responsive element binding (DREB) transcription factors play crucial regulatory roles in abiotic stress. Mao et al. (2020) highlighted that the SlDREBA4 (Solyc06g066540) regulated the downstream gene expression of many heat shock proteins (Hsp) under HS. It also induced the expression of biosynthesis genes in jasmonic acid (JA), salicylic acid (SA), and ethylene (ETH).




4 Heat shock proteins

The HS signal perception by Hsfs leads to an increased expression of several Hsps. These are essential in maintaining balanced cell internal conditions under optimum and stress conditions and their main functions involve protein folding, unfolding and transport, thus maintaining plant homeostasis (Khan et al., 2021). Hsps are generally grouped into five classes based on their molecular weight in kilo Dalton (kDa), such as Hsp100, Hsp90, Hsp70, Hsp60 and small Hsps (sHsps) (Wang et al., 2004; Kotak et al., 2007; ul Haq et al., 2019) (Table 2).


Table 2 | List of Heat Shock Protein (Hsps) tomato classes. The number of genes involved in each Hsp class and their roles are also reported.



The Hsp100 plays an essential role in plant response to high temperatures performing disaggregation and degradation of non-functional but potentially harmful proteins (Wang et al., 2004). Yang et al. (2006) cloned the LeHsp100 (Solyc02g088610) gene homolog from tomato, localized in the chloroplast, highlighting its contribute to the acquisition of thermotolerance under HS. Indeed, LeHsp100 is not detected under normal conditions but is induced by HS. Unless little is known about this gene family, Gul et al. (2021) conducted a genome wide analysis thus identifying six putative Hsp100 genes (Supplementary Table 2), among which four were found in chloroplast (Solyc02g088610, Solyc03g117950, Solyc03g118340 and Solyc12g042060), one in mitochondria (Solyc06g011400) and one in the cytoplasm (Solyc03g115230). Even these authors indicated the essential role of chloroplastic LeHsp100 in acquired thermotolerance and HS response in tomato planta. As for the Hsp90 family, it consists of at least seven genes distributed on 6 tomato chromosomes (Supplementary Table 2) (Zai et al., 2015). Their main function is to manage the correct protein folding. In addition, they are also involved in signal transduction network, protein degradation and trafficking (Wang et al., 2004; Fragkostefanakis et al., 2015). Even the Hsp70 family has a key role in maintaining internal cell stability. This group belong 25 tomato genes (Supplementary Table 2), most of which were involved in HS response while others were constitutively expressed and were reported as 10 kDa heat shock cognate (Hsc70) (Usman et al., 2017; Vu et al., 2023). Hahn et al. (2011) proposed a crosstalk activity between the cytosolic Hsp90 and Hsp70 chaperones in co-regulating HS gene expression within a network interaction with HsfA1, HsfA2 and HsfB1. Particularly, they identified two general mechanisms of interaction: I) Hsp70 repressed HsfA1 and the co-activator function of HsfB1, while Hsp90 promoted the HsfB1 binding activity; II) Hsp90 modulated the HsfA2 and HsfB1 transcript abundance and degradation. Under control conditions, HsfA1s activities were repressed through the inhibitory crosstalk activity between Hsp70/Hsp90 (Andrási et al., 2021). Exposure to HS triggers protein deformation/denaturation. Both Hsp70/Hsp90 act as molecular chaperons and bind to denatured proteins to restore protein homeostasis inside the cell (Scharf et al., 2012; Jacob et al., 2017; Andrási et al., 2021). The Hsp60 family, also called chaperonins, helps in protein folding and subunit assembly. Despite the functional characterization of plant chaperonins is limited, they are important in assisting plastid proteins like Rubisco (Mahmood et al., 2010). Eighteen genes belonging to this family were found from Fragkostefanakis et al. (2015) (Supplementary Table 2) as orthologues of those reported for Arabidopsis thaliana. Finally, sHsps protect plant cells by preventing protein degradation and maintaining their functional conformation (Arce et al., 2020; Wu et al., 2022). Unlike other Hsps, their activity is independent of ATP and binds to protein denatured by stress, preventing the irreversible denaturation and working on its refolding (Waters and Vierling, 2020). Generally, sHsps can be classified based on their molecular weight (ranging from 12 to 42 kDa), subcellular localization and homology with amino acid sequences. According with this, six classes have been identified based on their localization: mitochondria (MTI and MTII), chloroplasts (CP), cytoplasmic/nuclear (CI-CVI), endoplasmic reticulum (ER), plastids (P) and peroxisome (PX) (Waters and Vierling, 2020; Sun et al., 2021; Wu et al., 2022). Among these, the ones located in mitochondria, chloroplast and cytoplasm are reported to be mostly involved in HS response (Zhang et al., 2016). sHsps share a conserved 80-100 amino acid C-terminal domain called the α-crystallin domain (ACD). Krsticevic et al. (2016), based on the presence of a conserved alpha-crystallin domain (ACD or Hsp20 domain), reported 33 sHsp20 genes, while 42 were identified from Yu et al. (2016); in addition, Fragkostefanakis et al. (2015) identified 111 sHsp40s (Supplementary Table 2). Zhuang et al. (2020) identified the SlWHY1 (Solyc05g007100) gene, which was induced by HS and involved in plant thermotolerance. During this process, this gene induces the upregulation of SlHsp21.5A (Solyc03g113930), encoding an endoplasmic ER-sHsp, thereby promoting thermotolerance in tomato through decreasing ROS content and increasing soluble sugar content to protect membrane stability. In another work, Wang et al. (2020) demonstrated that the tomato Hsp40 functions as a chaperone to protect the synthesis of melatonin, a molecule involved in regulation of abiotic tolerance under HS, by the regulation of the SlSNAT (Solyc10g074910) gene in the chloroplast. Arce et al. (2018) further highlighted the role of sHsps in tomato thermotolerance by studying the expression and interaction of Hsps in protoplast cells, both with and without HsfA2 under two different HS conditions. Based on activation or repression of HsfA2, a critical regulator of Hsps, distinct sHsps were upregulated, evidencing their role in HS response. In addition, studies of protein–protein interactions between the sHsp family and other HS response proteins (such as Hsp70, Hsp90, and MBF1c) showed that a high number of sHsps were able to mediate the alternate stress responses via a regulatory subnetwork independent of HsfA2.




5 Flower and flowering

Tomato inflorescence architecture represents an important trait affecting the final number of flowers and fruits, thus influencing the yield production (Zheng and Kawabata, 2017). Two types of architectures can be described, based on the growth habits of the inflorescence meristem (IM), such as monopodial and sympodial (Teo et al., 2014; Zhu and Wagner, 2020). The first is characterized by the indeterminate development of the IMs which continuously generates lateral branches or flowers; while in the second case IMs terminate in flowers through the transition to floral meristems (FMs) and growth continues from a variable number of new axillary (sympodial) IMs, which repeat this process in an iterative way to form compound inflorescence shoots (Pnueli et al., 1998; Park et al., 2012). Many important genes involved in the regulation of tomato inflorescence development and flowering time have been reported, such as SINGLE FLOWER TRUSS (SFT), SELF PRUNING (SP), FALSIFLORA (FA), ANANTHA (AN), COMPOUND INFLORESCENCE (S), JOINTLESS (J), MACROCALYX (MC), JOINTLESS-2 (J-2), FRUITFULL1 (FUL1), FRUITFULL2 (FUL2), MADS-BOX PROTEIN 20 (MBP20) (Samach and Lotan, 2007). These genes are implicated in a complex network that determines the floral transition and the development of the inflorescence (Figure 4).




Figure 4 | Schematic representation of the interaction of flower-related genes during the floral transition (on the left) and the development of the inflorescence stages (on the right). Floral transition of the shoot apical meristem (SAM) is promoted by upregulation of FALSIFLORA (FA) in the meristem and by systemic SINGLE FLOWER TRUSS (SFT) signal, which both repress vegetative growth. SELF PRUNING (SP) plays an antagonistic role and regulates the vegetative growth. Development of the inflorescence involves the maturation to flower meristem (FM) and inflorescence meristems (IM) fates. FA and ANANTHA (AN) genes are required for the transition from SAM to FM, while SP represses it by promoting the vegetative growth. SFT represses vegetative growth in the lateral IM. JOINTLESS (J) acts synergistically with SFT and regulates inflorescence structure to prevent premature maturation of IM toward FM. By contrast, MACROCALYX (MC) represses the two genes. Lastly, also COMPOUND INFLORESCENCE (S) gene was required for the maintenance of IM activity. (Created with BioRender.com).



The SFT (Solyc03g063100) gene encodes the ortholog of Arabidopsis thaliana FLOWERING LOCUS T (FT) and is reported to be the main tomato gene in promoting the florigen activity. The sft mutant may alter normal tomato sympodial development and determines the transition of the inflorescence towards vegetative functioning after the development of one or few flowers. In addition, SFT is expressed in expanded leaves and its overexpression leads to early flowering in tomato (Lifschitz et al., 2006; Yuste-Lisbona et al., 2016). Conversely, SP (Solyc06g074350), tomato ortholog of Arabidopsis thaliana TEMINAL FLOWER 1 (TFL1), plays an antagonistic role by repressing the floral transition and promoting the vegetative growth and comporting a determinate habitus (monochasial cyme). Loss of function of SP gene leads to the shortening of successive sympodial segments up to the ultimate cessation of the iterative process (Thouet et al., 2008; Périlleux et al., 2019). It is expressed in young leaves and shoot apex. The balance between the SFT florigen- (floral inducer) and SP antiflorigen (inhibitor) genes regulates flowering time and the determinate or indeterminate shoot architecture (Higuchi, 2018; Jin et al., 2021). Moreover, these genes both belong to the phosphatidylethanol- amine-binding protein (PEBP) family protein, and Cao et al. (2016) identified 13 PEBP genes in the whole tomato genome, among which six were FT-like genes. Investigating their functional role, the authors found that only the SFT gene was a floral inducer, while the Solyc05g053850, Solyc11g008640 and Solyc11g008650 proteins were floral inhibitors. The two other genes found (Solyc05g055660 and Solyc11g008660) were not expressed in all the investigated tomato plants tissues (leaf, cotyledon, apex, stem, flower, and root). Song et al. (2020) demonstrated that the Solyc11g008650 FT-like gene regulated short day flowering in tomato and activated the transcription of the florigen SFT, highlighting its role in promoting the earliest flowering in the S. pimpinellifolium accession in comparison with the cultivated tomato, which presented a sequence deletion that led to a very short translated protein. The FA (Solyc03g118160) gene, homolog of Arabidopsis thaliana LEAFY (LFY), controls flowering time and floral meristem identity. fa mutants resulted in the conversion of flowers in secondary buds and produced highly branched inflorescence (Molinero‐Rosales et al., 1999; Zheng and Kawabata, 2017). In addition, they are not able to develop complete flowers and produce a late flowering phenotype, with an increase in the number of leaves below the first and successive inflorescences (Yang et al., 2021). SFT and FA act in parallel pathways to promote the floral transition of the shoot apical meristem and thus repressing the vegetative growth in tomato. During the inflorescence development, FA gene is required for promoting the transition of the shoot apical meristem (SAM) to floral meristem (FM), together with the AN (Solyc02g081670) gene. These genes are both mainly expressed in the flower meristem (Yang et al., 2021). The AN gene encodes the F-box protein ortholog of Arabidopsis thaliana UNUSUAL FORMATION OF ORGANS (UFO) and is reported that the loss of function of the AN gene delays flower formation, leading to additional branching and to a cauliflower-type of the meristems (Zheng and Kawabata, 2017; Yang et al., 2022). Therefore, AN and FA formed a complex to specify flower formation, while another gene named S (Solyc02g077390) was required for the maintenance of IM activity (Zheng and Kawabata, 2017). S encodes the Arabidopsis thaliana Wuschel-related HOMEOBOX 9 (WOX9) ortholog. In tomato, mutations in this gene is reported to delay the IM transition to FM, leading to branched inflorescences (Shannon and; Meeks-Wagner, 1991; Quinet et al., 2006; Zheng and Kawabata, 2017). Another gene named J (Solyc11g010570) is expressed in the inflorescence meristems and regulates inflorescence structure to prevent premature maturation of IM toward FM, acting synergistically with SFT (Szymkowiak and Irish, 1999; Thouet et al., 2012; Yang et al., 2022). Indeed, J is a MADS-box gene that controls inflorescence traits in tomato like the flower abscission zone by interacting with other two MADS-box transcriptional factors such as MC (Solyc05g056620) and J-2 (Solyc12g038510), the last of which was previously reported as SlMBP21 (Liu et al., 2014; Roldan et al., 2017). The j mutant showed the typical truss converted into an inflorescence made of leaves and flowers due to the resumption of vegetative meristems in place of inflorescence meristems (Szymkowiak and Irish, 1999; Thouet et al., 2012). Yuste-Lisbona et al. (2016) highlighted the interaction of MC with J and SFT in controlling floral transition and inflorescence fate in tomato: J and SFT are involved in a positive feedback loop while MC expression represses the two genes. Lastly, Jiang et al. (2022) pose their attention on four FRUITFULL-like genes such as FUL1 (Solyc06g069430), FUL2 (Solyc03g114830) and MBP20 (Solyc02g089210). The authors particularly highlighted the role of FUL2 and MBP20 in promoting the vegetative-to-reproductive transition and in inducing the FM maturation thus repressing the inflorescence branching, while the FUL1 is also involved in the process but its upregulation in the inflorescence and floral meristems depends on the two genes. In addition, these three genes act downstream of the key regulator such as SFT, FA and AN during the transition to reproductive phase and the establishment of inflorescence architecture.

Not only the inflorescence architecture and flowers number affect the final yield, but also the flower development and morphology. High temperatures negatively affect these traits, and one of the main problems described was the impaired growth of stamens and pistils which determines the sterility of plants. HS conditions can strongly influence the position of stigma relative to anthers, thus comporting the so‐called stigma exertion, which hampers pollination and causes fruit set failure (Pan et al., 2019a; Alsamir et al., 2021; Riccini et al., 2021). This phenotype depends on the genotype and Saeed et al. (2007) found that the length of the style of different tomato genotypes increased by 25–55% under high temperatures. Bernacchi and Tanksley (1997) investigated an interspecific mapping population derived from S. lycopersicum and S. habrochaites and identified a first major QTL on chromosome 2 that they called se2.1. This is a complex locus presenting at least five closely linked genes, among which the style2.1 controlling style length. Chen et al. (2007) reported that this gene encodes a transcription factor presenting a conserved helix-loop-helix (HLH) motif that modules the cell elongation during the development of the pistil. Indeed, its downregulation was associated with short style phenotype. Few other QTLs for stigma position have been later identified. Georgiady et al. (2002) found a QTL on chromosome 8 (sty8.1), while Gorguet et al. (2008) identified the se5.1 QTL mapping in the long arm of chromosome 5. More recently, Xu et al. (2017) identified two new QTLs on chromosomes 1 (qSP1) and 3 (qSP3) and confirmed the previously mapped se2.1. A detailed list of the QTLs recently identified by Gonzalo et al. (2020); Xu et al. (2017), Bineau et al. (2021) and Zhang et al. (2018b) and controlling stigma exertion, flower number, inflorescence architecture, anther and style length is reported in Supplementary Table 3. Pan et al. (2019b) investigated the stigma exertion phenomenon in the tomato cultivar Micro-Tom and they demonstrated that it is related more to shortened stamen than pistil elongation. Indeed, the different response of pectin and sugar in both stamen and pistil under HS altered the transcript abundance of cyclins and expansins and the extensibility and porosity of the cell wall, comporting different cell numbers and sizes in the two flower organs and thus their different elongation. In addition, they found that the cell division and expansion in both the organs is regulated by auxin and jasmonate (JA). Particularly, exogenous JA can effectively rescue tomato stigma exertion through regulating the JA/COI1 signalling pathway. Finally, Cheng et al. (2021) evaluated the content of five hormones with the aim of explaining their relationships with the stigma exertion. They found that the increase of IAA content promotes style growth, while ABA accumulation is negatively correlated with IAA and indirectly affects the styles length by inhibiting the content of IAA. In addition, they identified the SlLst (Solyc12g027610) as the key candidate gene. It encodes an ethylene receptor protein that may play a role in the heat-perception pathway during the process of regulating stigma exertion. Overexpression of SlLst can inhibit the elongation of the style.




6 Pollen growth and development

The final yield is influenced not only from the total number of flowers but also from the total number of fruits, whose development depends on several factors, like pollen germination and viability and pollen tube development (Alsamir et al., 2021). The main function of pollen is to transfer the male gamete into embryo sac and its viability is influenced by biotic and abiotic stresses. Among these, high temperature decreased the pollen viability, retention of pollen in the anthers and pollen germination (Razzaq et al., 2019). Recently, only a few QTLs were reported (Xu et al., 2017) (Supplementary Table 3). Despite less is known on genetic mechanisms of pollen development and availability under HS, several authors posed their attention on genes involved in pollen-related traits, like pollen germination, pollen tube growth and pollen fertility (Table 3).


Table 3 | List of pollen related genes involved in traits such as pollen germination, viability and tube growth. The gene families, gene names and IDs and their functions are reported.



Liu et al. (2021) investigated the role of the cysteine-rich receptor-like protein kinases (CRK) gene family in tomato under abiotic stress conditions, especially HS. CRKs belong to receptor-like protein kinases (RLKs) gene family, which is involved in the perception of a variety of external and internal stimuli and to transmit the input signal to enhance the activated expression of specific target genes. The authors performed a genome-wide analysis on tomato, thus identifying 35 putative SlCRK genes. Through a transcriptome analyses of tomato fruits collected from plants after high temperature treatment at 0 h, 24 h, 48 h and 96 h, they observed SlCRK genes were mainly downregulated upon heat. Wang et al. (2021) analysed the role of ABA in the development of tomato pollen. They investigated the Solyc03g121880 gene, also known as SlNCED1, which encodes the 9-cis-epoxycarotenoid dioxygenase (NCED), a key gene in the ABA biosynthesis. Indeed, this hormone has an important role in the development of tomato pollen. Suppression of this gene led to a downregulation of endogenous ABA and gene transcript levels in the transgenic anthers, which also comported the downregulation and upregulation in the transcription of specific genes positively and negatively related to the anther development in tomato, respectively. They demonstrated that ABA affects pollen maturation by regulating the expression of anther-specific genes. Wang et al. (2018) described in Arabidopsis thaliana the role of the pollen-specific leucine-rich repeat extension genes, a family of pollen tube cell wall proteins, focusing on their involvement during pollen tube growth, in maintaining pollen tube cell wall integrity and thus playing a critical role in pollen germination and pollen tube growth. Gui et al. (2014) studied the role of the tomato pollen receptor kinase LePRK1 (Solyc05g047570) and other members of its clade, among which LePRK2 (Solyc07g017230), LePRK3 (Solyc05g025780), LePRK4 (Solyc12g009190) and LePRK5 (Solyc03g124050). They showed that overexpression of LePRK1 influenced the pollen tube growth from tubular to blebbing thus causing drastic morphological changes in growing pollen tubes. Overexpression of LePRK2 caused pollen tube tip swelling and sometimes hockey stick–like tubes and the overexpression of LePRK3, LePRK4, or LePRK5 caused only slight swelling of the tip. Huang et al. (2014) posed their attention on the tomato stigma-specific protein 1 STIG1 gene (Solyc03g120960), a small cysteine-rich protein from the pistil. They conducted in vivo studies and they demonstrated that the STIG1 acts as a peptide signalling molecule for LePRK2 in promoting pollen tube growth by affecting cellular reactive oxygen species (ROS) production. Covey et al. (2010) identified a pollen-specific tomato rapid alkalinization factor SlPRALF (Solyc07g063030) gene. This gene was found to not affect pollen viability, hydration, or early germination events but acts as a negative regulator of pollen tube elongation. Another family, the GDSL esterase/lipase class, contains many functional genes playing a key role in the regulation of plant growth, response to stress and the morphogenesis of tissues and organs. In addition, these genes can respond to biotic and abiotic stresses (Sun et al., 2022). GDSLs are also involved in pollen fertility in A. thaliana. A knockout of GELP77 in this species caused male sterility and failure of pollen separation (Tsugama et al., 2020). Sun et al. (2022) identified through a bioinformatic approach 80 GDSL esterase/lipase family genes in tomato, coded from SlGELP1 to SlGELP81. Finally, it was demonstrated that ethylene, a gaseous plant hormone, plays a key role in tomato pollen thermotolerance. Interfering with the ethylene signaling pathway or reducing ethylene levels increased tomato pollen sensitivity to HS, whereas increasing ethylene levels prior to HS exposure increased pollen germination and viability (Firon et al., 2012). In tomato pollen, Jegadeesan et al. (2018) reported a high upregulation under HS conditions of two genes, known to be ethylene-responsive in tomato fruit: ER21 (Solyc04g011440), an ethylene-responsive heat shock protein 70, which showed more than 15-fold expression levels in both anthers and pollen grains, and ER24 (Solyc01g104740), an ethylene-responsive transcriptional coactivator MBF1 (Solyc01g104740), which exhibited 150-fold elevated expression levels in earlier stage of pollen maturation.




7 Fruit set

Fruit set is a crucial stage of development in which the ovary is transformed into fruit. In this process, plant hormones and hormone-related genes play important roles (Table 4).


Table 4 | List of fruit set related genes involved in the transition of tomato ovary to fruit. The hormone classes, gene names and IDs, their functions are reported.



Among these, auxins and gibberellins were reported to be involved in ovary development during fruit set (Pesaresi et al., 2014; Azzi et al., 2015). The fertilization phase can generate an auxin signal in plants to promote gibberellin (GA) synthesis in the ovule, which is then subsequently transported to the pericarp to promote fruit set (Dorcey et al., 2009). Auxin and GA signaling pathways stimulate and directly activate tomato fruit sets and are the major hormones that promote fruit initiation. Indeed, they rapidly accumulate in tomato ovaries after pollination, and act as positive regulatory signals in early fruit development. In this context, SlDELLA (Solyc11g011260) and the SlARF7 (Solyc07g042260)/SlIAA9 (Solyc04g076850) complex mediates crosstalk between GA and auxin pathways to regulate fruit initiation (Hu et al., 2018). The GA signaling pathway is activated by the degradation of a negative regulator known as SlDELLA, through the ubiquitin 26S proteasome pathway, thus triggering GA responses (Sun and Gubler, 2004; Shinozaki et al., 2018). Moreover, the accumulation of GA in the ovary upon pollination is associated with the upregulation of SlGA20ox1 (Solyc03g006880), SlGA20ox2 (Solyc06g035530) and SlGA20ox3 (Solyc11g072310) genes, which encode the GA 20-oxidase biosynthetic enzymes (Serrani et al., 2008). SlARF7 is suggested to acts as a negative regulator of fruit set until pollination and fertilization, and then positively regulates the auxin accumulation during tomato fruit growth (De Jong et al., 2009). As for the SlARF7, also the SlIAA9 gene was found to act as negative regulator of the transition from flower to fruit (Wang et al., 2005)., Another gene, the PIN-formed 4 (SlPIN4), is also involved as auxin efflux carrier in fruit set. Mounet et al. (2012) evidenced that it was highly expressed in the ovary, ranging the highest value in flowering during the anthesis and then decreasing during the development of the fruit. They found that it acts altering the local distribution of auxin in the early stages of flower bud development, thus affecting the fruit set. Matsuo et al. (2020) shed lights on the role of the Pad-1 gene in unpollinated ovary, which prevent overaccumulation of IAA thus resulting in precocious fruit-set. In addition, they showed that its suppression induced parthenocarpic fruit development in tomato plants. The phytohormone abscissic acid (ABA) plays a crucial role in HS response, inducing leaf stomata closure to reduce water loss through transpiration and decreases the photosynthetic rate in order to improve the water-use efficiency, and triggering the activation of several stress-responsive genes (Lata and Prasad, 2011). In addition, it regulates the differentiation of floral organs and fruit ripening (Galpaz et al., 2008; Zhang et al., 2009). Kai et al. (2019) investigated the role of the SlNCED1 gene, a key ABA biosynthesis enzyme, through overexpression and transcriptome analysis in the tomato pistil. They found that the overexpression of this gene caused an increase in ABA concentration in the pistils thus comporting phenotypical alterations in ovary morphology and styles. In addition, the expression of most genes related to carbohydrate and lipid metabolism was significantly different during the ovary development, suggesting that carbohydrates and lipids are essential in this process. They concluded that ABA was observed to have a negative effect on fruit set. Indeed, overexpression of SlNCED1 increases ABA level in the ovary and reduces fruit-set rate. In addition, the gaseous hormone ethylene also influences the fruit set. Ethylene controls numerous aspects of plant development, including floral organ senescence, abscission layer development and fruit ripening. Following fertilization, it has been shown that ethylene is negatively regulated from auxin (Shinozaki et al., 2015). Indeed, although elements of the ethylene signaling pathway, such as ethylene response factors (ERFs) increase upon fertilization, ethylene- and ABA-related genes are repressed in concert with fruit set (Kumar et al., 2013). Salicylic acid (SA) (2-hydroxybenzoic acid) plays a key role in systemic acquired resistance and hypersensitive response to HS, and contributes to basal and acquired thermotolerance (Dat et al., 2000; Alsamir et al., 2021). It participates in the regulation of physiological processes in plants such as growth, photosynthesis, and other metabolic processes. Indeed, it is reported to increase the efficiency of photosynthesis through the higher accumulation of proline and is also known that SA stabilizes the trimers of heat shock transcription factors and contributes in their binding to the heat shock element in the promoter of HSP genes (Mohamed et al., 2020).

In addition to hormone-related genes, authors also reported the involvement of Hsfs and Hsps in determining the fruit set. Among these, Pham et al. (2020) isolated the HT7 plant mutant showing improved fruit-setting under long-term HS by testing a population of over 4000 Micro-Tom tomato mutant lines collection. The selected plant showed a higher fruit number, higher number of seeds into the fruits and total pollen grain number and viability under HS conditions than those of the wild type under both control and HS conditions. Expression analysis revealed that, after long-term exposure to HS, HT7 showed higher levels of SIHsfA1b3 and Hsp101 than the wild type, evidencing their role in HS response. Finally, Gonzalo et al. (2020) andBineau et al. (2021) identified 18 QTLs related to fruit number and fruit set. (Supplementary Table 3).

Another class of genes known as invertase play a major role in response to biotic and abiotic stresses and plant development and is reported to have important regulatory functions in both carbon metabolism and fruit set and development (Jin et al., 2009; Ru et al., 2017). They are mainly involved in the degradation of sucrose, which is transported from source to sink plant tissues through the phloem, to yield glucose and fructose for their utilization in sink organs. Based on their subcellular localization, various authors classified these genes in cell wall invertase (CWI), vacuolar invertase (VI) and cytosolic invertase (CI) or neutral invertase (NI) (Tymowska-Lalanne and Kreis, 1998; Sturm, 1999). In addition, these can also be classified in acid-INV (involving CWI and VI), which present an optimum pH ranging from 4.5 to 5, and alkaline/neutral INVs (A/N-INVs), which are mainly located in the cytosol and have an optimal pH in the range of 6.5-8 (Tymowska-Lalanne and Kreis, 1998; Sturm, 1999). In tomato 20 genes encoding INV were reported, among which 12 encoding acid-INVs and eight A/N_INVs (Qin et al., 2016; Coluccio Leskow et al., 2021). Shen et al. (2019) found that the transcript level of LIN5 (Solyc09g010080, a major CWI gene) and its invertase activity were significantly increased in style after pollination, demonstrating how styles respond to pollination for activation of CWI and sugar transporters to fuel pollen tube elongation. Liu et al. (2016) used a transgenic tomato line silenced for the CWI inhibitor gene and they found that the increase of CWI activity enhanced fruit set and suppressed the long-term moderate HS-induced programmed cell death in fruits. In addition, they reported a higher expression of Hsp90 and Hsp100 in ovaries and Hsp17.6 in fruits under HS conditions, with an auxin response consisting in a lower expression of a negative auxin responsive factor IAA9 and a higher transcript level of the auxin biosynthesis gene ToFZY6 (Solyc09g074430) in fruits. Coluccio Leskow et al. (2021) identified the tomato cytosolic A/N-INV NI6 (Solyc04g081440) whose transcript is present in leaves, stems, flowers and fruits, with high expression in sink tissues like roots and fruits. When investigating one NI6 knock-down transgenic plant, they observed that it showed impaired vegetative growth, delayed flowering and a dramatic reduction in the fruit set. The latter phenotype was determined from the high number of flower abortion.

Altogether, different processes, such as flower induction, inflorescence formation, pollen development, viability and germination, as well as ovary development, style protrusion and fruit set, contribute to determine the number of fruits produced, and therefore the final yield. A synthetic list of the genes and hormones involved in these processes and previously described is reported in Figure 5.




Figure 5 | Schematic representation of the lists of flower-, pollen- and fruit set-related genes and hormones involved in the tomato heat stress response, and phenotypic traits affected by high temperatures. ABA, abscisic acid; IAA, indole acetic acid; JA, jasmonic acid; GA, gibberellin acid; SA, salicylic acid (Created with BioRender.com).






8 Epigenetic, post-transcriptional and post-translational regulation

In the last 20 years, the effects of epigenetic modifications on plant response to external stimuli have been widely reported (Eriksson et al., 2020). In particular, it has been stated that epigenetic mechanisms are also major players of the HS thus regulating the mechanism of plant stress survival (Liu et al., 2015). Generally, epigenetics refers to the changes in gene expression that occur without DNA sequence variations (Kinoshita and Seki, 2014; McCormick, 2018). The epigenetic regulatory system includes DNA methylation, histone modification, chromatin remodelling and non-coding RNAs (ncRNAs) (Ueda and Seki, 2020; Zhao et al., 2020). DNA methylation is a chemical modification determined by the addition of a methyl group to the nitrogenous base in the DNA strand in a sequence specific manner and is performed by the DNA methyltransferases (DNMTs). The nitrogenous bases are mostly cytosines, but they also can be adenines. In addition, DNA methylation is classified as symmetrical when it occurs at CG and CHG positions, and asymmetrical when it happens at CHH position (H could be any nucleotide base other than G) (Cokus et al., 2008; Law and Jacobsen, 2010; Zhang H. et al., 2018). DNA methylation is important in plants for many biological processes since it allows to control gene expression and maintain genome integrity by silencing transposable elements (TEs) (Ikeda & Nishimura, 2015; Zhang Y.-Y. et al., 2018). Singh et al. (2021) investigated the role of DNA methylation in response to HS in the tomato mutant Slddm1b. The DDM1 (a SWI/SNF chromatin remodelling protein family member) allows DNA methyltransferases to access heterochromatin thereby facilitating DNA methylation and it was demonstrated its role in plant response to environmental conditions (Zemach et al., 2013; Sow et al., 2021). The authors showed that the DNA methylation-deficient mutant presented a better response to HS compared with the M82 control line, highlighting higher fruit set and seed set rates, and evidencing differences in the expression of HS-related genes. In response to environmental stresses, also histone proteins are subjected to several modifications like acetylation, methylation, phosphorylation, ubiquitination and biotinylation. Generally, DNA wraps around histones to forms a highly compact structure known as nucleosome. Histone alterations can modify amino acids present in the N terminal tails (like lysine and arginine), interfering in the interaction between histone and DNA and changing the packaging structure, which either activates the DNA for the transcription or makes the structure even condensed so that transcription machinery is unable to bind to it (Ohama et al., 2017; Saraswat et al., 2017; Shanker et al., 2020; Kumar et al., 2021). Aiese Cigliano et al. (2013) conducted an in silico genome analysis in tomato and identified 32 histone acetyltransferases (HATs), 15 histone deacetylases (HDACs), 52 histone methytransferases (HMTs) and 26 histone demethylases (HDMs). HATs are considered gene activators, whereas HDACs led to transcriptional repression of associated genes (Tahir and Tian, 2021). In tomato it is reported that HsfB1 recruits histone acetyltransferase 1 (HAC1) to chromatin, suggesting that the interaction of HsfB1 with HAC1 regulates gene expression and provides HS tolerance (Bharti et al., 2004). In plants, changes in chromatin architecture in response to stresses could coordinate global transcriptome modifications for appropriate cellular and physiological responses (Sun et al., 2020; Bhadouriya et al., 2021). Huang et al. (2023) demonstrated that in tomato HS induced chromatin remodeling, leading changes in the interactions between promoters and the distal regulatory elements. In addition, investigating the role of the HS master regulator HsfA1a, they found that it plays a key role in the dynamic formation of promoter-enhancer contacts and in controlling the transcriptional response at the onset of HS. Recently, more emerging ncRNAs have been found to play important roles in HS response (Ding et al., 2020; Li et al., 2023). This RNA class does not encode a protein and involves microRNAs (miRNAs), small interfering RNAs (siRNAs), long non-coding RNAs (lncRNAs), and circular RNAs (circRNAs). miRNAs present 20-24 nucleotides and are reported to negatively regulate gene expression by either mRNA degradation or translation inhibition (Rogers and Chen, 2013; Bhogireddy et al., 2021). siRNAs are either exogenous or endogenous RNAs derived from the Dicer-like (DCL) family that catalyzes the processing of double-stranded RNA (dsRNA) precursors and show approximately 21-24 nucleotides (Axtell, 2013; Bhogireddy et al., 2021). lncRNAs present more than 200 nucleotides in length and also are involved in plant development and stress responses (Zhao et al., 2016). Lastly, circRNAs are a class of endogenous ncRNAs characterized by covalently closed structures without 5′ or 3′ ends (Bhogireddy et al., 2021). Rao et al. (2022b) investigated the tomato response to HS and they reported that plants improve their HS tolerance through Hsf-mediated transcriptional regulation of miR169s. HsfA1a, HsfA2 and HsfA7a have a key role in HS response and they also bind to the promoters of miR169, leading to transcriptional enhancement of miR169s. Enhanced accumulation of miR169s reduces the levels of the Sly-NF-YA9/A10 (Nuclear Factor-YA class of transcription factors) that leads to enhancement of the expression of HS-related genes like HsfA2, HsfA3 and HsfA7s. In a previous work, Rao et al. (2020) conducted a comprehensive analysis and they identified 18 miR169 precursors family members. Shi et al. (2019) investigated the role of the miR319d under HS, which was reported to acts as an essential regulator of gene expression during plant development and under stress conditions. Tomato plants showing its overexpression presented enhanced thermotolerance as consequence of an altered expression of several heat-related key genes (HsfA1a, HsfA1b and Hsp90) and genes involved in ROS signal transduction (ZAT12 and ZAT10).

Not only epigenetic modifications, but also post-transcriptional and post-translational regulations are reported to contribute to the molecular response to HS. Among the post-transcriptional regulations, high temperatures strongly affect splicing events of many genes (Kannan et al., 2018; Ling et al., 2021). Alternative splicing (AS) is a process in which two or more different transcripts are produced from one pre-mRNA molecule, thus affetting the availability and/or abundance of different kind of proteins. Different AS types can be classified, based on the action mechanisms: exon skipping, intron retention, alternative 5’ splice site selection and alternative 3’ splice site selection (Rosenkranz et al., 2022). Hu et al. (2020) studied the acclimatation to HS regulated by the AS of the HsfA2 in tomato, whose gene presents two introns. While the full or partial retention of the intron 1 occurs rarely, intron 2 is subjected to AS through full, partial or no splicing event. The complete and partial retention of the intron 2 comports the production of the HsfA2-Iα and HsfA2-Iγ splicing variants, and the abundance of the three isoforms depends on temperatures. Indeed, HsfA2-Iα was found to be mostly produced under severe heat stress, while HsfA2-Iγ and HsfA2-II under mild heat stress, thus evidencing its importance in the HS response. In addition, Keller et al. (2017) conducted a genome-wide study in tomato pollen, evidencing that more than 76% of these genes were subjected to AS based on intron retention or exon skipping under high temperatures compared with those of control conditions, thus identifying AS as a new HS regulatory layer for genes with a constitutive expression pattern. On the other hand, in the post-translational modifications of proteins, small label molecules including acetyl groups, phosphoric acids, lipids and small peptides are added to the target protein in response to a stress, thus inducing alterations of its location, stability or function. Five types of label molecules are reported in response to HS: ubiquitin, small ubiquitin-like modifiers (SUMOs), protein kinase, HATs and HDACs, the last two of which were already discussed. Ubiquitins are conjugated to a protein substrate by binding the lysine residues, and this mechanism is named ubiquitination. This labelling is mediated by three enzymes namely ubiquitin activating enzyme (E1), ubiquitin conjugating enzyme (E2) and ubiquitin ligase (E3). Among these, the E3 ligase genes are induced by HS. Zhang et al. (2021) studied the tomato carboxyl terminus of the HSC70-interacting proteins (CHIP), that is a conserved chaperone-dependent ubiquitin E3 ligase that targets misfolded proteins. SlCHIP was expressed under HS, and its silencing comported a reduction of the tomato basal thermotolerance, of photosynthetic activity and the accumulation of highly ubiquitinated insoluble protein aggregates. They found that the SlCHIP was involved in the HS response by targeting degradation of misfolded proteins that were generated under high temperatures. Another post-translational modification is the sumoylation performed by SUMOs, whose enzymatic mechanism is similar to that of ubiquitination (Guerra et al., 2015; Ghimire et al., 2020). Even in this case, labelling is mediated by three enzymes: SUMO activating enzyme 1 (SAE1 or E1), SUMO conjugating enzyme 1 (SCE1 or E2) and SUMO-protein ligase (E3). Zhang et al. (2018a) found that overexpression of SlSIZ1, a well-characterized SUMO E3 ligase, enhanced heat tolerance by regulating the activities of HsfA1 and increasing the content Hsp70. Indeed, under high temperatures, SlSIZ1 reduced the accumulation of ROS and induced the transcription of Hsfs and Hsps, among which Hsp70. In addition, it also interacts with SlHsfA1 to mediate the sumoylation of the master regulator thus enhancing tomato thermotolerance. Finally, protein phosphorylation mediated by protein kinase and phosphatase is a major post-translational modification, affecting protein function, localization, stability and interaction in response to heat stress (Han et al., 2022). Yu et al. (2019) investigated the role of a mitogen-activated protein kinase (MAPK3) under heat stress in tomato. They generated a knockout (KO) in SIMAPK3 mutant that was compared to wilt type tomato plants. Interestingly, slmapk3 KO mutants reduced the overproduction of ROS under heat stress thus evidencing higher thermotolerance than to the wilt type. By contrast, Ding et al. (2018) studied the role of the SlMPK1 and they found that it is a negative regulator of thermotolerance in tomato. Indeed, transgenic tomato plants presenting the SlMPK1 silenced gene enhanced the HS response, whereas its overexpression induced lower tolerance with a decrease of antioxidative enzyme activities and an increase of ROS. Lastly, Hu et al. (2021) investigated the role of the calcium-dependent protein kinases (CPKs) 28 in response to HS in tomato. After generating tomato cpk28 mutants using a CRISPR-Cas9 gene editing approach, they observed that the silencing of this gene comported an increase in ROS and protein oxidation and a decrease in the antioxidant enzymes activity, thus evidencing the positive function for CPK28 in the regulation of thermotolerance.




9 Future perspectives and open questions

Plants usually face several biotic and abiotic stresses, which limits their performances in terms of both production and fruit quality, leading to negative ecological, economic and societal impacts. Among these, HS represents one of the main threats that adversely affects crops worldwide. A major future challenge for agriculture relies in the mitigation of climate change effects on crop production due to the rise in temperatures above the optimum, which leads to high yield losses. In this review, we decided to focus on the impact of HS on the reproductive stages of tomato, which represents one of the major horticultural crops in the world. Indeed, high temperatures mainly occur during these stages and dramatically affect organs like flowers, pollen and fruits that determine the final yield. Plants respond to stress at the molecular level by DNA sequences adaptive variations, transcriptional regulation, post-transcriptional and post-translational modifications of stress-related genes and proteins. In the literature, a high number of genes (Hsfs, Hsps, flower-, pollen- and fruit set-related) were reported to be involved in both reproduction mechanisms and HS response and we summarized and described them in the present review. From the position on tomato chromosomes of the 393 genes we focused on (listed in Supplementary Table 4), it is evident that there are hotspots of genes potentially affecting the response to HS (Supplementary Figure 1), as shown in Figure 6 for chromosome 3. Interestingly, most hotspots regions identified co-localize with a high number of QTLs, such as those for stigma exertion, numbers of flowers, numbers of fruits (Graci et al., 2023).




Figure 6 | Distribution of Hsfs, Hsps, flower-, pollen- and fruit set-related genes mapping on chromosome 3. Green boxes represent regions where these genes map. Blue histograms indicate the number of genes mapping into a chromosome region of 1 Mbp. There are 30 genes in the distal end of the chromosome, such as one Hsf, 20 Hsps, FA and FUL2 genes, and nine pollen-related genes, among which SlNCED1. Graphical visualization was performed by using the ChromoMap R package (Anand and Rodriguez Lopez, 2022).



Altogether, these findings might be represent a useful starting point for all the researchers interested in studying the response to HS in tomato, even though the plethora of genes here reported does not exhaustively describes it. As a whole, the variability of these genes could be further investigated by high-throughput phenotyping and genotyping platforms to discover functional mutations in coding and/or regulatory regions and identify new QTLs associated to yield-responsive plant traits that could determine contrasting tolerant/susceptible phenotypes. Indeed, the identification of genetic markers may improve the selection for key traits and their application in breeding programs. In addition, the available genome editing technologies, like CRISPR-Cas9, VIGS and other gene editing and silencing approaches, are valuable strategies to validate the function of candidate genes, thus allowing to understand plant molecular mechanisms in responses to HS. The study of overexpressed and silenced lines of poorly investigated and/or unknown genes through genetic transformation and their phenotyping in comparison with the wilt type would promote a more direct and accurate analysis of gene function. However, the functional study is not limited to the genes themselves as they usually interact in a complex network in which genes are both regulated by transcriptional factors and also encode downstream proteins, in a cascade of genes that could improve the response to HS. In addition, it should be also considered the functions and interactions of important epigenetic regulatory factors in the plant HS response. Whereas numerous studies focused on histone methylation and acetylation are reported, works on other epigenetic and post-translational modifications such as phosphorylation, ubiquitination, and SUMOylation are scarce and response mechanisms still remain unclear. Moreover, most methylation studies involved DNA while little is known about RNA methylation in response to HS. An integrative approach of these advanced technologies will permit to prioritize some of these genes and investigate their network, with the final aim of exploiting them in precise breeding approaches to obtain new plant materials able to successfully face climate changes.
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This study examined the effect of the interactions of key factors associated with predicted climate change (increased temperature, and drought) and elevated CO2 concentration on C3 and C4 crop representatives, barley and sorghum. The effect of two levels of atmospheric CO2 concentration (400 and 800 ppm), three levels of temperature regime (21/7, 26/12 and 33/19°C) and two regimes of water availability (simulation of drought by gradual reduction of irrigation and well-watered control) in all combinations was investigated in a pot experiment within growth chambers for barley variety Bojos and sorghum variety Ruby. Due to differences in photosynthetic metabolism in C3 barley and C4 sorghum, leading to different responses to elevated CO2 concentration, we hypothesized mitigation of the negative drought impact in barley under elevated CO2 concentration and, conversely, improved performance of sorghum at high temperatures. The results demonstrate the decoupling of photosynthetic CO2 assimilation and production parameters in sorghum. High temperatures and elevated CO2 concentration resulted in a significant increase in sorghum above- and below-ground biomass under sufficient water availability despite the enhanced sensitivity of photosynthesis to high temperatures. However, the negative effect of drought is amplified by the effect of high temperature, similarly for biomass and photosynthetic rates. Sorghum also showed a mitigating effect of elevated CO2 concentration on the negative drought impact, particularly in reducing the decrease of relative water content in leaves. In barley, no significant factor interactions were observed, indicating the absence of mitigating the negative drought effects by elevated CO2 concentration. These complex interactions imply that, unlike barley, sorghum can be predicted to have a much higher variability in response to climate change. However, under conditions combining elevated CO2 concentration, high temperature, and sufficient water availability, the outperforming of C4 crops can be expected. On the contrary, the C3 crops can be expected to perform even better under drought conditions when accompanied by lower temperatures.
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1 Introduction

The rising atmospheric concentrations of greenhouse gases, especially CO2, have led in recent decades to rising air temperatures and the increasing frequency of climate extremes (Sage, 2020; Zandalinas et al., 2021). Extreme climate events including temperature extremes and anomalies in intensity, duration and frequency of precipitation in recent years have significantly affected crop growth and yield (Fahad et al., 2017). Such environmental changes, together with the decline in arable land, are expected to impact crop production and subsequently lead to global food insecurity (Borrelli et al., 2020; Sage, 2020; Zandalinas et al., 2021), although global food demand is projected to rise (Conijn et al., 2018).

Cereals are a critical component of the world’s agricultural industry, providing a significant source of food for mankind and feed for livestock (McKenzie and Williams, 2015; Bruinsma, 2017). The varying responses of different crop species and varieties to environmental stress have been shown to be influenced by their genetic backgrounds. There are a number of known regulation or resistance mechanisms that contribute significantly to crop resilience to adverse environmental conditions, as well as a number of genomics or phenomics tools that can be effectively used for crop improvement (Raza et al., 2019). However, the change in the crop structure specific for the given conditions, in particular a change in the proportion of C3 and C4 crops, together with the adaptation of crop management, will also be a vital tool for adaptation of crop production to climate change (Rezaei et al., 2023). The performance and the applicability of different resistance mechanisms are at this point relatively well explored for individual stressors. However, there are still many gaps in our understanding of their significance when multiple environmental factors act simultaneously, with responses ranging from synergism to antagonism (Zandalinas and Mittler, 2022), although crop modelling provides effective ways to estimate future impacts of climate change based on combining several factors and to evaluate potential differences in responses between C3 and C4 crops (Wang et al., 2023).

Drought stress can decrease photosynthesis, and nutrient uptake in plants, leading to a decrease in biomass production and grain yield. Plants respond to drought stress by activating a series of physiological and molecular mechanisms, including the closure of stomata, the accumulation of osmolytes and antioxidants, and changes in root architecture (Farooq et al., 2009; Anjum et al., 2011; Zhao et al., 2020).

Elevated atmospheric CO2 concentrations can enhance photosynthesis and water use efficiency in plants, resulting in higher biomass production and yield under favourable growing conditions (Leakey et al., 2019; Souza et al., 2019) and mitigating negative effects of reduced water availability (Abdelhakim et al., 2022). However, an increase in leaf area index under elevated CO2 concentration and thus increased transpiration per unit ground area may completely counteract its mitigating effect or even lead to an amplification of the drought effect (Burkart et al., 2011).

High temperature is another critical abiotic stress that can significantly impact cereal growth and yield, particularly during the reproductive stage. High temperatures can affect various physiological and biochemical processes in plants, including photosynthesis, respiration, and stress signalling pathways (Tiwari and Yadav, 2019). Plants respond to high temperatures by activating a series of protective mechanisms, including the synthesis of heat shock proteins, the accumulation of antioxidants, and changes in membrane fluidity (Jat et al., 2016). However, prolonged exposure to high temperatures can lead to irreversible damage to plant tissues and even death.

Understanding the physiological and morphological responses of cereals to drought stress, elevated CO2, and high temperature is therefore essential for development of adaptation strategies including crop selection, development of climate-resilient crop varieties and sustainable agricultural practices, that can help to cope with the changing climate. In comparison to C4, C3 crops have a reduced capacity to withstand short-term drought stress due to lower water use efficiency (Hura et al., 2007), but they exhibit a more positive response to the elevated CO2 concentration due to reduced photorespiration and enhanced photosynthetic CO2 uptake (Drake et al., 1997). Due to the higher response of C3 crops to elevated CO2 concentration, its effect is also manifested in the mitigation of drought stress, either by increasing water use efficiency or by its positive effect on photosynthesis and yield (van der Kooi et al., 2016; Abdelhakim et al., 2022). In addition, C4 crops show a lower threshold of decrease in leaf water potential from which a decrease in photosynthesis is observed compared to C3 crops and also a higher sensitivity of non-photochemical limitation of photosynthesis to drought (Bellasio et al., 2023). Thus, despite the higher water use efficiency, higher drought sensitivity is generally observed in C4 plants, with elevated CO2 concentrations exacerbating these differences between C4 and C3 plants (van der Kooi et al., 2016). Elevated CO2 concentration in combination with adaptation measures is expected to compensate yield losses in C3 crops caused by drought, while the possibility of compensating for yield losses is limited for C4 crops (Makowski et al., 2020). Even more complex is the assessment of the effect of high temperature in C3 and C4 crops and, in particular, the interactions with elevated CO2 concentration and drought. Despite recent studies have attempted to understand the different interactions of environmental conditions associated with climate change, either through experiments or the use of crop models, it is still very difficult to generalise under which combinations of factors C3 crops will outperform C4 crops and vice versa (Rakhmankulova et al., 2023; Wang et al., 2023). Although C4 plants show a higher temperature optimum for photosynthesis (Yamori et al., 2014), a higher sensitivity to acute heat stress is observed, which is further amplified by the combination with elevated CO2 concentration (Hamilton et al., 2008). The complex physiological and biochemical background of these interactions, which is not yet fully understood, leads to rather contradictory results of the interactions of elevated CO2 concentration, high temperature and drought in C3 and C4 crops and thus to highly uncertain yield predictions in the context of expected climate change.

In this study, we aimed to investigate differences between C4 (sorghum) and C3 (barley) crop representatives in the interactive effects of elevated CO2 concentration, high temperature and drought on physiological and production parameters. Our hypotheses were as follows: i) C4 sorghum exhibits higher drought tolerance due to higher water use efficiency and also greater tolerance to high temperatures. ii) C3 barley exhibits a higher mitigating effect of elevated CO2 concentration against drought due to greater stomatal response and stimulation of photosynthesis. iii) Elevated CO2 concentration therefore compensates for differences between C3 and C4 crops in response to drought, but does not affect differences in response to high temperatures.




2 Materials and methods



2.1 Plant growth and experimental regimes

The study was conducted on two genotypes that represented C3 species spring barley (Hordeum vulgare, variety Barke) and C4 species sorghum (Sorghum bicolor, variety Ruby), respectively. In September 2022, four germinating seeds were planted in each plastic pot (11 × 11 × 25 cm) after stratification for 48 hours at 4°C and germination for 48 hours at 26°C on moistened filter paper. In total 120 pots were filled with Zeolite with granulation of 2.5-5 mm (Techneco, Praha, Czech Republic) after inserting the 10 mm thick Grodan plate on the pot bottom. This ensured a gradual drainage of excess watering and at the same time prevented the Zeolite granules from falling out through the drainage holes of the pot. The pots were left in the greenhouse at ambient temperature (20 ± 5°C) and regularly irrigated until seedling started to emerge. The pots were then transferred to six growth chambers model FytoScope FS-SI 3400 (PSI, Drásov, Czech Republic). Seedlings of both species were initially allowed to acclimate for seven days (before the respective treatments) under identical environmental conditions, simulating the changes during daily course: air temperature (day maximum/night minimum, 26/12°C), relative air humidity (day minimum/night maximum, 70/90%), photosynthetically active radiation intensity (day maximum/night, 800/0 μmol photons m-2 s-1), constant CO2 concentration (400 ppm), and day/night duration 15/9 h (Figure 1A). All pots were irrigated to keep Zeolite at full water holding capacity every 2 days. Afterwards, when the plants reached the stage of one fully developed leaf (7 days after starting germination), they were exposed to the experimental treatments. Each combination of species, CO2 concentration, temperature regime, and water availability were replicated five times (five pots), and the replications were randomized within the blocs at an interval of 3-4 days to minimise the effects of possible inhomogeneity of environmental conditions inside the chambers. To avoid the possible artefacts of individual chambers, treatments were interchanged between chambers at an interval of one week. The experimental treatments included three temperature regimes comprising of low temperature (LT), ambient temperature (AT), and high temperature (HT) with day maximum/night minimum air temperatures of 21/7°C, 26/12°C and 33/19°C, respectively (Figure 1A). The temperature regimes selected simulate a below-average cool season (LT), a normal season (AT) and an above-average warm season (HT). HT regime demonstrates not only the furure warming but also a higher frequency of episodes of high temperatures (HT), under Central European conditions for the stem elongation period of both crops (May-June). Atmospheric CO2 concentration was maintained at a constant level ( ± 50 ppm) in two regimes including ambient CO2 concentration (AC, 400 ppm) and elevated CO2 concentration (EC, 800 ppm). The CO2 concentration of 800 ppm represents an estimate of the change in atmospheric CO2 concentration by 2100 under the SRES A2 (business as usual) emissions scenario (Valone, 2021). Relative air humidity for all treatments was identical with a day minimum/night maximum of 60/90%.




Figure 1 | Experimental setup and crop phenotypes after exposition to individual treatments. (A) The figure represents the time course of manipulation of individual environmental factors. Seedlings from both C3 (barley, variety Barke) and C4 (sorghum, variety Ruby) crop species were subjected to seed germination (4 days) and early seedling growth (7 days) before starting the CO2 concentration and temperature treatments. The seedlings (one leaf stage) were then exposed to 6 different combinatorial treatments of CO2 concentration (AC – 400 ppm and EC – 800 ppm) and temperature (LT – 21/7°C, AT – 26/12°C and HT – 33/19°C). After 14-day acclimation, progressive drought stress was applied by reducing the watering gradually (D), except for the well water conditions (W). (B) The phenotype of barley and sorghum after 21 days exposition to drought in combination with CO2 and temperature treatment.



Plants were watered using Knop´s nutrient solution every two days. The nutrient solution in distilled water contained the following concentrations of compounds: Ca (NO3)2*4H2O 1.439 g L-1, MgSO4 0.122 g L-1, KH2PO4 0.25 g L-1, KCl 0.125 g L-1, and FeCl3 0.006 g L-1. The resulting solution had a pH between 5 and 6. At the three-leaf stage (two weeks after induction of CO2 and temperature treatments), gradual drought induction was started. Drought (D) was initiated by reducing the amount of irrigation to 50% (7 days), followed by a reduction to 33% (10 days), and finally, irrigation was completely withdrawn (4 days), while the well-watered (W) plants were kept irrigated every two days with 80 ml of nutrient solution per pot. At the end of drought treatment (21 days after drought initiation), measurements of physiological parameters associated with photosynthetic CO2 assimilation, indirect measurement of leaf pigments, determination of above-ground and below-ground biomass per plant as well as sampling for elemental analyses were performed.




2.2 Leaf relative water content

Leaf relative water content (RWC) was determined after 21 days of drought treatment as described by (González and González-Vilar, 2001). The following equation was used to calculate the RWC:

	

The measurement of fresh leaf segment weight was followed by the determination of turgid weight after the leaves were immersed in distilled water and placed for 12 hours in the dark at 4°C (Fletcher et al., 1988). The dry weight of leaf segments was then determined by a drying process at 70°C until a consistent weight was achieved.




2.3 Gas exchange measurements

Gas exchange measurements were conducted between 10:00 and 14:00 Central European Time (CET). Basic photosynthetic parameters were measured on the 2nd leaf from the top (youngest fully developed leaf), representing the leaf completely developed during drought induction, using a LI-6800 gas exchange system (LI-COR Biosciences, Lincoln, Nebraska, USA). The CO2 concentration in the leaf chamber was kept constant at a level of 400 and 800 ppm for AC and EC treatments, respectively. During gas-exchange measurements, air temperature and relative air humidity were kept constant in the growth chamber corresponding to daily maxima of 21°C/60%, 26°C/60% and 33°C/60% for LT, AT and HT, respectively. These conditions were also set up in the leaf chamber of the gas exchange analyser. To measure light-saturated CO2 assimilation rate (Amax), the leaves were exposed to the photosynthetically active radiation intensity of 1200 μmol photons m-2 s-1. In parallel with Amax, stomatal conductance (GS) and transpiration rate (E) were determined.




2.4 Leaf pigments and chlorophyll fluorescence parameters

Contents of leaf chlorophylls, epidermal flavonols and anthocyanins were estimated indirectly as chlorophyll (Chl), flavonol (Flav) and anthocyanin indices (Anth) using Dualex 4 Scientific (Force A, Orsay, France).

The actual quantum yield of photosystem II (ΦPSII) was determined using the Open FlourCam FC 800-O/2020 (PSI) after exposure to actinic light (150 μmol photons m-2 s-1) for 150 s. A saturating pulse (~2700 μmol photons m-2 s-1) was applied at the end of actinic light exposure to determine the maximum fluorescence (FM´) after the measurement of steady-state chlorophyll fluorescence under actinic light (FS). The actual quantum yield of photosystem II was calculated as follows: ΦPSII = (FM´ - FS)/FM´.




2.5 Carbon and nitrogen content

Fully developed leaves, second from the top of barley and sorghum plants, were sampled at the end of drought treatment and then dried at 70°C to constant weight. Subsequently, dried leaves were homogenised using the MM400 mill (Retsch, Haan, Germany). Approximately 1.5 mg of the pulverised samples were weighted into tin capsules to determine leaf carbon and nitrogen contents using an elemental analyser Flash 2000 (ThermoScientific, Waltham, Massachusetts, USA).




2.6 Above- and below-ground biomass

Two plants per pot were used to determine above- and below-ground biomass. Plants were separated from the zeolite, the roots were gently washed on a fine sieve of mesh 0.3 mm under running water, the roots and above-ground biomass were separated, and then dried at 70°C to constant weight. The average of two plants from each pot (replicate) was then used for further statistical analyses.




2.7 Statistical analyses

Prior to conducting the analysis of variance (ANOVA), the Kolgomorov–Smirnov test was employed to assess the normality of data for each individual parameter. Parameters that failed the normality test were transformed using square root transformation. A four-way analysis of variance (ANOVA) was performed using the STATISTICA 12 (StatSoft, Tulsa, Oklahoma, USA) to determine main effects and interactions. Tukey’s post-hoc test (p = 0.05) following three-way ANOVA (separately for each species) was used to analyse significant differences between means. Pearson’s correlation matrix with p-values was used to create a correlation matrix by R package, ggplot2 (Wickham, 2016). The square root normalized data of morpho-physiological traits were used to create heatmap by Pheatmap package in R. Boxplot graphs and PCA biplot were developed in the software OriginPro 2021b (OriginLab, Northampton, Massachusetts, USA).





3 Results



3.1 Associations between experimental factors and biomass, physiological and biochemical parameters

Our study was performed to understand the influence of different climate variables and their interactions on C3 and C4 crop species. All twelve treatments represent the combinations of three environmental factors atmospheric CO2 concentration, temperature, and water availability while the relative air humidity and photosynthetically active radiation intensity were not modified (Figure 1A).

PCA analysis performed separately for barley and sorghum shows some general species-specific features in response to elevated CO2 concentration, temperature, and water availability (Figure 2A). The main differences are in the response to higher temperatures and elevated CO2 concentration. While barley shows a negative association between below-ground biomass or root-to-shoot ratio (R/S) to temperature, sorghum exhibits a rather positive association with temperature for both above- and below-ground biomass (Figure 2A). The changes in R/S in sorghum are rather related to the combined effect of temperature and water availability (higher temperature and increased water availability negatively affect R/S). In barley, R/S is positively associated with elevated CO2 concentration, but negatively with high temperature. Above-ground biomass in barley is also positively associated with most physiological parameters, which are primarily affected by water availability, whereas this association is low in sorghum. Although physiological parameters are also largely influenced by water availability, the interaction of temperature and water availability has a major effect on production parameters in sorghum. In sorghum, the effect of elevated CO2 concentration is significantly lower. R/S is also positively associated with the C:N ratio in above-ground biomass in both species (Figure 2A). In barley, Anth is then negatively associated with physiological parameters and positively with C:N ratio, while in sorghum a similar association is observed for Flav. This indicates that the role of flavonols and anthocyanins is somewhat reversed in barley and sorghum. Chl was relatively little affected by experimental factors and had a positive association with physiological parameters in barley, whereas in sorghum these associations were rather negative.




Figure 2 | PCA and correlation analysis of physiological, production and biochemical parameters in C3 (barley, Barke) and C4 (sorghum, Ruby) crops. (A) PCA analysis was performed separately for barley (variety Barke – left) and sorghum (variety Ruby – right). The red arrows represent the effect of experimental factors: CO2 – atmospheric CO2 concentration, Temperature –air temperature, Water – water availability. (B) The correlation matrices for each species separately, representing the strength, direction and significance of the relationships between each pair of measured production, physiological and biochemical parameters. The red colour represents a positive relationship while the blue colour represents a negative relationship. The intensity of the colour demonstrates the strength of the relationship (significant relationships are marked with an asterisk*). Amax, light-saturated CO2 assimilation rate; GS, stomatal conductance; E, transpiration rate; ΦPSII, actual quantum yield of photosystem II; RWC, relative water content; Chl, chlorophyll index; Flav, flavonol index; Anth, anthocyanin index; AB, above-ground dry biomass per plant; BB, below-ground dry biomass per plant; R/S, root-to-shoot ratio (BB/AB); C:N, carbon-to-nitrogen ratio in plant dry matter.



The correlation matrix evaluates the magnitude and direction of the relationship for each of the pair of measured parameters separately for barley and sorghum (Figure 2B). Both species show a highly positive correlation among the physiological parameters. Significant differences between the two species are apparent for the correlations of Chl. While the correlation of Chl to physiological parameters is positive and significant in barley, it is negative and insignificant in sorghum (Figure 2B). Chl is further negatively correlated with Anth in both species (more in barley), while Flav shows a significant positive correlation to Chl only in sorghum. The production parameters (above- and below-ground biomass) show a clear positive correlation to physiological parameters in barley, while these correlations are low, and in most cases insignificant in sorghum (Figure 2B). In contrast, the negative correlations of biomass parameters to Anth are very similar for both species. R/S and C:N correlate significantly positively in both species with Flav and, in the case of sorghum, also with Anth.




3.2 General effect of species, elevated CO2 concentration, temperature and water availability on production, physiological and biochemical parameters

The heat map shows that the predominant effect of species is particularly evident in the pigment content, i.e. Chl, which is higher in barley, Flav and Anth, which are higher in sorghum (Figure 3). Species-specific differences were also high in the case of the R/S ratio which is higher in sorghum and the fluorescence parameter ΦPSII which is higher in barley. In the case of the other parameters, the effect of experimental factors is more significant and dominates over the effect of species. Atmospheric CO2 concentration shows a positive effect on most physiological parameters in sorghum, particularly in LT and AT, while in barley these parameters are predominately influenced by water availability (drought reduces physiological parameters) which is not evident or less pronounced in sorghum. The negative drought effect on above- and below-ground biomass in barley was more pronounced under AC as compared to EC and in HT, while in sorghum the drought effect dominated in HT irrespective of CO2 concentration.




Figure 3 | The heat map showing the effects of species, atmospheric CO2 concentration (400 ppm – AC, 800 ppm – EC), temperature (LT – 21/7°C, AT – 26/12°C and HT – 33/19°C) and water availability (D, drought stress; W, well-watered control). Amax, light-saturated CO2 assimilation rate; E, transpiration rate; GS, stomatal conductance; ΦPSII, actual quantum yield of photosystem II; RWC, relative water content; Chl, chlorophyll index; Flav, flavonol index; Anth, anthocyanin index; AB, above-ground dry biomass per plant; BB, below-ground dry biomass per plant; R/S, root-to-shoot ratio (BB/AB); C: N, C:N ratio in plant dry matter.



A four-way ANOVA of the effect of experimental factors on plant physiological parameters, biomass production, N content, and C:N ratio in plant dry matter (Table 1) showed a statistically highly significant effect of species (p ≤ 0.01) for most parameters, except C:N ratio where the effect was insignificant. CO2 concentration showed a highly significant effect (p ≤ 0.01) on RWC, gas exchange parameters (Amax, GS, E), ΦPSII, Anth, above- and below-ground biomass, and C:N ratio. In contrast, the effect of temperature was highly significant (p ≤ 0.01) for all measured biomass, physiological and biochemical parameters except for E. Similarly, drought had a highly significant statistical effect (p ≤ 0.01) on all measured parameters. Species and CO2 concentration showed highly significant interaction (p ≤ 0.01) on E, Chl, Anth and C:N ratio. The interaction between species and temperature was highly significant (p ≤ 0.01) for all observed parameters except for R/S. The interaction between CO2 concentration and the temperature was highly significant (p ≤ 0.01) for all observed parameters except for below-ground biomass where the interaction was insignificant and C:N where it was significant at the p ≤ 0.05 level. The interaction of species with drought was statistically highly significant for the parameters RWC, Amax, GS, E, ΦPSII, Chl, Flav and below-ground biomass. The interaction of CO2 concentration and drought was highly statistically significant for the parameters RWC, Amax, GS, E and ΦPSII and significant at the p ≤ 0.05 level for the C:N ratio. The interaction between temperature and drought was highly significant for the parameters RWC, Amax, GS, E, ΦPSII, above- and below-ground biomass. A significant interaction at the p ≤ 0.05 level was found for Flav.


Table 1 | Results of a four-way analysis of variance (ANOVA) for the effect of each experimental factor separately and their mutual interactions.






3.3 Effects on physiological traits

Relative water content (RWC) was affected in both species mainly by drought, but specific interactions with temperature, CO2 concentration and species are evident (Figure 4A). In barley, drought induced a statistically significant decline in RWC in all temperature and CO2 concentration treatments. However, the magnitude of RWC reduction significantly increased with temperature, irrespective of CO2 concentration. EC in barley slightly alleviated the drought-induced decrease in RWC, but this effect was not statistically significant (p > 0.05). HT also reduced RWC in well-watered barley plants, but this effect was relatively small and statistically insignificant. Generally, drought and temperature-induced reduction of RWC was less pronounced in sorghum than in barley. This is particularly obvious at low temperatures (LT) where drought, irrespective of CO2 concentration, did not affect RWC in sorghum. Therefore, the statistically significant decrease in RWC due to drought was observed in sorghum only in AT and HT, and at the same time, there were also significant differences in the decrease of RWC between AT and HT treatments, with a greater decrease in RWC achieved in HT at both CO2 concentrations. In sorghum, EC mitigated the drought-induced decline in RWC in both AT and HT treatments.




Figure 4 | Box-plots showing the effect of CO2 concentration, temperature, and water availability on leaf relative water content (RWC, (A)), light-saturated CO2 assimilation rate (Amax, (B)), and stomatal conductance (GS, (C)) for spring barley (Barke, left) and sorghum (Ruby, right) separately. AC, ambient CO2 concentration (400 ppm); EC, elevated CO2 concentration (800 ppm); LT, low temperature (21/7°C); AT, ambient temperature (26/12°C); HT, high temperature (33/19°C); W, well-watered control; D, drought stress. The lower and upper limits of the box represent the 25-75% percentile. The horizontal line inside the box represents the median and the point in the middle of the box the mean. Error bars represent the 1.5 interquartile range. The points outside the error bars represent outliers. Letters above the boxes represent homogeneous groups of post-hoc testing following a three-way ANOVA (separate CO2, temperature and drought effects for each species/genotype) using Tukey’s test at p=0.05 (variants with different letters within a species/genotype show a statistically significant difference between means).



The light-saturated rate of CO2 assimilation, Amax (Figure 4B), was mainly reduced by drought and increased by elevated CO2 concentration. In barley, the effect of drought was statistically significant in all three temperature treatments (LT, AT and HT) and both CO2 concentrations (AC and EC). The increase in Amax due to EC was statistically significant for both species in all well-watered treatments within all temperature treatments (LT, AT and HT). The effect of EC in drought-stressed plants was generally small but statistically significant under AT and HT treatments in barley and under LT and AT treatments in sorghum. In barley, a decrease in Amax due to HT was also evident in the well-watered treatments. The decline of Amax due to HT was more pronounced under AC as compared to EC conditions. Thus, EC in well-watered barley plants mitigated the negative effect of HT on Amax. Sorghum showed significantly different responses compared to barley, especially in response to drought at LT treatment. The decrease in Amax due to drought was significantly lower in both CO2 concentrations (AC and EC). Under EC, the Amax decrease in sorghum due to drought was also lower in AT, while the Amax value under drought stress was significantly higher in AT compared to HT, unlike in barley. The relative effect of EC on Amax in well-watered control was also higher in sorghum, although there is no obvious interaction with temperature as shown in barley. At both CO2 concentrations, Amax decreased with increasing temperature in well-watered plants, which decrease was particularly obvious at HT conditions.

Stomatal conductance (GS) showed a similar response pattern as Amax with more pronounced species-specific differences which were particularly evident in well-watered plants (Figure 4C). Among others, well-watered sorghum plants had generally lower GS values than barley, but these differences are negligible at HT and drought treatments. Compared to Amax, GS was also less affected by CO2 concentration. In barley, a statistically significant decrease in GS due to drought was evident, except for the AC HT treatment. The increase in temperature significantly decreased GS for the well-watered plants under AC, when comparing AT versus LT, HT versus AT, and HT versus LT. In contrast, GS showed a different response to temperature under EC. There was a statistically significant increase in GS in AT versus LT, but a decrease in GS between AT and HT. However, HT vs. LT showed a statistically significant increase in EC. Thus, it was again evident that, in barley, the negative effect of high temperature on GS was mitigated by elevated CO2 concentration under well-watered conditions. Besides generally lower GS values in sorghum than in barley, a significantly lower effect of drought at LT was evident for both AC and EC conditions in sorghum. In both cases, stomata remained open under drought although the decrease in GS was statistically significant under EC conditions. Increasing temperature led to a significant decrease in GS of well-watered sorghum plants, which decline was particularly obvious under EC conditions. A similar response to experimental factors was also found for transpiration rate (E, Supplementary Figure S1A) with a generally less pronounced effect of temperature. The dominant effect of drought and the interaction of water availability and temperature were also observed for the actual quantum yield of photosystem II (ΦPSII, Supplementary Figure S1B). Drought in combination with AT and especially in combination with HT decreases ΦPSII. This effect was significantly higher in sorghum than barley and under AC than EC conditions.




3.4 Effects on above- and below-ground biomass

Above-ground biomass was generally higher in barley than in sorghum, but an opposite result was found under combined conditions of HT and EC (Figure 5A). Generally, above-ground biomass tended to decrease with increasing temperature in barley, while it proportionally increased in sorghum. However, the temperature-induced decrease in above-ground biomass of barley was statistically significant only under combined conditions of AC, HT and D. Under EC, the temperature effect on above-ground biomass was diminished. In well-watered sorghum plants, above-ground biomass significantly increased with increasing temperature regardless of CO2 concentration, except for AC AT and AC HT counterparts. Similar temperature-induced trends were also found in drought-treated sorghum plants. Generally, compared to well-watered plants, drought caused a decrease in above-ground biomass (Figure 1B). This decrease was statistically significant in barley across all temperature and CO2 treatments, however, the effect was slightly larger under EC conditions. For sorghum, the negative effect of drought on above-ground biomass increased with increasing temperature under both CO2 concentrations. The positive effect of EC on above-ground biomass was significantly pronounced under HT conditions in both well-watered and drought-stressed sorghum plants.




Figure 5 | Box-plots showing the effect of CO2 concentration, temperature, and water availability on dry above-ground biomass (A) and dry below-ground biomass (B) per plant of spring barley (variety Barke, left) and sorghum (variety Ruby, right). AC, ambient CO2 concentration (400 ppm); EC, elevated CO2 concentration (800 ppm); LT, low temperature (21/7°C); AT, ambient temperature (26/12°C); HT, high temperature (33/19°C); W, well-watered control; D, drought stress. The lower and upper limits of the box represent the 25-75% percentile. The horizontal line inside the box represents the median and the point in the middle of the box the mean. Error bars represent the 1.5 interquartile range. The points outside the error bars represent outliers. Letters above the boxes represent homogeneous groups of post-hoc testing following a three-way ANOVA (separate CO2, temperature and drought effects for each species/genotype) using Tukey’s test at p=0.05 (variants with different letters within a species/variety show a statistically significant difference between means).



Below-ground biomass was dominantly affected by temperature, drought, and, to a lesser extent, by the interaction with CO2 concentration (Figure 5B). Although there were only relatively small differences in below-ground biomass between the two species, these were particularly evident under combined conditions of HT and EC where the two species showed different responses and higher values of below-ground biomass were shown in sorghum compared to barley. Drought generally caused a decrease in below-ground biomass. This decrease was statistically significant in barley for all combinations of CO2 concentration and temperature. In contrast, in sorghum, drought had no significant effect under LT, regardless of CO2 concentration. On the contrary, in AT and HT the effect of drought on below-ground biomass was statistically significant. In barley, below-ground biomass was highest in AT and towards LT and HT below-ground biomass decreased similarly in the well-watered and drought-stressed plants. Except for the comparison of LT vs. AT for EC variants, and LT vs. HT under drought stress for AC variants, the differences in below-ground biomass due to temperature were statistically significant in barley. While for barley the highest decrease in below-ground biomass was observed at HT, the opposite was observed for sorghum. EC increased below-ground biomass of barley statistically significantly only under LT, irrespective of water availability. In sorghum, the effect of EC was significant only in combination of HT with well-watered treatments.

Drought negatively affected slightly more above-ground biomass compared to below-ground biomass, which was evident in the increase of R/S ratio (Supplementary Figure S2C). Although the changes in R/S ratio due to drought were statistically significant only in sorghum for the combined treatment of AC and AT, it was generally evident that R/S ratio changed more in sorghum than barley. For both species, there was also observed a decrease in R/S ratio at HT and generally the highest values were observed at AT. When comparing the species, sorghum had a higher R/S ratio, practically twice as high as barley.




3.5 Effects on biochemical parameters

The C:N ratio showed a very strong response to all experimental factors, including species effects (Figure 6A). In particular, the drought increased the values of the C:N ratio across all combinations of experimental factors. The effect of temperature on the C:N ratio has a typical non-linear character with a maximum under AT, while lower C:N values were achieved at HT and LT treatments. Only in EC barley plants, the highest values of the C:N ratio were reached at LT, and the C:N ratio gradually decreased towards higher temperatures. Under AT conditions, the highest C:N ratio was observed in sorghum plants grown under EC irrespective of water availability. The effect of EC on the C:N ratio shows interactions with species and temperature. While in sorghum the effect of EC on C:N ratio increase was statistically significant only under AT, in barley the significant increase of C:N ratio was found under LT for both water availability treatments, and in AT and HT only in drought-stressed plants.




Figure 6 | Box-plots showing the effect of CO2 concentration, temperature, and water availability on C:N ratio in the above-ground dry matter (A) and flavonol index (B) for spring barley (variety Barke, left) and sorghum (variety Ruby, right) separately. AC, ambient CO2 concentration (400 ppm); EC, elevated CO2 concentration (800 ppm); LT, low temperature (21/7°C); AT, ambient temperature (26/12°C); HT, high temperature (33/19°C); W, well-watered control; D, drought stress. The lower and upper limits of the box represent the 25-75% percentile. The horizontal line inside the box represents the median and the point in the middle of the box the mean. Error bars represent the 1.5 interquartile range. The points outside the error bars represent outliers. Letters above the boxes represent homogeneous groups of post-hoc testing following a three-way ANOVA (separate CO2, temperature and drought effects for each species/genotype) using Tukey’s test at p=0.05 (variants with different letters within a species/variety show a statistically significant difference between means).



Flav index showed higher values and a greater sensitivity to experimental factors in sorghum than in barley (Figure 6B). Drought generally increased Flav in both species. In barley, drought effects were statistically significant in HT plants under both CO2 treatments. In sorghum, the drought-induced increase in Flav was evident under AC for the AT and HT treatments, while under EC a significant increase was observed for AT treatment. The effect of temperature on Flav showed an interaction with CO2 concentration. The highest Flav was observed under AC in AT treatment for both barley and sorghum. In barley was this effect statistically significant for well-watered treatments in comparison to both LT and HT, while for drought-stressed variants the difference was significant only in comparison to LT. In sorghum this effect was significant in comparison to both LT and HT irrespective of water availability. Within the EC treatments, Flav showed a slight decrease due to increasing temperature, however, this effect was statistically significant only in barley for comparisons between LT and AT, or between LT and HT. The effect of EC on Flav showed an interaction mainly with temperature, with the significant increase in both barley and sorghum under LT and in sorghum with a significant decrease under AT, irrespective of water availability treatment.

In contrast to Flav, Anth index reached higher values in barley, while it was generally very low in sorghum (Supplementary Figure S2B). Temperature sensitivity of Anth also differed between species. While the highest values were reached at lower temperatures in barley, HT treatment, particularly in combination with drought, resulted in a substantial increase of Anth in sorghum.

Chl index showed generally higher values in barley compared to sorghum (Supplementary Figure S2A). The effect of drought on Chl was only evident in barley under LT regardless of CO2 concentration and further under AT in combination with EC. In barley, the highest Chl values were generally achieved under AT, while sorghum showed an increase with temperature up to HT (for AC treatments) or very small changes with temperature for EC treatments.





4 Discussion

The changes in weather extremes have already led to a tripling of crop yield losses over the last fifty years (Brás et al., 2021). However, the resulting yield impacts are largely modulated by the interactions of various environmental drivers which can range from synergistic to antagonistic (Mittler, 2006). Some authors suggest that the negative effect of reduced water availability will be largely offset by the positive effect of elevated CO2 concentrations (Swann et al., 2016). In contrast, Gray et al. (2016) expect a rather higher likelihood of a negative interaction based on experimental results. To understand these conflicting results and the conditions under which a given type of response occurs, it is necessary to analyse the responses under the conditions of the so-called multifactorial stress combination (Zandalinas and Mittler, 2022), which was the aim of this study along with understanding the differences in response to multifactorial stress between C3 and C4 crops.

As shown by Cohen et al. (2021) the type of interaction effects of heat and drought stress are largely dependent on the photosynthetic metabolism of the crop, with C3 crops responding with higher yield loss to heat stress compared to C4 plants, while the opposite is true for drought stress. However, the combined effect of heat and drought stress on yield does not differ much between C3 and C4 crops. Higher sensitivity of C4 crops to drought stress was also documented by Bellasio et al. (2023) despite higher water use efficiency in C4 crops. Even more complex are the interactions between elevated CO2 concentration and other abiotic environmental factors in relation to the type of photosynthetic metabolism. Vijayalakshmi et al. (2023) showed that elevated CO2 concentration is better able to mitigate the negative effects of drought and heat stress on physiology and yield in C3 crops compared to C4 crops.

Our study proves that both species show a similar response of physiological parameters to temperature under sufficient water supply. Such a result indicated a general decrease in photosynthetic performance at HT in both C3 and C4 species. In contrast, sorghum showed the opposite response in production parameters, indicating an increase in biomass up to the highest temperatures. These differences imply a decoupling of the physiological response from the growth response in sorghum and allowing thus to compensate for the negative physiological response to temperature and achieve high biomass production. This may be due to the significantly higher enzymatic and non-enzymatic antioxidant activity of C4 plants, which protects against oxidative damage (Stepien and Klobus, 2005; Nayyar and Gupta, 2006) at least for the first part of stress exposure. The higher non-enzymatic antioxidant capacity in this study was indicated by the higher Flav values in sorghum compared to barley, which also showed a higher response (increase) to drought in sorghum. As the PCA analysis demonstrated, there was a negative association between the effect of HT and the effect of EC, however, this effect was significantly greater in barley. This effect was particularly evident in the alleviation of the negative impact of high temperature on the CO2 assimilation rate (Amax). In sorghum, on the other hand, the interaction between HT and EC was particularly evident for above-ground biomass, with an amplification of the positive effect. In contrast, Hamilton et al. (2008) reported an inverse interaction between temperature and EC on CO2 assimilation rate, i.e. a moderating effect in C3 and an enhancing effect in C4 plants. Similarly, Wang et al. (2008) documented an increased thermotolerance of CO2 assimilation rate in C3 plants and conversely a decreased thermotolerance in C4 plants. C3 plants generally acclimate to high temperatures by a decrease in respiration rate, increased electron transport capacity and synthesis of Rubisco activase with high heat stability. In addition, significant shifts in temperature optima of photosynthesis were reported both in C3 and C4 plants grown under elevated CO2 concentration (Sage and Kubien, 2007). Generally, the temperature optima for photosynthesis of C4 plants are higher than those of C3 plants, but their range is relatively narrow (Yamori et al., 2014). This means that any change in temperature from the optimum induces a more pronounced decline in CO2 assimilation rate in C4 plants than in C3 plants, and that C4 plants have relatively higher photosynthetic efficiency at HT compared to C3 plants. This was rather confirmed by our results on above- and below-ground biomass production, while Amax showed even higher sensitivity to HT in sorghum.

The effect of drought on both physiological and biomass production parameters was significantly modulated by temperature in sorghum, but not in barley. Drought also did not decouple the rate of Amax from above- and below-ground biomass formation. The interaction of drought with LT in sorghum was weak but increased with increasing temperature. C4 plants are able to achieve the same rate of CO2 assimilation at significantly lower stomatal conductance than C3 plants leading to high water use efficiency, particularly at lower temperatures (Killi et al., 2017). Accordingly, differences in water use efficiency between C4 and C3 plants are substantial at low temperatures but decline at high temperatures (Killi et al., 2017). This was confirmed by physiological parameters, including RWC, in our study. The negative effect of drought on RWC was also mitigated by EC in sorghum, whereas this effect was negligible in barley. Similar effects of EC and drought on RWC were reported in tall fescue by Yu et al. (2012). However, the effect of elevated CO2 concentration on RWC has been reported to be species-specific (Miranda-Apodaca et al., 2018). We found that sorghum was able to maintain higher RWC values than barley even at HT and drought (especially under EC conditions). The relative impact of drought increased significantly with increasing temperature in sorghum, whereas it remained at a similar level in barley. This was probably due to the fact that C4 plants respond physiologically to a decrease in water potential much earlier and thus show a higher sensitivity to water loss (Bellasio et al., 2023), although they exhibit lower water losses. EC shifts the threshold of water availability for a decrease in CO2 assimilation rate to lower values (resulting in higher drought tolerance) more in C3 as compared to C4 plants (Cao et al., 2022). At EC, the stomatal response of C3 and C4 plants to drought is thus approximated, but due to the significantly higher non-stomatal sensitivity of C4 plants, the performance of C4 plants under conditions of reduced water availability and EC is actually impaired (Bellasio et al., 2018).

Our results show a significantly higher R/S ratio in C4 sorghum and also the ability to increase this ratio under drought conditions. This adaptive potential of sorghum can, under storage-driven environments (Bodner et al., 2015), mean better performance in future climates. In particular, an improved ability to acquire the water reserves in the soil, especially from deeper soil layers, can be expected. The possible reason for stimulated root growth and reduced shoot growth under drought could be to gain access to water and minimise water loss, respectively (Gupta et al., 2020).

The C:N ratio can generally be considered as an indicator of the triggering defence mechanisms in plants, which responds to environmental stimuli and leads to morphological and biochemical adjustments enabling them to overcome stress (Klem et al., 2019; Klem et al., 2022). In the present study, the C:N ratio was positively influenced mainly by drought and EC, while it was reduced by HT. The interplay between N and C metabolism is modulated by the expression of phenylpropanoid-flavonoid biosynthetic genes. This results in an increased accumulation of flavonoids (Olsen et al., 2009), which was also corroborated in the current study. The C:N ratio also showed positive correlations in both species to another adaptive trait, R/S ratio, and in the case of sorghum also to accumulation of anthocyanins (Anth).

Considering that C4 crops show a greater decrease in production due to higher temperature and drought in the experimental results so far, and the mitigating effect of EC is practically absent, a higher climate change related yield decline can generally be expected for C4 as compared to C3 crops (Makowski et al., 2020). Our results generally confirm this except for the combination of HT with EC and sufficient water availability, where C4 sorghum is able to outperform barley in biomass production, especially relative to AC and LT conditions. The lower water loss, higher RWC and marginal decrease in CO2 assimilation rate due to drought at LT in sorghum do not reflect positively on sorghum biomass production. This is due to the fact that sorghum generally has low biomass production at LT.




5 Conclusions

The results of the present study demonstrate the decoupling of photosynthetic CO2 assimilation and production parameters in C4 sorghum grown under HT (33/19°C) and/or combined conditions of HT and EC. Despite the higher sensitivity of C4 photosynthesis to HT, it significantly increases above- and below-ground biomass of sorghum under sufficient water availability and EC (800 ppm CO2) conditions, which indicates the role of higher antioxidative capacity or other defence mechanisms at least for the first part of heat stress. In contrast, the negative effect of drought on biomass production is amplified by increasing temperature, even though drought induces some acclimation mechanisms in sorghum, such as an increase in the C:N ratio and the associated increases in Flav or R/S ratio. These complex interactions of individual factors imply that, unlike C3 barley, C4 sorghum can have a much higher variability in responses to changing environmental factors and thus a more difficult prediction of climate change impacts. Nevertheless, under certain conditions (combination of EC, HT and sufficient water availability) the outperforming of C4 crops can be expected. C3 crops are expected to perform better under conditions of lower temperatures, even when combined with drought. However, under insufficient water availability (storage-driven environment), the negative response of C4 sorghum can be compensated by an adjusted R/S ratio and increased accumulation of antioxidants. The significant interactions between the type of photosynthetic metabolism and temperature and between the effect of temperature and water availability indicate that future research on refining the production potential of C3 and C4 crops under expected climate change should focus primarily on these factors and their combinations. It can be assumed that the strong effect of these factors can significantly overwhelm the positive effect of elevated CO2 concentration, which is still rather overestimated in the models. It will also be important for future research to better understand the importance of high temperature and drought in C4 crops, given that they show a positive effect of temperature but a strong antagonistic response to its combination with drought and therefore may only be suitable for certain environments. Acquiring this knowledge is a key prerequisite for upscaling to larger areas and assessing the potential for changes in the proportion of C3 and C4 crops using updated growth models.
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Supplementary Figure 1 | Box-plots showing the effect of CO2 concentration, temperature, and water availability on the transpiration rate (E, (A)) and actual quantum yield of photosystem II (ΦPSII, (B)) for spring barley (variety Barke, left) and sorghum (variety Ruby, right) separately. AC, ambient CO2 concentration (400 ppm); EC, elevated CO2 concentration (800 ppm); LT, low temperature (21/7°C); AT, ambient temperature (26/12°C); HT, high temperature (33/19°C); W, well-watered control; D, drought stress. The lower and upper limits of the box represent the 25-75% percentile. The horizontal line inside the box represents the median and the point in the middle of the box the mean. Error bars represent the 1.5 interquartile range. The points outside the error bars represent outliers. Letters above the boxes represent homogeneous groups of post-hoc testing following a three-way ANOVA (separate CO2, temperature and drought effects for each species/genotype) using Tukey’s test at p=0.05 (variants with different letters within a species/genotype show a statistically significant difference between means).

Supplementary Figure 2 | Box-plots showing the effect of CO2 concentration, temperature, and water availability on the chlorophyll index (A), anthocyanin index (B) and root-to-shoot ratio (C) for spring barley (Barke, left) and sorghum (Ruby, right) separately. AC, ambient CO2 concentration (400 ppm); EC, elevated CO2 concentration (800 ppm); LT, low temperature (21/7°C); AT, ambient temperature (26/12°C); HT, high temperature (33/19°C); W, well-watered control; D, drought stress. The lower and upper limits of the box represent the 25-75% percentile. The horizontal line inside the box represents the median and the point in the middle of the box the mean. Error bars represent the 1.5 interquartile range. The points outside the error bars represent outliers. Letters above the boxes represent homogeneous groups of post-hoc testing following a three-way ANOVA (separate CO2, temperature and drought effects for each species/genotype) using Tukey’s test at p=0.05 (variants with different letters within a species/genotype show a statistically significant difference between means).
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With environmental problems such as climate global warming, drought has become one of the major stress factors, because it severely affects the plant growth and development. Silicon dioxide nanoparticles (SiO2 NPs) are crucial for mitigating abiotic stresses suffered by plants in unfavorable environmental conditions and further promoting plant growth, such as drought. This study aimed to investigate the effect of different concentrations of SiO2 NPs on the growth of the Ehretia macrophylla Wall. seedlings under severe drought stress (water content in soil, 30–35%). The treatment was started by starting spraying different concentrations of SiO2 NPs on seedlings of Ehretia macrophyla, which were consistently under normal and severe drought conditions (soil moisture content 30-35%), respectively, at the seedling stage, followed by physiological and biochemical measurements, transcriptomics and metabolomics analyses. SiO2 NPs (100 mg·L−1) treatment reduced malondialdehyde and hydrogen peroxide content and enhanced the activity of antioxidant enzymes under drought stress. Transcriptomic analysis showed that 1451 differentially expressed genes (DEGs) in the leaves of E. macrophylla seedlings were regulated by SiO2 NPs under drought stress, and these genes mainly participate in auxin signal transduction and mitogen-activated protein kinase signaling pathways. This study also found that the metabolism of fatty acids and α-linolenic acids may play a key role in the enhancement of drought tolerance in SiO2 NP-treated E. macrophylla seedlings. Metabolomics studies indicated that the accumulation level of secondary metabolites related to drought tolerance was higher after SiO2 NPs treatment. This study revealed insights into the physiological mechanisms induced by SiO2 NPs for enhancing the drought tolerance of plants.
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1 Introduction

Drought is one of the major stress factors affecting the growth and development of plants (Batool et al., 2020; Seleiman et al., 2021; Roy et al., 2021). Drought incidences have increased globally due to factors, such as global warming, low precipitation, land exploitation, and over-utilization of water resources (You et al., 2019; Zhu et al., 2021). In several parts of the world, drought represents the main limiting factor for agricultural production and ecological restoration (Seleiman et al., 2021). Therefore, the adaptation of plants to drought stress and associated drought resistance mechanisms have attracted great attention in various fields, including environmental science, ecology, and genetics (Wan et al., 2022). However, the evaluation of drought resistance and associated mechanisms is a highly complex process due to intricate interactions of genetic and environmental factors (Gupta et al., 2020). Plants adapt to drought through a series of morphological, physiological, biochemical, metabolic, and molecular changes (Baozhu et al., 2022; Thanmalagan et al., 2022). For instance, under water-shortage stress, Norway spruce seedlings reduce photosynthesis, decreasing their growth and biomass to regulate the needle leaf osmotic potential, relative water content, and levels of primary metabolites (Jamnická et al., 2019). In potato seedlings, drought resistance is mediated by increased levels of polyamines (PAs), abscisic acid (ABA), proline (Pro), and soluble sugars in leaves and the activity of antioxidant enzymes (Zhang et al., 2018). Further, when Prunus salicina leaves were under drought stress, a sharp decrease was observed in water osmotic potentials and relative water content of P. salicina leaves, which decrease significantly in gaseous exchange processes (Hajlaoui et al., 2022). Another study have shown that the plants mitigate the water-deficiency damages by reducing Gs, Pn, Fv/Fm, and chlorophyll index (Ammar et al., 2020).

Plants improve their drought resistance by changing cellular, physiological, and biochemical processes, and these changes are governed by plant-related metabolites and the expression pattern of different associated genes (Al-Ashkar et al., 2021). Therefore, it is important to understand the molecular mechanism of plant drought resistance to achieve further improvements in drought resistance and to breed drought-resistant varieties. In recent years, significant progress has been made in conducting transcriptomic and metabolomic studies to under drought resistance in plants. Zhao et al. (Zhao et al., 2022) discovered candidate genes (PP2C, PYL, ABF, WRKY33, P5CS, GPX, GST, CAT, and SOD1), which may control the drought resistance in Sophora davidii; oxidized glutathione, ABA, and phenylalanine were found to be associated with drought resistance in this plant. Sun et al. (Sun et al., 2022) exposed Tamarix taklamakanensis to drought stress and identified differentially expressed genes (DEGs) involved in the metabolism of tryptophan and α-linolenic acids, biosynthesis of flavonoids and phenylpropanoid compounds, and mitogen-activated protein kinase (MAPK) signaling pathway. In another study, Hu et al. (Hu et al., 2022b) the structural gene expression profile of the flavonoid pathway in Zanthoxylum bungeanum leaves and also identified 231 flavonoid compounds under drought stress conditions. Furthermore, three genes (FBA3, DELTA-OAT, and PROC) and 15 transcription factors, related to the biosynthesis of amino acids, were identified in Z. bungeanum leaves under drought conditions (Hu et al., 2022a). Transcription and metabolic level changes under drought conditions have been studied in Seriphidium transiliense (Liu et al., 2022), Panicum miliaceum (Yuan et al., 2022), Carthamus tinctorius (Wei et al., 2020), and sweet sorghum (Wang et al., 2022) and stress-related genes and key metabolic pathways and metabolites were analyzed.

Nanoparticles (NPs) range, in size, from 1 to 100 nm, or even smaller particles or atomic aggregates (Khan et al., 2019; Seleiman et al., 2020a; Seleiman et al., 2023a). Previously, it has been postulated that nano fertilizers may be more effective in enhancing plant nutrition and protecting plants from environmental stress compared with regular fertilizers (Seleiman et al., 2020b; Verma et al., 2021; Elshayb et al., 2022a; Elshayb et al., 2022b; Alhammad et al., 2023). In recent times, silicon-based fertilizers have received increasing attention for their ability to alleviate the adverse effects of drought stress in plants (Malik et al., 2021). It has been reported that silicon fertilizers can alleviate drought stress by improving the antioxidant defense systems and photosynthetic metabolism (Johnson et al., 2022; Xu et al., 2022), maintaining intracellular homeostasis (Bhardwaj and Kapoor, 2021), tuning the auxin levels (Mir et al., 2022), and regulating the homeostasis of the oxidation of nitroso-compounds (Bhardwaj et al., 2022). The bioavailability of silicon fertilizers is less, however, NP-based silicon fertilizers were more likely to penetrate into the leaf cells and play a more direct function (Biju et al., 2021), leading to the usage of nanoparticles (NPs) could be an important approach to alleviate soil salt stress (Badawy et al., 2021).

Silicon dioxide (SiO2) NPs are single particles of silica, with a diameter of <100 nm, which has been widely used in the world in recent years (Whitesides, 2005; Karimi and Mohsenzadeh, 2016; Al-Selwey et al., 2023b). Studies on stress resistance of plants have shown that SiO2 NPs, as an exogenous application, SiO2 NPs can promote plant growth under stress, alleviate various stresses, and stress resistance characteristics in plant (Badawy et al., 2021; Seleiman et al., 2023b; Iqbal et al., 2024). For example, SiO2 NPs as an exogenous application on the physiological indices, total yield and water use efficiency (WUE) of potato under water deficit conditions (Al-Selwey et al., 2023a; Al-Selwey et al., 2023b). Hence, they have been used to improve plant growth under abiotic stress (Sheikhalipour et al., 2021). For instance, spraying SiO2 NPs on the leaves under drought stress can reduce the content of proline, soluble sugars, and ABA, reduce membrane damage, increase the yield and fruit weight of ‘Kalamata’ olive trees, and reduce fruit drop rates (Hassan et al., 2022). SiO2 NPs enhanced the ability of wheat plants to resist water scarcity by balancing the production of reactive oxygen species (ROS) and enhancing the antioxidant system under drought stress (Rai-Kalal et al., 2021). Furthermore, when SiO2 NPs have combined with plant growth-promoting bacteria (PGPB), the combination increased the concentration of nitrogen, phosphorus, potassium, and silicon in rapeseed and wheat seedlings, decreased the content of malondialdehyde (MDA), and significantly increased the water deficiency tolerance of rapeseed and wheat (Valizadeh-rad et al., 2023).

E. macrophylla belongs to the Boraginaceae family and produces deciduous and healthy fruits. This tree is widely distributed in China, Japan, Vietnam, and Nepal (Gottschling and Hilger, 2004). Since E. macrophylla fruits have antioxidant properties and contain crude bran polysaccharides, they can be used to treat respiratory diseases, lower blood sugar, and regulate colon health (Deng et al., 2020; Xu et al., 2022). Despite several measures, drought stress is significantly affecting the growth and yield of E. macrophylla. At present, the role of SiO2 NPs on E. macrophylla under drought conditions is not well studied. Furthermore, the understanding of the potential processes and the specific mechanisms by which SiO2 NPs function in major plants is lacking. We hypothesized that SiO2 NPs can regulate the antioxidant system in E. macrophylla and induce the expression of related genes and metabolites, there by stimulating plant growth. To test this idea, SiO2 NPs were sprayed on the leaves of E. macrophylla under drought stress and these leaves were subjected to physiological, biochemical, transcriptomic, and metabolomic analysis. This study illustrates a detailed understanding of the relationship between SiO2 NPs and plants under drought stress and elucidates possible regulatory mechanisms by which SiO2 NPs enhance drought resistance, providing new directions for the potential utilization of SiO2 NPs.




2 Materials and methods



2.1 Characterization of commercial SiO2 NPs and preparation of dilutions

SiO2 NPs were purchased from Sigma-Aldrich, USA (purity >98%, size <40 nm) and sputtered and coated with gold for approximately 30 s, followed by observation and image acquisition using a scanning electron microscope (SEM; SU8100, Hitachi). SEM micrographs were processed using the Image J software system, and the particle size was calculated. SiO2 NPs were diluted in double distilled water (DDW) to prepare solutions of different concentrations (50, 100, 200, 500, and 1000 mg·L−1). At the time of use, 0.05% Tween-20 was added to SiO2 NP solutions for even spraying of leaves.




2.2 Experimental setup

The experiment was conducted in a greenhouse facility at Pingdingshan College in Pingdingshan City, Henan Province, China. Uniformly-sized E. macrophylla seeds were soaked in distilled water for 72 h and subsequently disinfected with 75% ethanol. The seeds were then sown in plastic pots (21 cm × 25 cm; the matrix soil was a 1:1:1 mixture of peat, vermiculite, and perlite; 1 plant per pot) and allowed to grow under natural conditions for 3 months, with sufficient water supply. Treatment was started when six true leaves were unfolded. Grown seedlings were divided into groups (six plants per group and three biological replicates per group). The CK group contained seedlings sprayed with DDW and cultured under normal water content (water content in soil, 75–80%). The NPs group had seedlings sprayed with different concentrations of SiO2 NPs (50, 100, 200, and 500 mg·L−1) and cultured under normal water content. The SD group had seedlings grown under severe drought conditions (water content in soil, 30–35%). Treatment groups had seedlings sprayed with different concentrations of SiO2 NPs (50, 100, 200, and 500 mg·L−1) and cultured under severe drought conditions (water content in soil, 30–35%). In all these groups, for 1–3 consecutive days, SiO2 NPs solutions were applied to the leaves, and samples were collected on day 7 (Supplementary Figure 1). Soil moisture content was measured according to gravimetric method and monitored daily until the end of experiment using a TZS-IIW Soil Moisture Meter (Zhejiang Top Instrument Co., Ltd, Zhejiang, China). The water content was kept at 30% to 35% of saturated soil water content in the SD group and the NPs-SD group for 7 days. The soil moisture content is expressed as a percentage of the weight of moisture contained in the soil to the weight of the dried soil. The calculation formula is as follows: soil moisture content (weight %) = (original soil weight - dried soil weight)/dried soil weight ×100% = water weight/dried soil weight ×100%. A portion of the samples was stored at -20°C for physiological and biochemical measurements, whereas the other portion of samples was divided into two parts (for transcriptomics and metabolomics), frozen in liquid nitrogen, and stored at -80°C.




2.3 Leaf ultrastructure

The second leaf of seedlings from all groups was cut into slices (2-5 mm), fixed with 2.5% (v/v) glutaraldehyde, and dehydrated using a series of different ethanol concentrations (30%, 50%, 70%, and 96%). Subsequently, the samples were permeated into a mixture of acetone and SPI-Pon812 epoxy resin and embedded in a pure resin. The samples were then sliced (70 nm thick sections) using an ultra-thin slicing machine (Leica EM UC6, Leica, Germany) and observed using a transmission electron microscope (HT-7800, Hitachi, Japan).




2.4 Determining the content of malondialdehyde and hydrogen peroxide and antioxidant enzyme activities

MDA content was estimated as described by Siddiqui et al. (Siddiqui et al., 2018), whereas the hydrogen peroxide (H2O2) content was measured using the method described by Patterson et al. (Patterson et al., 1984). The crude extract of antioxidant enzymes was prepared according to the method described by Mrinalini et al. (Srivastava et al., 2018). The 0.5 g E. macrophylla leaf sample was quickly ground and crushed in liquid nitrogen, and then homogenized in 3 ml pre-cooled extraction buffer (50 mM phosphate buffer, pH 7.8, 0.1 mM ethylenediaminetetraacetate (EDTA), 0.3%(v/v) Triton X-100, 4% polyvinylpyrrolidone (PVP). Immediately centrifuge the reaction mixture at 12,000xg and 4°C for 20min. The supernatant was analyzed for antioxidant enzyme activity. The activity of peroxidase [POD; the guaiacol method (Bestwick et al., 1998)], superoxide dismutase [SOD; quantitative photochemical degradation of nitro blue tetrazolium (Dhindsa and Matowe, 1981)], catalase [CAT; (Chance and Maehly, 1955)], and ascorbic acid peroxidase [APX; (Nakano and Asada, 1981)] was measured using methods described previously.




2.5 RNA extraction, library construction, and sequencing

Total RNA was extracted from leaves of seedlings belonging to CK, NP, SD, and NP-SD (treated with 100 mg·L-1SiO2 NPs) groups using TRIzol Total RNA Extraction Kit (Tiangen, China) and quantitated using NanoDrop 2000 (Thermo Fisher Scientific, USA). The integrity of RNA was evaluated using the RNA Nano 6000 assay kit Bioanalyzer 2100 system (Agilent Technologies, USA). mRNA population with polyA tail was enriched using Oligo (dT) magnetic beads. The resulting mRNA population was randomly interrupted with divalent cations in the NEB fragmentation buffer, followed by the application of the NEB library construction method. After library construction, the preliminary quantification was performed using Qubit2.0 Fluorometer, and the library was diluted to a concentration of 1.5 ng·μL−1. The insert size of the library was analyzed using the Agilent 2100 bioanalyzer, and once the insert was found to be of the expected size, quantitative real-time PCR (qRT-PCR) was performed to quantify the effective concentration of the library to ensure the library quality. Finally, Illumina sequencing was performed after pooling different libraries according to the effective concentration and target offline data volume requirements.




2.6 Transcriptomic data analysis

Raw sequencing data were filtered to remove sequences with joints, those containing N bases, and those with low quality and subjected to sequencing error rate and GC content distribution analyses. The processed sequences were mapped to the reference genome using HISAT2 software and assembled using StringTie v1.3.1. For each transcriptional region, the FPKM value was calculated to quantify the expression abundance. Based on the comparison results of HISAT2, transcripts were reconstructed using Stringtie, and the expression levels of all genes in each sample were calculated using RSEM.

DESeq2 was used to analyze differential expression among groups (Love et al., 2014). The screening conditions for DEGs were |log2Fold Change|≥1.00, with a false discovery rate (FDR) of <0.05. All DEGs were mapped to Gene Ontology (GO), which is a set of annotated categories related to biological processes, molecular functions, and cellular components of various genes, terms in the GO database (http://www.geneontology.org/), and the number of genes for each term was calculated. The Kyoto Encyclopediaof Genes and Genomes (KEGG) is a resource for advanced functions of biological systems based on biological pathways (http://www.genome.jp/kegg/), and KEGG annotations include genes as well as metabolites. Hence, differentially expressed metabolites (DEMs) were mapped to the KEGG metabolic pathways for pathway and enrichment analyses.




2.7 Quantitative real-time PCR validation

qRT-PCR was used to validate RNA-seq data for 9 different genes (three redox genes, four hormone-associated with signal transduction and MAPK signaling pathway genes, and two genes related to the metabolism of fatty acids and α-linolenic acids). First, cDNA was synthesized from total RNA using the PrimeScript RT kit (TaKaRa, Dalian, China). Primers were designed using the Primer-BLAST software on the NCBI website and synthesized by Shanghai Shenggong Biotechnology Co., Ltd. (Shanghai, China) (Supplementary Table 1). qPCR was performed on the StepOnePlus real-time fluorescence qPCR system (ABI, Foster City, CA, USA). The expression level of DEGs was calculated using the 2−ΔΔCt method (Livak and Schmittgen, 2001).




2.8 Extraction and quantification of metabolites

Samples stored at 4°C were slowly thawed, and 100 mg of the sample was added to a pre-cooled methanol/acetonitrile/water solution (2:2:1, v/v), followed by vortexing. The mixture was sonicated at low temperature for 30 min, incubated at -20°C for 10 min, and centrifuged at 4°C for 20 min at 14000 xg. The resulting supernatant was then vacuum dried and subjected to mass spectrometry. During mass spectrometry analysis, the dried mixture was supplied with 100 μL acetonitrile aqueous solution (acetonitrile: water=1:1, v/v) for dissolving, followed by vortexing and centrifugation at 4°C for 15 min at 14000 xg. Obtained supernatant was filtered through a microporous membrane (pore size 0.22 µm) for ultra-high performance liquid chromatography-mass spectrometry (UPLC-MS/MS) analysis.

Based on the results of orthogonal partial least squares discriminant analysis (OPLS-DA), a combination of p-values of Student’s t-tests (p<0.1) and variable importance projection (VIP) values of the OPLS-DA model (VIP>0.1) was used to screen DEMs. Subsequently, we constructed a metabolic pathway based on the KEGG database.




2.9 Statistical analysis

IBM SPSS Statistics (Version.20, IBM., Amonk, New York United States) software was used for conducting a one-way analysis of variance (ANOVA). Further, the Duncan text was used to decipher the statistical significance of the data (p ≤0.05).





3 Results



3.1 Nano characterization

SEM-based analysis of SiO2 NPs demonstrated that SiO2 NPs composed of single crystal particles (mainly circular), with a size that ranged from 30 to 40 nm. The average particle size was estimated to be 36 ± 5.3 nm (Figures 1A, B).




Figure 1 | (A) Characterization of SiO2 NPs using Scanning Electron Microscopy (SEM). Scale bar, 500 nm. (B) Particle size distribution based on the SEM image analysis. Averages ± standard deviations.






3.2 SiO2 NPs promote the growth of E. macrophylla seedlings under drought stress

When E. macrophylla seedlings under severe drought stress were treated with different concentrations of SiO2 NPs (50, 100, 200, and 500 mg·L−1), compared with the CK group, the content of MDA and H2O2 in the SD group was found to be higher by 67.83% and 60.07%, respectively. Compared with the SD group, the content of MDA in E. macrophylla seedlings treated with 50, 100, and 200 mg·L−1 SiO2 NPs decreased by 7.15%, 45.21%, and 30.34%, respectively, whereas the content of H2O2 decreased by 11.64%, 30.37%, and 23.28%, respectively. Furthermore, in comparison to the CK group, the content of MDA and H2O2 increased by 24.26% and 12.44%, respectively, in the SD group treated with 500 mg·L−1 SiO2 NPs (Figures 2A, B).




Figure 2 | Effects of SiO2 NPs on (A) malondialdehyde (MDA) content, (B) H2O2 content, (C) catalase (CAT) activity, (D) Ascorbate peroxidase(APX) activity, (E) peroxidase (POD) activity and (F) superoxide dismutase (SOD) activity, of E. macrophylla seedlings under drought stress. The value represents the average of the 3 biological replicas. Different lowercase letters indicate significant differences among treatments at the same timepoint (p < 0.05). CK, control treatment; SD, severe drought (30%-35% soil water content) treatment; NPs-SD-50、NPs-SD-100、NPs-SD-200 and NPs-SD-500 severe drought seedlings pretreated with 50, 100, 200, or 500 mg·L−1 SiO2 NPs, respectively.



Significant differences were observed in the activity of CAT, APX, POD, and SOD under different treatment conditions. The activities of CAT, APX, POD, and SOD in the SD group increased by 78.15%, 70.59%, 67.75%, and 44.50%, respectively, compared with those in the CK group. When seedlings were treated with SiO2 NPs (at 50, 100, and 200 mg·L−1), in comparison to the SD group, the activity of CAT, APX, POD, and SOD increased by 15.49%, 29.81%, and 4.62%, 18.98%, 24.63%, and 2.94%, 24.79%, 43.07%, and 8.30%, and 18.98%, 48.75%, and 17.24%, respectively. However, when treated at 500 mg·L−1 SiO2 NPs, the CAT, APX, POD, and SOD activities decreased by 6.94%, 19.43%, 1.61%, and 8.41%, respectively compared to those in the SD group (Figures 2C–F).

Hence, although 100 mg·L−1 SiO2 NPs imparted a positive effect on the growth and development of E. macrophylla seedlings under drought stress, toxicity was observed at a concentration of 500 mg·L−1. Therefore, samples from CK, NPs (treated with 100 mg·L−1 SiO2 NPs), SD (severe drought), and NPs-SD (100 mg·L−1 SiO2 NPs + SD) groups were selected for transcriptomics and metabolomics analyses.




3.3 Effects of SiO2 NPs on the ultrastructure of E. macrophylla leaf cell under drought stress

The leaf cell ultrastructure of the CK and NPs groups were normal, with no cytoplasmic wall separation, intact nucleus, and visible nuclear membrane. The chloroplasts were oval or spindle-shaped, with well-developed and arranged cristae and plastoglobuli of thylakoids. Furthermore, no damages were observed in the mitochondria and the inner cristae. The NPS-treated group had more rounded chloroplasts and slightly reduced matrix electron density. (Figures 3A, B). Under drought stress, chloroplast expansion was observed, with the separation of the cytoplasmic wall. At the same time, the chloroplast membrane detached from the thylakoid structure, with a loose granular lamellar structure. The mitochondria were also observed to have damages; the outer membrane was unclear, with gradual dissolving or even rupturing of the outer membrane. The thylakoid membrane also lost its integrity, showing an abnormal shape and obvious signs of damage (Figure 3C).




Figure 3 | TEM observation of E. macrophylla leaf cell under different trentment. (A) Control plant. (B) 100 mg·L−1SiO2 NPs-treated. (C) Severe drought (SD)- treated. (D) 100 mg·L−1SiO2 NPs-SD-treated. CW cell wall, Chl chloroplast, V vacuole, M mitochondria, SG starch grains, TH thylakoid, PR proplastid, CN cell nucleus.



In the NPs-SD (100 mg·L−1 SiO2 NPs) treated group, chloroplasts of the leaf cells showed spindle-shaped morphology, with intact membrane and clear particle layer structures but beginning to show deformation. The nucleus was not damaged, but the nuclear membrane was somewhat unclear, and the degree of nucleolus aggregation was higher than that of the CK group. Furthermore, in the NPs-SD (100 mg·L−1 SiO2 NPs) treated group, the number of mitochondria was higher than that of the SD group, with a clear outer membrane. The number of protoplasts also increased, with a decrease in the level of vacuolization (Figure 3D). Hence, SiO2 NPs pre-treatment decreased the level of leaf damage under drought stress.




3.4 RNA-sequencing analysis

To understand the molecular mechanism of SiO2 NPs-mediated drought resistance, RNA sequence libraries of E. macrophylla seedlings of CK, NPs (treated with 100 mg·L−1 SiO2 NPs), SD(severe drought), and NPs-SD (100 mg·L−1 SiO2 NPs + SD) groups were constructed and sequenced. After data filtering, each sample produced an average of 9.895 Gb of clean data. The average base mass of Q30 was above 94.56%, and the GC content was between 43.13% and 44.15%. These parameters indicated a transcriptome sequencing of good quality. By comparing RNA-sequencing data, DEGs were identified among all processing groups (Supplementary Table 2).

Compared with the CK group, a total of 6516 DEGs were identified after NPs treatment, among which 3762 and 2754 were upregulated and downregulated, respectively. A total of 17544 DEGs were identified after SD treatment, among which 11253 and 6291 were upregulated and downregulated, respectively. Compared with the NPs group, a total of 13812 DEGs were identified in the NPs-SD group, among which 7411 and 6401 were upregulated and downregulated, respectively. When compared with the SD group, a total of 19173 DEGs were identified after the NPs-SD group, among which 11183 and 7990 were upregulated and downregulated, respectively (Figures 4A, C–F; Supplementary Table 3). The Venn diagram identified 386 DEGs in four groups (Figure 4B). In summary, under drought stress, a large number of genes in E. macrophylla seedlings changed significantly at the transcriptional level. Furthermore, when SiO2 NPs treatment was applied, the gene expression profile of E. macrophylla seedlings under drought stress may have also changed significantly.




Figure 4 | RNA-seq data analysis of leaves in E. macrophylla seedlings under different treatments. (A) numbers of differentially expressed genes (DEGs) in the NPs_vs_CK, SD_vs_CK, NPs_vs_NPs-SD and SD_vs_NPs-SD; (B) venn diagrams of DEGs, the numbers in the graph represent the number of differential genes between treatments, (C) volcano plot of NPs_vs_CK, (D) volcano plot of SD_vs_CK, (E) volcano plot of NPs_vs_NPs-SD, (F) volcano plot of SD_vs_NPs-SD. CK: normal watering without SiO2 NPs; NPs: normal watering with 100mg·L−1SiO2 NPs; SD:severe drought treatment without SiO2 NPs; NPs-SD: combined severe drought and 100mg·L−1SiO2 NPs treatment.






3.5 GO function analysis of DEGs

Identified DEGs were found to be enriched in 35 pathways (p<0.05). The main pathways were related to catalytic activity, binding, defense response, cellular anatomical entity, metabolic process, cellular process, and response to stimulus (Supplementary Figures 2A–D). Among them, “pigmentation” was only enriched in the SD_vs_NPs-SD group (Figure 5D), and “general transcription initiation factor activity” was only enriched in the NPs_vs_NPs-SD group (Supplementary Figure 2C). “Biological adhesion” and “nutrient reservoir activity” were lacked in the treatment group NPs_vs_CK (Supplementary Figure 2A), but these pathways were enriched in the other three groups. Among these terms, “defense response” and “response to stimulus” are very important in non-biological stress responses, which are crucial for plants to implement timely defensive measures under drought stress.




Figure 5 | Metabolites analysis of E.macrophylla seedlings under drought stress. (A) species analysis of metabolites, (B) PCA analysis of metabolites, KEGG pathway enrichment analysis of DEMs in (C) NPs_vs_CK, (D) SD_vs_CK, (E) NPs_vs_NPs-SD and (F) SD_vs_NPs-SD.






3.6 Enrichment of DEGs by KEGG metabolic pathway

Under normal water supply condition, DEGs (NPs_vs_CK groups) were mainly concentrated in biosynthesis of secondary metabolites (ko01110), plant hormone signal transduction (ko04075), starch and sucrose metabolism (ko00500), glycolysis/gluconeogenesis (ko00010), and RNA degradation (ko03018) (Supplementary Figure 3A). Under normal water supply condition and with no NPs treatment, DEGs (SD_vs._CK groups) were mainly concentrated in ribosome (ko03010), plant hormone signal transduction (ko04075), starch and sucrose metabolism (ko00500), MAPK signaling pathway-plant (ko04016), and carbon fixation in photosynthetic organisms (ko00710) (Supplementary Figure 3B). After the treatment with SiO2NPs, DEGs (NPs_vs_NPs-SD) were mainly concentrated in the metabolic pathways (ko01100), biosynthesis of secondary metabolites (ko01110), microbial metabolism in diverse environments (ko01120), MAPK signaling pathway-plant (ko04016), and carbon metabolism (ko01200) (Supplementary Figure 3C).Under drought conditions, DEGs (SD_vs_NPs-SD) were mainly concentrated in biosynthesis of secondary metabolites (ko01110), ribosome (ko03010), carbon metabolism (ko01200), plant hormone signal transduction (ko04075), and glyoxylate and dicarboxylate metabolism (ko00630) (Supplementary Figure 3D).These results indicate that exogenous SiO2 NPs treatment has a very important regulatory effect on E. macrophylla seedlings under drought condition.




3.7 qRT-PCR verification of gene expression

To validate RNA-sequencing results, we randomly selected 9 DEGs for real-time fluorescence qPCR analysis. The qPCR expression profiles of all randomly selected genes were consistent with those of the RNA-seq data (Supplementary Figure 4), indicating high reliability and high accuracy of RNA sequencing data.




3.8 Analysis of differentially expressed metabolites

E. macrophylla leaf samples (those used for RNA-seq analysis) were subjected to metabolomics (Supplementary Figure 5). A total of 1271 types of metabolites were detected, including 838 and 433 positive and negative ion mode metabolites, respectively, and divided into 12 categories (Figure 5A; Supplementary Table 4). Subsequent principal component analysis showed significant separation among samples (Figure 5B). We then compared the trend of relative metabolite content in different treatment groups. For identified DEMs, we employed p<0.05 as the threshold for the KEGG pathway enrichment analysis. During the comparison among SD_vs_CK, NPs_vs_NPs-SD, and SD_vs_NPs-SD groups, the following pathways were significantly enriched and co-expressed: biosynthesis of amino acids, ABC transporters, aminoacyl-tRNA biosynthesis, protein digestion, and absorption and mineral absorption (Figures 5C–F).

To elucidate the overall trend of the KEGG metabolic pathway, we conducted a differential abundance analysis on the differentially enriched metabolic pathways in four groups (Supplementary Figure 6). For NPs_vs_CK, the cholinergic synapse pathway was significantly downregulated, while other pathways were significantly upregulated; in NPs_vs_NPs-SD, the caffeine metabolism pathway was significantly upregulated, while other pathways were significantly downregulated; in SD_vs_CK, glycine, serine and threonine metabolism pathways remained unchanged, while other pathways were significantly upregulated; in SD_vs_NPs-SD, the axon regeneration and phenylalanine metabolism pathways were significantly upregulated and downregulated, respectively.

OPLS-DA was employed to determine differential metabolites and the contribution of each metabolite in the OPLS-DA model was evaluated using VIP. |log2FC|≥1 and VIP≥1 were set as thresholds to filter DEMs. A total of 25 co-existing DEMs were screened in the four groups and their KEGG categories and KEGG enrichment pathway were analyzed (Supplementary Table 5). A total of 28 DEMs were successfully classified into the following four categories: lipids and lipid-like molecules (15 DEMs), lignans, neolignans, and related compounds (two DEMs), organoheterocyclic compounds (three DEMs), phenylpropanoids and polyketides (two DEMs), and others (six DEMs). Additionally, to facilitate the observation of the expression of various differential metabolites annotated in the KEGG metabolic pathway, we selected the KEGG metabolic pathway with many differential metabolites more than five, which were mainly concentrated in ko01100 and ko01110 (Supplementary Table 6).




3.9 Expression of redox-related DEGs

This study leads to the identification of abundant redox-related DEGs, including SOD, POD, LOX, GDH, and GST. In SD_vs_CK, 117 redox-related DEGs (55 upregulated and 62 downregulated, compared with the CK group) were identified; in SD_vs_NPs-SD, 95 redox-related DEGs (49 upregulated and 46 downregulated, compared with the SD group) were identified. A total of 53 genes assigned to the redox process were DEGs in two cases, and these DEGs included seven CAT genes, six SOD genes, 14 LOX genes, three GDH genes, and 23 GST genes. The SD group had 26 upregulated DEGs, which were downregulated in the NPs-SD group. Further, the SD group had 25 downregulated DEGs, which were upregulated in the NPs-SD group (Supplementary Figure 7; Supplementary Table 7).




3.10 Analysis of transcriptional difference in plant hormone signal transduction and MAPK signaling pathway

The hormone auxin plays an important role in plant abiotic stress. Based on KEGG analysis, we found that a total of 74 and 61 DEGs, related to “the hormone signal transduction,” were enriched in SD_vs_CK and SD_vs_NPs-SD groups, respectively. These genes were mainly involved in the metabolic pathway of GA, JA, CTK, ABA, ETH, IAA, and BR. Furthermore, 39 and 34 DEGs participated in the MAPK signaling pathway-plants pathway in SD_vs_CK and SD_vs_NPs-SD groups, respectively, and these genes were related to BAK1, ETR/ERS, ERF, MYC2, PYR/PYL, and PP2C.

In response to DEGs in the plant hormone signal transduction pathway under drought stress, 54 and 20 Unigenes were downregulated and upregulated, respectively, in SD_vs_CK groups. After SiO2 NPs treatment, 45 and 16 Unigenes were downregulated and upregulated, respectively, in SD_vs_NPs-SD groups (Supplementary Figure 8A; Supplementary Table 8). In response to DEGs in the MAPK signal pathway - plants under drought stress, 22 and 17 Unigenes were downregulated and upregulated, respectively, in SD_vs_CK groups. After SiO2 NPs treatment, 13 and 21 Unigenes were downregulated and upregulated, respectively, in SD_vs_NPs-SD groups (Supplementary Figure 8B; Supplementary Table 9). In summary, the expression of related genes in the plant hormone signal transduction pathway and MAPK signaling pathway – plant pathway may be closely related to the relief of drought stress by treatment with SiO2 NPs.




3.11 Identification of genes related to fatty acid metabolism and α-linolenic acids metabolism

Under drought conditions, E. macrophylla seedlings activated the fatty acid metabolism and α-linolenic acid metabolism pathways. In response to DEGs in the fatty acid metabolism pathway under drought stress, 14 and five Unigenes were downregulated and upregulated, respectively, in SD_vs_CK groups. After SiO2 NPs treatment, 11 and six Unigenes were downregulated and upregulated, respectively, in SD_vs_NPs-SD groups (Supplementary Figure 9A; Supplementary Table 10). In response to DEGs in the α -linolenic acid metabolism pathway under drought stress, three and 20 Unigenes were downregulated and upregulated, respectively, in SD_vs_CK groups. After SiO2 NPs treatment, eight and 20 Unigenes were downregulated and upregulated, respectively, in SD_vs_NPs-SD groups (Supplementary Figure 9B; Supplementary Table 11). In summary, DEGs in the fatty acid and α-linolenic acid metabolic pathways may participate in providing relief due to SiO2 NPs treatment effect on drought stress.





4 Discussion



4.1 Physiological mechanism of SiO2NPs in reducing drought stress in E. macrophylla seedlings

Drought, as one of the main abiotic stress factors, has adverse effects on plant morphology and physiology, thereby slowing down plant growth and development (Liu et al., 2015). This study revealed that drought stress mainly causes the accumulation of MDA and H2O2 in plants, leading to membrane lipid peroxidation and damaging the structure and function of the cytomembrane. In addition, our experimental results founded that appropriate concentrations of SiO2 NPs could effectively alleviate the effects of drought stress on plant growth and development. SiO2 NPs, at a concentration of 100 mg·L−1, showed the best anti-drought stress effect and greatly improved the drought tolerance of E. macrophylla seedlings. Mechanistically, SiO2 NPs may protect the membrane system (cytomembrane, chloroplast membrane, and thylakoid structure) and reduce the level of damage to the cytomembrane by increasing the activity of antioxidant enzymes and reducing the content of MDA and H2O2. Conversely, MDA and H2O2 content peaked and CAT, APX, POD and SOD activity exhibited a significant decrease under at high-level conditions (200 mg·L−1 and 500 mg·L−1). It may be due to the amage of the antioxidant defense system and the increase of reactive oxygen species (ROS) concentration under the high environmental concentration of SiO2 NPs, which has a phytotoxicity effect on the seedlings of E. macrophylla. (Figure 2). Previously, it was demonstrated that spraying 50 ppm SiO2 NP solution under the drought stress could increase the activity of antioxidant enzymes in peas by at least three times, reduce H2O2 and lipid peroxidation, and improve the dry tolerance of peas (Sutulienė et al., 2022). Another study showed that spraying SiO2 NPs increased the activity of CAT, APX, SOD, and GR in strawberries under drought stress, reduced the content of MDA and H2O2, weakened the oxidative stress response caused by drought, and reduced the harm to strawberries (Zahedi et al., 2020). Akhtar et al. (Akhtar and Ilyas, 2022) found that SiO2 NPs significantly increased the activity of antioxidant enzymes (CAT, POD, and SOD) and alleviated lipid peroxidation and oxidative stress induced by drought. In the present study, 100 mg·L−1 SiO2 NPs alleviated drought stress by regulating the redox response of E. macrophylla leaves and maintaining cytomembrane function; these results are consistent with those of previous studies.




4.2 SiO2 NPs alleviate the drought response of E. macrophylla seedlings by regulating the expression of antioxidant enzymes

Under environmental stress, such as drought, plants can eliminate redundant ROS by producing antioxidant enzymes (e.g., SOD, CAT, POD, LOX, GDH, and GST) to avoid damage to the cytomembrane (Xu et al., 2023). Under drought stress, 53 genes involved in the POD pathway were differentially expressed; 26 genes were upregulated under SD stress, but downregulated by SiO2 NP treatment and 25 genes were downregulated under SD stress, but upregulated by SiO2 NP treatment (Supplementary Figure 7). In summary, redox-related genes are important regulatory factors for generating the response to drought stress, and SiO2 NPs can alleviate oxidative damage by increasing activity of antioxidant enzymes and regulating the expression of redox-related genes.

Drought stress also altered the expression of GSH metabolism-related genes, in which the antioxidant enzyme GST reduces the content of H2O2 and lipid peroxidation, thereby improving the drought tolerance of plants. The tomato GST gene (LeGSTU2) can enhance the drought resistance and salt tolerance of Arabidopsis thaliana(Xu et al., 2015). Chen et al. (Chen et al., 2012) reported that atgstu17 is more resistant to drought than the wild-type in the A. thaliana mutant. In the present study, 10 GST genes were downregulated in SD_vs_CK groups but significantly upregulated in SD_vs_NPs-SD groups. Hence, SiO2 NPs increase GSH activity, reduce lipid peroxidation, and increase the drought tolerance of E. macrophylla seedlings by increasing the levels of GSH metabolism-related genes.




4.3 SiO2 NPs improve drought tolerance of E. macrophylla seedlings by regulating the hormone signal transduction and MAPK signaling pathway

The MAPK cascade pathway participates not only in plant regulatory mechanisms but also in biotic and abiotic stress responses (Kumar et al., 2020). In the present study, the auxin internal flow vector AUX1 was downregulated under drought stress and controlled by three downregulated genes; however, when NPs treatment was provided, the number of AUX1 downregulated genes was one. Meanwhile, all 9 AUX/IAA genes were downregulated under SiO2 NPs treatment, which may activate ARF and downstream GH3 to control cell expansion and plant growth under drought stress, thereby improving drought resistance in E. macrophylla seedlings.

As a hormone that regulates plant growth, ethylene affects a series of developmental processes and stress-resistance reactions in plants. Under the action of Cu+, ethylene molecules bind to the ethylene receptor (ETR1), leading to the inactivation of the receptor CTR1 complex (Ji and Guo, 2013). As one of the key elements in the ethylene signal transduction pathway, ETR plays a key role in the regulation of growth and development and stress resistance of plants (Bisson and Groth, 2010). EIN3/EIL1 activates the expression of the downstream target gene, ethylene response factor 1 (ERF1), at the transcriptional level, which in turn activates the expression of downstream target genes (Zhao and Guo, 2011). ERFs are plant-specific and play a trans-acting role in the final step of ethylene signal transduction (Xiao et al., 2013). In the present study, one ETR gene, one SIMKK, and one ERF1 gene were upregulated under drought stress after treatment with SiO2 NPs (Supplementary Figure 8A). Therefore, ETR, SIMKK, and ERF1 may be involved in the drought-response process of E. macrophylla seedlings mediated by SiO2 NPs.

The MAPK cascade is an important defense pathway for plants against abiotic and biotic stress. MAPK regulates the response to extracellular stimuli by transmitting signals. SnRKs are a group of protein kinases that play a role in various physiological activities and can induce the expression of related genes in the ABA signal transduction pathway, which is widely involved in plant adversity resistance (Huai et al., 2008). In the present study, in the SD_vs_CK groups, the overexpression of PYR/PYL in response to drought may have activated PP2C, while the upregulation of gene encoding PP2C may have upregulated the gene encoding the SnRK2 protein, in turn activating the downstream target ABF. SiO2 NPs treatment slightly upregulated the PYR/PYL gene in E. macrophylla seedlings under drought stress but significantly downregulated the PP2C gene, thereby downregulating the gene encoding SnRK2 protein, inhibiting downstream target ABF and CAT1 activity (Supplementary Figure 8B). SiO2 NPs slightly reduced the expression of SnRK2, indicating that SiO2 NPs can alleviate drought by regulating H2O2 levels in plants.




4.4 SiO2 NPs enhance drought tolerance of E. macrophylla seedlings by regulating fatty acids and α-linolenic acids

In addition to reducing membrane fluidity and causing physical phase shifts in the membrane lipid, drought stress can directly harm the cytomembrane system. Fatty acids are biosynthesized from acetyl CoA, which has a chain length of C16 or C18 (Parthasarathy et al., 2019). This study indicated that the enzyme-encoding genes involved in the synthesis and metabolism of fatty acids were either up or down-regulated. The α-linolenic acid metabolism and fatty acid oxidation metabolic pathway were activated in E. macrophylla seedlings under drought stress. Multiple unsaturated fatty acids may be synthesized by the metabolic flow of α-linolenic acids, and downstream gene products; such α-linolenic acids can activate plant defense mechanisms in response to stress and strongly promote the expression of Gols (Mata-Pérez et al., 2015). Other plants were also reported to upregulate their lipid metabolism in response to drought stress, which improved the cytomembrane and increased drought tolerance by altering the structural makeup of phospholipids (Hou et al., 2016). Our results exposed that the metabolism of fatty acids was stimulated, with the accumulation of phospholipids accumulated in SD_vs_NPs-SD groups may be explained by the metabolic pathway for α-linolenic acids, which produces a variety of unsaturated fatty acids. The physical phase of the cytomembrane is altered as a result of the upregulation of lipid metabolism, which also increases the drought tolerance of E. macrophylla seedlings.





5 Conclusions

Physiological, transcriptomic, and metabolomic analyses demonstrated that SiO2 NPs can improve the drought tolerance of E. macrophylla seedlings by multiple mechanisms. Drought stress significantly reduced the content of MDA and H2O2, and increased the activity of antioxidant enzymes (CAT, APX, POD, SOD). The chloroplast with a loose granular lamellar structure and the mitochondria were also observed to have rupturing of the outer membrane. In particular, SiO2 NPs can increase drought resistance by inhibiting the accumulation of MDA and H2O2 and further enhancing antioxidant enzyme activity. After being subjected to SiO2 NPs treatment under drought stress, the chloroplasts are still remained spindle shaped with intact membrane structure, maintaining cell integrity. SiO2 NPs controlled the expression of LOX-related genes, other redox-related genes, and the activity of antioxidant enzymes to reduce ROS damage, which improved the drought resistanceof E. macrophylla seedlings under drought stress. In addition, SiO2 NPs can enhance E. macrophylla seedling growth and drought tolerance by controlling important genes in the auxin signal transduction MAPK signaling pathway and the metabolism of fatty acids and α-linolenic acids. This study intuitively revealed the mechanism of SiO2 NPs improving plant drought tolerance, and provided theoretical reference for the correct use of SiO2 NPs in other species under abiotic stress in the future.
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Iron deficiency chlorosis (IDC) is a form of abiotic stress that negatively impacts soybean yield. In a previous study, we demonstrated that the historical IDC quantitative trait locus (QTL) on soybean chromosome Gm03 was composed of four distinct linkage blocks, each containing candidate genes for IDC tolerance. Here, we take advantage of virus-induced gene silencing (VIGS) to validate the function of three high-priority candidate genes, each corresponding to a different linkage block in the Gm03 IDC QTL. We built three single-gene constructs to target GmGLU1 (GLUTAMATE SYNTHASE 1, Glyma.03G128300), GmRR4 (RESPONSE REGULATOR 4, Glyma.03G130000), and GmbHLH38 (beta Helix Loop Helix 38, Glyma.03G130400 and Glyma.03G130600). Given the polygenic nature of the iron stress tolerance trait, we also silenced the genes in combination. We built two constructs targeting GmRR4+GmGLU1 and GmbHLH38+GmGLU1. All constructs were tested on the iron-efficient soybean genotype Clark grown in iron-sufficient conditions. We observed significant decreases in soil plant analysis development (SPAD) measurements using the GmGLU1 construct and both double constructs, with potential additive effects in the GmRR4+GmGLU1 construct. Whole genome expression analyses (RNA-seq) revealed a wide range of affected processes including known iron stress responses, defense and hormone signaling, photosynthesis, and cell wall structure. These findings highlight the importance of GmGLU1 in soybean iron stress responses and provide evidence that IDC is truly a polygenic trait, with multiple genes within the QTL contributing to IDC tolerance. Finally, we conducted BLAST analyses to demonstrate that the Gm03 IDC QTL is syntenic across a broad range of plant species.
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1 Introduction

In the market year 2021/2022, the United States produced 4.47 billion bushels of soybean (Glycine max (L.) Merrill), valued at $59.2 billion and accounting for almost 60% of world oilseed production1. High yields are essential to soybean profitability, while diseases, pests, and abiotic stress negatively impact soybean yield. In the northern Midwest United States, a major soybean production area, high moisture, high pH (>7.2), and calcareous soils limit iron availability and uptake and promote the development of iron deficiency chlorosis (IDC; Hansen et al., 2003; Merry et al., 2022). In a survey by Hansen et al. (2003), Minnesota soybean producers estimated that 24% of the soybean crop was impacted by IDC. A corresponding field survey confirmed that 22% of each field (on average) was severely impacted by IDC. Froechlich and Fehr (1981) found a 20% reduction in yield for every point on the standard five-point IDC rating system. Similarly, Kaiser et al. (2014) found that chlorosis rating scores >2.5 resulted in relative yield loss >35% when comparing susceptible and tolerant varieties with no IDC management. The best management recommendation to prevent IDC-related yield loss is to plant iron-efficient soybean varieties (Kaiser et al., 2014; Merry et al., 2022). However, these lines do not perform as well as elite lines when IDC conditions are not present. To close the yield gap and reduce IDC-related yield loss, it is imperative that we continue to study the genetics of iron-efficient lines.

Various approaches, including association mapping and gene expression studies, have been used to study soybean responses to IDC. Association mapping and genome-wide association (GWA) studies have identified various quantitative trait loci (QTLs) associated with iron efficiency. Cianzio (1980) initially suggested that the soybean IDC response is controlled by a single major locus. Later, Lin et al. (1997) used two mapping populations to study the inheritance of iron efficiency. In one population, Anoka × A7, a single major locus was identified, accounting for 68.8% to 72.7% of response variation. In the second population, Pride B216 × A15, multiple loci with smaller effects were identified. Merry et al. (2019) used a GWA study and fine mapping of a population developed from Fiskeby III × Mandarin [Ottawa] to identify three QTLs associated with IDC tolerance. While each of the previous studies had identified the historical IDC QTL on chromosome Gm03, Merry et al. (2019) also identified a novel QTL on Gm05. Assefa et al. (2020) used 460 soybean accessions from 27 countries in a GWA study to identify 69 regions of interest, including the QTL on Gm03. Further linkage disequilibrium analysis revealed four major linkage blocks, suggesting that multiple genes are involved in the soybean IDC response.

Gene expression studies have helped to identify many genes that are differentially expressed in response to iron stress. O’Rourke et al. (2009) and Atencio et al. (2021) used the near-isogenic lines Clark (IDC tolerant) and IsoClark (IDC susceptible) to characterize iron stress responses at 2, 10, and 14 days after iron stress. Moran Lauter et al. utilized RNA-seq to study the early transcriptional responses in Clark leaves and roots at 1 hour and 6 hours after iron stress (Moran Lauter et al., 2014) and 30, 60, and 120 minutes after iron stress (Moran Lauter et al., 2020). Collectively, these studies identified the hallmarks of the iron stress response, regulation of genes involved in defense and stress, iron homeostasis, and DNA replication/methylation in Clark. Kohlhase et al. (2021) conducted RNA-seq analyses of leaves and roots from nine IDC-tolerant and nine IDC-susceptible lines (members of the Assefa et al. (2020) GWA panel) at 1 hour after iron stress. Little overlap in differentially expressed genes (DEGs) was found between the nine IDC-tolerant lines, confirming that multiple IDC tolerance responses are present within the soybean germplasm collection.

While scientists have identified genomic regions of interest and genes that respond to iron stress, validation of candidate genes via genetic transformation continues to present a bottleneck in soybean (Xu et al., 2022). In soybean, researchers have adopted virus-induced gene silencing (VIGS) as a relatively fast and inexpensive tool that can target single genes or gene families (Zhang and Ghabrial, 2006; Zhang et al., 2013). Targeted traits include resistance genes and defense gene networks (Meyer et al., 2009; Liu et al., 2011; Pandey et al., 2011; Liu et al., 2012; Cooper et al., 2013; Kandoth et al., 2013; Morales et al., 2013; Xu et al., 2018; Pedley et al., 2019) and candidate abiotic stress genes (Atwood et al., 2014; Sun et al., 2016; Ogata et al., 2017; O’Rourke et al., 2021; O’Rourke and Graham, 2022). Atwood et al. (2014) used VIGS to silence Replication Protein A subunit 3 (GmRPA3c), one of the most significantly differentially expressed genes identified by O’Rourke et al. (2009), which is located within an IDC QTL on soybean chromosome Gm20 (Lin et al., 1997, Lin et al., 1998). Silencing GmRPA3c in the IDC-susceptible line IsoClark, to mirror its expression in IDC-tolerant Clark, resulted in improved IDC symptoms. RNA-seq of GmRPA3c-silenced plant and empty vector controls revealed that GmRPA3c silencing resulted in massive transcriptional reprogramming of genes associated with defense, immunity, aging, death, protein modification, protein synthesis, photosynthesis, and iron uptake and transport (Atwood et al., 2014). Similarly, O’Rourke et al. (2021) used VIGS to target 10 genes within the IDC QTL on Gm05 identified by Merry et al. (2019). Silencing a MATE transporter (Glyma.05G001400) resulted in increased IDC symptoms in iron-sufficient conditions and differential expression of genes involved in phosphate homeostasis.

In this study, we used single and double VIGS constructs coupled with RNA-seq analyses to target multiple genes in the IDC QTL on soybean chromosome Gm03. Among the 58 candidate genes identified by Assefa et al. (2020), we focused on genes with homology to Arabidopsis genes AtGLU1 (Glutamate synthase 1, GmGLU1, Glyma.03G128300), AtRR4 (Response regulator 4, GmRR4, Glyma.03G130000), and GmbHLH38 (Glyma.03G130400 and Glyma.03G130600, tandem duplicates), representing three of the four linkage groups identified by Assefa et al. (2020). In Arabidopsis, an AtGLU1 mutant has been found to exhibit chlorosis symptoms in low iron conditions, along with reduced expression of iron stress-responsive genes AtFIT, AtFRO2, and AtIRT1 in the roots and bHLH38, bHLH39, bHLH100, and bHLH101 in the shoots (Cui et al., 2020). AtRR4 (also known as ARR9) is regulated by the circadian clock and by cytokinin (Ishida et al., 2008). Li et al. (2019) demonstrated that iron stress targets circadian clock components. GmbHLH38s (Glyma.03G130400 and Glyma.03G130600) were identified by Peiffer et al. (2012) as the most likely genes underlying the IDC QTL on soybean chromosome Gm03. In Arabidopsis, bHLH38 and bHLH39 interact with FIT to regulate the expression of iron uptake genes in the root (Yuan et al., 2008). In previous studies, GmGLU1 and Glyma.03G130400 (GmbHLH38) have been found to be repressed by iron stress in Clark roots 30 minutes after exposure to iron stress (Moran Lauter et al., 2020). Conversely, GmRR4 and Glyma.03G130600 (GmbHLH38) were found to be induced by iron stress in Clark roots 30 minutes after exposure to iron stress (Moran Lauter et al., 2020). Glyma.03G130600 (GmbHLH38) was also found to be induced by iron stress in Clark roots 1 hour after exposure to iron stress (Moran Lauter et al., 2014). In addition to being differentially expressed in response to iron stress, Peiffer et al. (2012) found a 12-base pair deletion in Glyma.03G130400 associated with iron-inefficient cultivars. While multiple VIGS constructs have targeted Glyma.03G130400 and Glyma.03G130600, none have resulted in significant phenotypic changes (Assefa et al., 2020). Therefore, the objective of this study was to use VIGS coupled with RNA-seq to examine the roles of GmGLU1, GmRR4, and GmbHLH38 on iron stress tolerance in soybean. Identifying the genes and networks underlying the IDC QTL on Gm03 will aid in the development of soybean cultivars with improved iron stress tolerance.




2 Materials and methods



2.1 Virus-induced gene silencing of candidate IDC tolerance genes

The soybean genome sequence of cultivar William 82 (Schmutz et al., 2010; G. max Wm82.a2.v1, Phytozome 12, 6/27/2018) was used to design primers for VIGS construct development. Primers were designed (Supplementary File 1) using the coding sequence for three candidate genes of interest from the IDC QTL on Gm03: GmGLU1 (Glyma.03G128300), GmRR4 (Glyma.03G130000), and GmbHLH38 (Glyma.03G130400 and Glyma.03G130600). Since soybean has a duplicated genome (Schmutz et al., 2010), we intentionally designed the VIGS constructs to downregulate both the target and homeologous genes. Primers were used to amplify candidate genes from Williams 82 genomic DNA. XhoI and BamHI restriction sites were included in the primer sequences to facilitate directional cloning into RNA2 of the bean pod mottle virus (BPMV) IA-1033 VIGS vector as described by Whitham et al. (2016). Williams 82 has been described as resistant (Charlson et al., 2004) or moderately tolerant (Witt and Schapaugh, 1995) to IDC. Previous studies have demonstrated the feasibility of using the Williams 82 genome sequence to silence candidate IDC genes in different soybean genotypes (Atwood et al., 2014; O’Rourke and Graham, 2022).

In addition to building single-gene constructs, we also created two constructs that would target two genes simultaneously: GmRR4 with GmGLU1 and GmbHLH38 with GmGLU1. The target sequences of the double constructs were identical to those of the individual constructs. To develop each double construct, we needed two primer pairs (Supplementary File 1) that would amplify the target sequences for the first and second genes of interest. For amplification of the target sequence of the first gene, we used the same 5′ primer used for the single construct. The 3′ primer was approximately 40 bp long and overlapped the 3′ end of the first gene target sequence by approximately 20 bases and the 5′ end of the second gene target sequence by approximately 20 bases. For amplification of the target sequence of the second gene, the 5′ primer corresponded to the opposite strand of the 3′ primer for gene 1. The second primer for the target sequence of gene 2 was the 3′ primer used to develop the single-gene construct. The gene fragments for each target gene were amplified individually with Invitrogen™ Platinum™ Taq DNA Polymerase High Fidelity (Thermo Fisher Scientific, Waltham, MA, USA) in 50-µl reactions. The products were cleaned using the QIAquick PCR Purification kit (Qiagen, Germantown, MD, USA), eluted in 30 µl of sterile, nuclease-free water, and quantified using an ND-1000 NanoDrop™ Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The two amplification products were then ligated together using the Gibson Assembly Master Mix (New England Biolabs, Inc., Ipswich, MA, USA) protocol (Gibson et al., 2009) and cloned into the BMPV vector following the Whitham protocol (Whitham et al., 2016).

The orientation and identity of the VIGS inserts (Supplementary File 1) were confirmed by sequencing using vector-specific primers BPMV_IA1033_MCS_F CTACAGTTTTTGACATTCTCC and BPMV_IA1033_MCS_R ATAGACAGAGCATACTCAACG and the Applied Biosystems™ BigDye™ v3.1 chemistry protocol (Thermo Fisher Scientific, Waltham, MA, USA) with Hi-Di™ Formamide (Thermo Fisher Scientific, Waltham, MA, USA). Sequencing was performed using an Applied Biosystems 3730 DNA Analyzer with a 96-capillary array (Thermo Fisher Scientific, Waltham, MA, USA). BLASTN (E < 10−4) (Camacho et al., 2009) of BPMV inserts against Wm82.a2.v1 transcripts confirmed that silencing targets were restricted to the genes of interest and their homeologs (Supplementary File 1).

Williams 82 seeds were germinated in potting mix in separated 48-well insert trays. Trays were kept in growth chambers set to provide a 16-hour photoperiod at 24°C. Ten days after germination (VC growth stage; Fehr and Caviness, 1977), seedlings were bombarded with one of five target constructs (GmRR4, GmGLU1, GmbHLH38, GmRR4+GmGLU1 [RG], and GmbHLH38+GmGLU1 [HG]) or the empty vector (EV) construct, following the Whitham et al. (2016) protocol. Each construct was bombarded in triplicate. Three days after bombardment, the triplicate specimens were transplanted into a single 20-cm pot. Two weeks after transplant, positive plants were confirmed via ELISA, and leaf tissue with viral symptoms was collected, lyophilized, and stored at −20°C to serve as inoculum for subsequent experiments.

We hypothesized that silencing genes required for iron uptake and utilization would result in an IDC phenotype, even when plants were grown under iron-sufficient conditions. Therefore, seeds of iron-efficient Clark line (PI 548533) were germinated on paper at 24°C. Five days after germination (5 dag), seedlings were transferred to hydroponics. Eight 10-L buckets were set up with 18 seedlings in each bucket. All buckets were set up with iron-sufficient [100 µM Fe(NO3)3*9H2O] hydroponic solutions as described by Chaney et al. (1992), adapted for 10-L buckets. After full unifoliate emergence (10 dag; VC growth stage; Fehr and Caviness, 1977), seedlings were rub-inoculated with VIGS constructs generated as above, as described by Whitham et al. (2016). Four buckets were randomly assigned to each group of target genes [GmRR4+GmGLU1 (RG group) or GmbHLH38+GmGLU1 (HG group)]. Of the four buckets assigned to each group, two buckets were used for tissue collection for RNA-seq, and two buckets were used for phenotyping. Each group contained a control EV, two single-gene constructs, and a double-gene construct that contained both single-gene targets in the same construct. Four plants in each bucket were inoculated with one of the four constructs of the target gene group. Twelve days after inoculation (22 dag), tissue from the first trifoliolate and whole root tissue were harvested, frozen in liquid nitrogen, and then maintained at −80°C. Tissues were collected only from plants with visual viral symptoms.




2.2 Phenotype analyses

Soil plant analysis development (SPAD; Spectrum Technologies, Aurora, IL, USA) readings for the first and second trifoliolates were collected 20 days after inoculation. SPAD measurements have been used to map IDC QTLs and confirm the identification of IDC QTLs visual scores (Lin et al., 1997, Lin et al., 2000; Assefa et al., 2020). In addition, SPAD measurements have been used in IDC gene expression analyses (O’Rourke et al., 2007, O’Rourke et al., 2009; Atencio et al., 2021; Kohlhase et al., 2021) and to phenotype VIGS plants in terms of response to iron stress (Atwood et al., 2014; O’Rourke et al., 2021). The average of six SPAD readings per trifoliolate, two readings per leaflet, was calculated for the first and second trifoliolates for eight plants per construct. The data were analyzed using ASReml-R2 with a randomized complete block design with subsampling:

	

where µ is the overall mean, βi is the ith bucket, τj is the jth VIGS construct, ϵij is the plot-level experimental error, and εijk is the effect of plant k within plot ij. Tukey’s honest significant difference (HSD) tests were used to compare best linear unbiased estimates (BLUEs) between each construct. Trifoliolates were analyzed separately.




2.3 RNA isolation and sequence analyses

RNA was extracted following the RNeasy® Plant Mini Kit (Qiagen, Germantown, MD, USA) protocol. Extracted RNA was DNase treated in 50-μl reactions using the Ambion® TURBO DNA-free™ Kit (Thermo Fisher Scientific, Waltham, MA, USA) and further purified using an RNeasy® MinElute® Cleanup Kit (Qiagen, Germantown, MD, USA). Final RNA concentration and quality were measured using an ND-1000 NanoDrop™ Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).

RNA samples from four biological replicates were sent to the Iowa State University DNA Facility. Prior to sequencing, the DNA facility validated the quality of each RNA sample using an Agilent® 2100 Bioanalyzer™ (Agilent®, Santa Clara, CA, USA). This corresponded to 64 RNA samples (2 gene groups × 4 constructs × 4 replicates × 2 tissues). Library preparation was performed with 700 ng of total RNA per sample using the NEBNext Ultra II RNA Library Prep Kit for Illumina (New England Biolabs, Inc., Ipswich, MA, USA) following the manufacturer’s protocol. Sequences were generated on the Illumina NovaSeq 6000 platform (Illumina, Inc., San Diego, CA, USA) at the Iowa State University DNA Facility. Sixty-four samples were run on a single lane of the S2 flow cell using 100-cycle single-read sequencing. Raw fastq files and processed BAM files generated by this study were deposited in the National Center for Biotechnology Information Sequence Read Archive (NCBI SRA BioProject accession PRJNA777456).

File quality was checked prior to processing using FastQC3. To confirm VIGS infection in each sample, we used the program FastQ Screen (Wingett and Andrews, 2018), comparing reads from each sample to the soybean genome ( (Schmutz et al., 2010), G. max Wm82.a2.v1, Phytozome 12, 6/27/2018) and the sequence of RNA1 and RNA2 from the BPMV isolate used to develop the BPMV VIGS vector (GenBank Accessions GQ996949 and GQ996952). Scythe4, fastx_trimmer5, and Sickle6 were used to remove sequencing adaptors, barcodes, and bases with quality scores below 20. Cleaned fastq files were sorted and mapped to the soybean reference genome (see above) using TopHat2 (version 2.1.1; Kim et al., 2013). SAMtools (version 1.6; Danecek et al., 2021) was used to filter and sort reliably mapping reads.




2.4 Identification of genes differentially expressed in response to candidate gene silencing

BAM files were loaded into RStudio7,8, and the edgeR package (Robinson et al., 2010) was used to identify DEGs. Since the VIGS vectors contained fragments of the target genes, sequencing of viral RNAs would lead to inflated gene counts of the target genes and their homeologs. Therefore, target genes and their homeologs were removed from the count table prior to data normalization. While generating sequence reads, the ISU DNA Facility generated two technical replications of each sample. Counts were averaged across the two technical replications within each sample. Genes with counts per million (cpm) of one or more (cpm ≥ 1) in at least three samples were considered expressed and used for further analyses. Library sizes were normalized across samples within the target gene group × tissue type using the trimmed mean of M-values (TMM) method (Robinson and Oshlack, 2010). Comparisons were made between silenced plants and plants treated with the EV control, within tissue type and within target gene group. Genes with a false discovery rate (FDR) <0.05 were considered significantly differentially expressed.




2.5 Gene annotation and GO term enrichment of DEGs

All DEGs were annotated using the Gene Annotation Lookup9 tool under the SoyBase Tools tab (Grant et al., 2010). A Fisher’s exact test (Fisher, 1966) with Bonferroni correction (corrected p-value < 0.05; Bonferroni, 1935) was used to test for enriched gene ontology (GO) terms associated with a DEG list of interest compared to all genes in the soybean genome. To identify transcription factors within our DEGs, we took advantage of the SoyDB Transcription factor database (Wang et al., 2010). The SoyBase Gene Model Correspondence Lookup10 was used to update transcription factors from the SoyDB transcription factor database to G. max Wm82.a2.v1 gene calls. This information is presented in the Supplementary Tables.




2.6 Identification of regions syntenic to the Gm03 IDC QTL in soybean and Arabidopsis thaliana

Previously, Assefa et al. (2020) identified a region on Gm03 that contained 16 significant single-nucleotide polymorphisms (SNPs) associated with IDC tolerance and overlapped the known IDC QTL on Gm03. We used the SoyBase Genome Browser11 to query the SNP names against G. max Wm82.a2.v1 and identified the corresponding region (Gm03: 34,241,291 to 34,883,065). We added 100,000 bases on either side to facilitate the identification of syntenic regions. This 842-kilobase (kb) region (now Gm03: 34,141,291 to 34,983,065) was split into 5-kb fragments used to query the soybean (G. max Wm82.a2.v1) and Arabidopsis genomes (TAIRv10; Lamesch et al., 2012) using BLAST (Camacho et al., 2009). BLASTN (E < 10−30) against G. max Wm82.a2.v1 identified a known homeologous region on Gm19 (Gm19: 38,907,028 to 39,785,922). TBLASTX (E < 10−30) against TAIRv10 identified three syntenic regions: Chr2: 17,159,104 to 17,357,598; Chr3: 21,079,957 to 21,228,475; and Chr5: 1,121,828 to 1, 149,284. Based on the synteny between soybean and Arabidopsis, the Gm03 interval was adjusted to Gm03: 34,093,913 to 34,997,169.

To compare gene content between Gm03 and the other syntenic intervals, proteins from the Gm03 region (Glyma.03G126900 to Glyma.03G134600) were compared to all predicted proteins in the other intervals (Glyma.19G126900 to Glyma.19G136500, At2G41170 to At2G41630, At3G56960 to At3G57370, and At5G04130 to At5G04180) using BLASTP (Camacho et al., 2009). To confirm that no additional syntenic regions were present in soybean or Arabidopsis, the protein sequences from Glyma.03G126900 to Glyma.03G134600 were compared against all predicted proteins in soybean and Arabidopsis using BLASTP (E < 10−4). No additional regions were identified. To aid in visualization, soybean proteins with no BLASTP (E < 10−10) hits to any proteins in the Arabidopsis genome were removed. Similarly, soybean and Arabidopsis genes that were non-protein coding were removed.





3 Results



3.1 Phenotypic evaluation

SPAD measurements were collected from the first and second trifoliolates 20 days post-inoculation. Tukey’s HSD was used to calculate differences in emmeans among contrast treatment groups (Figure 1). We hypothesized that silencing one or more of the three candidate genes would impact the ability of Clark to take up and/or transport iron, leading to iron deficiency chlorosis (measured in the form of decreased SPAD readings), even when grown in iron-sufficient conditions.




Figure 1 | Effect of VIGS on leaf SPAD measurements. (A, B) BPMV-VIGS vectors were built with inserts targeting GmRR4 (Glyma.03G128300), GmGLU1 (Glyma.03G130000), and GmRR4+GmGLU1 (RG). (C, D) BPMV-VIGS vectors were built with inserts targeting GmbHLH38 (Glyma.03G130400, Glyma.03G130600), GmGLU1 (Glyma.03G130000), and GmbHLH38+GmGLU1 (HG). An empty vector (EV) control is included in each panel (A–D). Construct names are provided beneath each bar in each panel. Clark (iron-efficient genotype) seedlings were inoculated 10 days after germination, and SPAD readings were collected on the first (panels A, C) and second (panels B, D) trifoliolate 20 days after inoculation. Plants were grown in iron-sufficient conditions. A randomized complete block design with subsampling was used to analyze the data. Tukey’s honest significant difference (HSD) tests were used to compare constructs within each group × tissue type. Letters indicate significant (alpha < 0.05) differences between constructs. VIGS, virus-induced gene silencing; SPAD, soil plant analysis development; BPMV, bean pod mottle virus.



For the RG group, we found significant differences between plants treated with different silencing constructs in both trifoliolates. In the first trifoliolate, GmGLU1 had significantly lower SPAD values than the EV control and GmRR4 (Figure 1A). The double-gene construct RG (GmRR4 + GmGLU1) had significantly lower SPAD values than all other constructs, suggesting an additive effect between GmGLU1 and GmRR4. In the second trifoliolate, there was no significant difference between GmGLU1 and any of the other silencing constructs (Figure 1B). However, the SPAD values of RG remained significantly different than those of the empty vector control and GmRR4-silenced plants, supporting the idea of an additive effect of the targeted genes; both constructs needed to be silenced to make a measurable difference in the SPAD readings.

In the first trifoliolate of the HG group, none of the target gene constructs were significantly different from each other (Figure 1C). However, SPAD readings for plants treated with GmGLU1 and the double-gene construct HG (GmbHLH38+GmGLU1) were significantly different from those of plants treated with the empty vector control. The substitution of GmbHLH38 for GmRR4 in the double construct removed the additive gene effect that we saw in GmRR4 + GmGLU1 SPAD readings from the RG groups. This suggests that GmRR4 and GmbHLH38 could have antagonistic effects or could be inversely regulated. Validation of these findings will be the basis of future experiments. In the second trifoliolate, we observed lower SPAD readings for GmGLU1 and HG but did not find any significant differences between any of the constructs (Figure 1D).




3.2 Sequencing and infection summary

Sequence reads were generated from RNA from leaf and root tissue infected with each BPMV-VIGS construct. We used FastQ Screen (Wingett and Andrews, 2018) to validate BPMV infection. Across group × tissue type, we found 47.1% to 92.5% of reads mapped to BPMV, confirming BPMV infection in all samples submitted for sequencing (Table 1, Supplementary File 3). The empty vector control, with no gene of interest inserted, had the highest infection rate. Double constructs, targeting two genes of interest, had the lowest infection rate regardless of group × tissue type. This suggests an inverse relationship between target insert length and infection rate. In addition, leaves had higher infection rates (ranging from 72% to 92%) than roots (ranging from 47% to 77%) for all constructs. These results are consistent with those of Juvale et al. (2012), who observed weaker gene silencing in roots compared to leaves when using BPMV-VIGS to silence green fluorescent protein (GFP) in hairy roots. Infection rates of the HG construct in leaves and roots and the bHLH38 construct in leaves showed the greatest variation.


Table 1 | Summary of BPMV-VIGS infection rates in soybean.



After examination of read quality with FastQC and sample quality with bigPint (Rutter et al., 2019; Rutter and Cook, 2020), four samples from the RG group (three from leaves and one from roots) and three samples from the HG group (two from leaves and one from roots) were removed. At least three biological replicates per sample remained regardless of group or tissue type (Supplementary File 2). Raw count tables were generated for each construct group × tissue type. As expected, we found a disproportionate number of reads for the respective target genes and homeologs due to target gene fragments in the viral reads. We removed the target genes and homeologs from the count tables to prevent the disproportionate read counts from affecting normalization and subsequent analyses.




3.3 Differential expression

To examine the effect of each target gene construct, we compared gene expression relative to the empty vector control (EV-VIGS construct, Supplementary File 2). Since buckets were set up by group, each group had its own GmGLU1 and empty vector control plants. Hereafter, we refer to each comparison by the name of the target gene. In leaves of the RG group, we found 357, 555, and 3,114 DEGs in GmGLU1, GmRR4, and RG plants, respectively. Between all three comparisons, we identified 138 common DEGs (Figure 2A). Four genes (Glyma.03G132700, Glyma.03G187700, Glyma.03G219200, and Glyma.03G228900) were from introgressed regions between near-isogenic soybean lines, Clark and IsoClark (Severin et al., 2010; Stec et al., 2013), including one from the narrowed Gm03 IDC QTL defined by Assefa et al. (2020). In the roots of the RG group plants, we found 162, 337, and 504 DEGs in GmGLU1, GmRR4, and RG plants, respectively. There were 44 DEGs common to all three constructs (Figure 2B).




Figure 2 | Number of overlapping differentially expressed genes between silencing constructs. BPMV-VIGS vectors were built with inserts targeting GmRR4 (Glyma.03G128300), GmGLU1 (Glyma.03G130000), and GmbHLH38 (Glyma.03G130400, Glyma.03G130600). Two additional constructs were built to simultaneously target GmRR4+GmGLU1 (RG) and GmbHLH38+GmGLU1 (HG). Clark (iron-efficient genotype) seedlings were inoculated 10 days after germination, and tissue was collected 12 days after inoculation. Significant DEGs (FDR < 0.05) were identified between target genes and the empty vector control (Target − Control). DEG lists were compared within each construct group × tissue type (A–D). BPMV, bean pod mottle virus; VIGS, virus-induced gene silencing; DEGs, differentially expressed genes; FDR, false discovery rate.



In the leaves of the HG group, we found 253, 368, and 2,330 DEGs in GmbHLH38, GmGLU1, and HG, respectively. There were 26 DEGs common to the three constructs (Figure 2C). In the roots of the HG group, we found 16, 861, and 1,462 DEGs in GmbHLH38, GmGLU1, and HG plants, respectively. Surprisingly, GmbHLH38 had very few DEGs, but we still identified four DEGs that were common to all three constructs (Figure 2D). One gene in common (Glyma.08G330100) was from an introgressed region between Clark and IsoClark (Severin et al., 2010; Stec et al., 2013).

To gain insight into expression trends in DEGs from each group, we plotted the log2 fold change (log2FC) for the 3,271 and 735 unique DEGs identified from leaves and roots, respectively, of the RG group and the 2,651 and 1,780 unique DEGs identified from leaves and roots, respectively, of the HG group (Figure 3, Supplementary File 3). We then used hierarchical clustering to generate groups of genes with similar expression patterns, which were visualized via heatmaps (Figures 4, 5, Supplementary File 4).




Figure 3 | Expression trends of differentially expressed genes (DEGs) responding to silencing. BPMV-VIGS vectors were built with inserts targeting GmRR4 (Glyma.03G128300), GmGLU1 (Glyma.03G130000), and GmbHLH38 (Glyma.03G130400, Glyma.03G130600). Two additional constructs were built to simultaneously target GmRR4+GmGLU1 (RG) and GmbHLH38+GmGLU1 (HG). Clark (iron-efficient genotype) seedlings were inoculated 10 days after germination, and tissue was collected 12 days after inoculation. Significant DEGs (FDR < 0.05) were identified between target genes and the empty vector control (Target/Control). Log2FC was plotted for all significant DEGs identified within a construct group × tissue type combination.  (A–D) Smoothed conditional means were used to draw trend lines across DEGs for each construct. BPMV, bean pod mottle virus; VIGS, virus-induced gene silencing; FDR, false discovery rate.






Figure 4 | Heatmaps of differentially expressed genes (DEGs) responding to silencing in the RG group. BPMV-VIGS vectors were built with inserts targeting GmRR4 (Glyma.03G128300) and GmGLU1 (Glyma.03G130000) individually and GmRR4+GmGLU1 simultaneously (RG). Clark (iron-efficient genotype) seedlings were inoculated 10 days after germination, and tissue was collected from leaves (A) and roots (B) 12 days after inoculation. Significant DEGs (FDR < 0.05) were identified between target genes and the empty vector control (Target/Control). FC was plotted for each significant DEG identified within a construct group × tissue type combination. Induced and repressed genes are depicted as red and blue bars, respectively; color intensity indicates the magnitude of the log2FC. BPMV, bean pod mottle virus; VIGS, virus-induced gene silencing; FDR, false discovery rate.






Figure 5 | Heatmaps of differentially expressed genes (DEGs) responding to silencing in the HG group. BPMV-VIGS vectors were built with inserts targeting GmbHLH38 (Glyma.03G130400, Glyma.03G130600) and GmGLU1 (Glyma.03G130000) individually, andGmbHLH38+GmGLU1 simultaneously (HG). Clark (iron-efficient genotype) seedlings were inoculated 10 days after germination, and tissue was collected from leaves (A) and roots (B) 12 days after inoculation. Significant DEGs (FDR < 0.05) were identified between target genes and the empty control vector (Target/Control). FC was plotted for each significant DEG identified within a construct group × tissue type combination. Induced and repressed genes are depicted as red and blue bars, respectively; color intensity indicates the magnitude of the log2FC. BPMV, bean pod mottle virus; VIGS, virus-induced gene silencing; FDR, false discovery rate.






3.4 RG group

Plotting log2FC across the 3,271 RG group DEGs in leaves revealed that the absolute log2FC of the double construct was greater than that of the two single constructs (Figure 3A). Interestingly, GmRR4 and GmGLU1 had very similar log2FC values in upregulated genes but were more distinct in downregulated genes. Nevertheless, the direction of regulation (up- or downregulated) across DEGs was consistent for all constructs. This suggests that silencing both target genes simultaneously resulted in greater expression changes than silencing the individual genes. In fact, for 1,552 DEGs (47.4%), the absolute log2FC of the double construct was greater than the additive effect of both single-gene constructs. Among the 735 DEGs from roots, log2FC patterns were almost identical between all three constructs except for a small group of genes with greatest differential expression in GmRR4 (Figure 3B). Unlike the leaves, only 87 DEGs (11.8%) had an absolute log2FC for the double construct greater than the additive effect of both single-gene constructs.

These same expression patterns can be observed in more detail in Figure 4. Clustering of the 3,271 RG-group leaf DEGs separated them into four gene clusters (Figure 4A). The green cluster was primarily downregulated in RG and GmRR4 and weakly downregulated in GmGLU1. The green cluster contained 1,017 DEGs and 26 significantly overrepresented GO terms (Supplementary File 4), which were associated with hormone signaling, responses and biosynthesis (abscisic acid (ABA)-mediated signaling, jasmonic acid (JA) biosynthesis, and response to JA stimulus and ethylene), defense (anthocyanin-containing compound, chalcone, flavonoid, lignin and lignan biosynthesis, defense response to bacterium, incompatible interaction, and response to fungus and other organisms), and stress (response to gravity, oxidative stress, UV, UV-B, and wounding). In contrast, the blue cluster, containing 1,131 DEGs and 42 significantly overrepresented GO terms, was downregulated in RG and GmGLU1 and weakly downregulated in GmRR4. While the blue cluster was also associated with hormone signaling, defense, and stress responses, only two GO terms were common to the green and blue clusters (response to other organisms and defense response, incompatible interaction). Hormone-associated GO terms in the blue cluster included induced systemic acquired resistance (SAR), salicylic acid (SA)-mediated signaling, SA biosynthesis, induced SAR, and JA-mediated signaling. Defense GO terms included defense response to bacteria and fungi, innate immune response, and MAPK cascade, among many others. In addition, we also found evidence of potential nutrient stress, including amino acid transport, ammonium transport, and cellular response to nitrogen starvation. The pink cluster contained 759 DEGs and three significant GO terms associated with energy and gene silencing (generation of precursor metabolites and energy, production of siRNA involved in RNA interference, and virus-induced gene silencing). The orange cluster contained 364 DEGs and four significant GO terms associated with photosynthesis and energy (photosystem II assembly, thylakoid membrane organization, generation of precursor metabolites and energy, and photosynthesis). The difference between the pink and orange clusters was the contribution of GmGLU1 and GmRR4, as observed for the blue and green clusters.

As in the leaves, the 735 DEGs from the roots of the RG group separated into four expression clusters (Figure 4B). In contrast to the leaves, we saw minimal differences in expression patterns between constructs in roots; most genes were upregulated relative to the empty vector control. The blue cluster contained 162 DEGs and nine significant GO terms associated with the cell wall (cell wall, plant-type cell wall, secondary cell wall biogenesis, cell wall macromolecule, glucuronoxylan, rhamnogalacturonan I side chain metabolic metabolism, lignin and xylan biosynthesis, and lignin catabolism). The pink cluster contained 263 DEGs and two significant GO terms associated with plant hormones (regulation of salicylic acid and brassinosteroid biosynthesis) and two terms associated with defense (defense response and systemic acquired resistance). The green cluster contained 195 DEGs and a single overrepresented GO term, protein retention in the ER lumen. No significant GO terms were associated with the 298 DEGs in the orange cluster.




3.5 HG group

Expression patterns of 2,651 DEGs in the leaves of the HG group showed similarities to those of the RG group; the double construct had greater absolute log2FC values than both single constructs, and the direction of gene regulation was similar for all three constructs (Figure 3C). One striking difference in the HG group was the greater distinction of log2FC values between the three constructs. For 1,633 (61.5%) DEGs, the absolute log2FC of HG was greater than the additive effect of the single-gene constructs. While many genes in GmbHLH38 had small log2FC values, there still appeared to be an additive effect with GmGLU1 on HG log2FC values. In the roots of the HG group (Figure 3D), we saw significant overlap between the HG and GmGLU1 log2FC values. For 463 (25.9%) of the 1781 DEGs, the absolute log2FC of HG was greater than the additive effect of the single-gene constructs. The DEGs from the GmbHLH38 construct always had lower log2FC values compared to the other two constructs. This suggests that silencing of GmbHLH38 had a positive effect in the case of the double construct in leaves but had a negligible effect in roots.

Four gene clusters were identified in the heatmap of the 2651 leaf DEGs from the HG group (Figure 5A). The HG construct had stronger expression changes across DEGs than either of the single constructs. The green and orange clusters contained 93% of the DEGs and were generally down- and upregulated, respectively. The green cluster contained 1,237 DEGs and 46 significant GO terms associated with hormone signaling, defense, and stress responses (Supplementary File 4). Of the 46 significant GO terms, 23 were also significant in the blue cluster from the RG group. The orange cluster contained 1,232 DEGs and 53 overrepresented GO terms associated with photosynthesis, energy and cation homeostasis, and transport (Supplementary File 4). Photosynthesis-related GO terms included response to light, photosynthetic electron transport, and photosystem II assembly, repair, and stabilization. Energy-associated GO terms included ATP synthesis coupled proton transport and generation of precursor metabolites and energy. Cation-related GO terms included cellular cation homeostasis and divalent metal ion transport. Surprisingly, the orange cluster was the first to have an overrepresented GO term directly related to iron (iron–sulfur cluster assembly). No significant GO terms were associated with the blue and pink clusters.

Four gene clusters were identified in the heatmap from the 1,780 DEGs of the HG group in roots (Figure 5B). The DEGs from the GmbHLH38 construct showed little to no expression changes in the majority of the genes. HG and GLU1 had very similar expression patterns across DEGs, with greater expression observed in HG. Genes in the blue, pink, and orange clusters were induced, while genes in the green cluster were repressed. The blue cluster contained 122 DEGs and a single significant GO term, secondary cell wall biogenesis. The pink cluster contained 364 DEGs and 18 significant GO terms associated with the cell wall (cell wall, primary cell wall, secondary cell wall, plant-type cell wall biogenesis, cellulose biosynthesis, and cellulose metabolism) and growth (developmental programmed cell death, regulation of cell size, and multidimensional cell growth). The green cluster contained 1,032 DEGs and 24 significant GO terms, mainly associated with photosynthesis (Supplementary File 4). Of these, 21 were in common with the orange cluster from the leaves of the HG group. While these GO terms were induced in HG leaves, they were repressed in HG roots.




3.6 Characterizing regions syntenic to the IDC QTL on Gm03 in soybean and Arabidopsis

Given the failure of the GmBHLH38 construct to induce IDC symptom development or differential expression of iron-related genes, we needed to reassess its predicted function relative to Arabidopsis. Rather than relying only on sequence homology between bHLHs, we needed to determine whether there was a region syntenic to the Gm03 IDC QTL in Arabidopsis. We used the 730-kb region identified by Assefa et al. (2020) as a starting point for our analyses. This region contains four distinct linkage blocks, each hypothesized to contain a candidate IDC candidate gene. In addition, this region spans the narrowed IDC introgression identified by Peiffer et al. (2012) and is also within the known introgressed region on Gm03 (Severin et al., 2010; Stec et al., 2013). Using a series of BLAST analyses (Camacho et al., 2009), we were able to identify the homeologous region on soybean chromosome 19 and syntenic regions on Arabidopsis AtChr2, AtChr3, and AtChr5 (Figure 6). To simplify Figure 6, only protein-coding genes found in the chromosome 3 QTL and in at least one other syntenic location are annotated. In addition, all spaces between genes have been removed.




Figure 6 | The Gm03 IDC QTL is syntenic to regions on Gm19, AtChr2, AtChr3, and AtChr5 and corresponds to known iron stress genes, including AtbHLH38, AtbHLH39, AtbHLH100, AtbHLH101, and AtGLU1. A series of BLAST searches (Camacho et al., 2009) were used to identify regions homeologous or syntenic to the Gm03 IDC QTL in soybean. Genes with no homology to Arabidopsis and non-protein coding genes have been removed. Similarly, spaces between genes and gene orientation have also been removed. Only genes conserved between Gm03 and at least one other region are labeled. Homologs of AtGLU1, AtbHLH transcription factors (38, 39, 100, and 101), and AtRR4 are colored pink, dark orange, and blue, respectively. IDC, iron deficiency chlorosis; QTL, quantitative trait locus.



Looking at Figure 6, it is evident that there has been an inversion in Arabidopsis, relative to the Gm03 and Gm19 regions. This inversion includes genes labeled 6–13 (GmBop2 to GmbHLH38) on Gm03 and Gm19, genes 6–13 on AtChr2 (AtBop2 to AtbHLH100), and genes 6, 8–11, and 13 (AtBop2 to AtbHLH38/39) on AtChr3. Almost the entire inverted region has been lost on AtChr5, except for gene 13, which corresponds to AtbHLH101. While we were unable to determine where the inversion occurred between genes 5 and 6 and genes 13 and 14, this inversion would suggest that the AtbHLH38, AtbHLH39, AtbHLH100, and AtbHLH101 genes in Arabidopsis are in a different genomic environment compared to the Gm03bHLH38 and Gm19bHLH38 genes in soybean. Further, Figure 6 demonstrates that soybean lacks AtBHLH100 and AtbHLH101 homeologs, as confirmed by BLASTP (E < 10−12) of AtBHLH100 and AtbHLH101 against all proteins in the soybean genome.





4 Discussion

Virus-induced gene silencing is a relatively quick method for testing candidate gene function. Coupled with RNA-seq, it can identify the global network of genes contributing to agronomically important phenotypes. In this study, we developed VIGS constructs to target four genes located within the historical IDC QTL on soybean chromosome Gm03. Previous data suggest that multiple genes within this QTL could confer IDC tolerance. Peiffer et al. (2012) narrowed the previously identified IDC QTL on Gm03 (Lin et al., 1997) to 250 kb by fine-mapping sub-near isogenic lines developed from Clark and IsoClark. This resulted in the identification of 18 candidate genes, including two homologs of AtBHLH38 (Glyma.03G130400 and Glyma.03G130600, also evaluated in this study). Sequencing of these genes in iron-efficient and iron-inefficient lines revealed a 12-bp deletion in a Glyma.03g130400 specific to iron-inefficient lines. It is worth noting, however, that of the 18 candidate genes identified, eight were differentially expressed between Clark and IsoClark, suggesting the potential for additional candidate genes. The Assefa et al. (2020) GWA study identified 16 significant SNPs clustered across the IDC QTL on Gm03. An examination of linkage disequilibrium in this region identified four distinct linkage blocks, each thought to contain a candidate gene for IDC tolerance. The four genes targeted in this study correspond to three of the four linkage blocks identified by Assefa et al. (2020), the region introgressed from the iron-inefficient line T203 into iron-efficient Clark, leading to the development of iron-inefficient IsoClark (Severin et al., 2010; Stec et al., 2013), and the 250 kb narrowed introgression identified and characterized by Peiffer et al. (2012).

In this study, we developed BPMV constructs targeting GmRR4 (Glyma.03G128300), GmGLU1 (Glyma.03G130000), and GmbHLH38 (Glyma.03G130400 and Glyma.03G130600). We hypothesized that silencing genes required for iron uptake and homeostasis would result in the development of IDC symptoms, even when plants were grown in iron-sufficient conditions (Figure 1). To understand how each of the silenced genes contributed to IDC symptom development, we conducted RNA-seq analyses of silenced plants representing each construct (Figures 2, 3). Hierarchical clustering was used to generate groups of DEGs with similar expression patterns, and GO term enrichment was used to assign biological functions to each cluster (Figures 4, 5).

The finding that GmGLU1/GmRR4 plants were significantly different from the empty vector and GmGLU1 plants suggested that both GmGLU1 and GmRR4 silencing impacted chlorotic symptom development. GmRR4 was selected as a VIGS target because both Atwood et al. (2014) and Moran Lauter et al (Moran Lauter et al., 2014, Moran Lauter et al., 2020). observed differential expression of genes associated with the circadian rhythm, cell cycle, and defense in response to iron stress. Li et al. (2019) demonstrated that short-term iron stress modulates different circadian clock components in Arabidopsis and soybean. They hypothesized that changes in clock period and phase in soybean could allow more time for iron uptake during key biological processes, such as photosynthesis. Arabidopsis AtRR4, also known as ARR9, is regulated by the circadian clock and by cytokinin (Ishida et al., 2008). Seven different response regulators, including AtRR4, are repressed by the phytotoxin coronatine during infection by Pseudomonas syringae pv. tomato DC3000 (Thilmony et al., 2006). In the leaves, silencing of GmRR4 had the largest effect on the green cluster (Figure 4A), which was associated with hormone signaling and biosynthesis, defense, and general stress responses. In the roots, GmRR4 silencing had the most impact on the pink cluster (Figure 4B), associated with the regulation of salicylic acid, defense, and systemic acquired resistance.

Numerous studies have focused on AtGLU1 in Arabidopsis. Kissen et al. (2010) compared the T-DNA mutant glu1-2 with wild-type Arabidopsis. The mutant exhibited more chlorotic leaves relative to the wild type when grown in nutrient-sufficient conditions. Microarray analyses revealed extensive transcriptional reprogramming, including repression of photosynthesis, photorespiration, and chlorophyll biosynthesis, and induction of multiple stress responses (cold, heat, drought, and oxidative stress). In addition, genes associated with glutamate biosynthesis, amino acid biosynthesis, and nitrogen assimilation were also significantly impacted. We also saw evidence of the impact of GmGLU1 silencing on nitrogen assimilation (GO terms: ammonium transport and cellular response to nitrogen starvation) and amino acid biosynthesis (GO terms: amino acid import and amino acid transport; Supplementary File 4). More recently, Cui et al. (2020) have described the AtGLU1 mutant (glu1-4), which is associated with the development of light leaf chlorosis under normal conditions, but severe chlorosis and reduced iron content in the leaves under iron stress conditions. Interestingly, AtGLU1, AtGLU2, and glutamate transporter AtGLT1 have redundant functions in silencing transposable element activation under nitrogen starvation conditions (Wang et al., 2022), so it is possible that AtGLU2 and AtGLT1 may also function in iron stress responses.

In contrast, GmGLU1/GmbHLH38 plants were not significantly different from GmGLU1, suggesting that GmbHLH38 had no impact on IDC symptom development. Cui et al. (2020) found that the glu1-4 mutant had reduced expression of several iron stress-responsive genes in the shoots, including AtbHLH38, AtbHLH39, AtbHLH100, and AtbHLH101. Based on this evidence, it is possible that GmbHLH38 was already repressed by GmGLU1 silencing, and no additional repression would be expected. However, the GmbHLH38 single-gene construct also had no visible phenotype. Based on the Arabidopsis literature, this is also not surprising, as Wang et al. (2007) found that single-insertion mutants of AtbHLH38, AtbHLH39, AtbHLH100, and AtbHLH101 exhibited no change in phenotype and were able to induce normal iron stress responses, likely due to redundancy between genes. Only double knockouts of AtbHLH39/AtbHLH100 and AtbHLH39/AtbHLH101 were associated with visible phenotypes in iron-sufficient and iron-deficient conditions and had decreased iron content in the leaves, and only the triple knockout AtbHLH39/AtbHLH100/AtbHLH101 developed lethal chlorotic symptoms under iron stress conditions (Wang et al., 2013). The authors concluded that all four genes played redundant roles in regulating iron stress responses. However, the impact on iron stress responses of knocking out each gene varied. Recently, Li et al. (2018) demonstrated that overexpression of GmbHLH38 (identified as GmbHLH300, Glyma.03G130600) with an ortholog of AtFIT (Glyma.12G178500, identified as GmbHLH57) conferred enhanced tolerance to iron deficiency. If GmbHLH38 is functional and soybean lacks homologs of AtbHLH39, AtbHLH100, and AtbHLH101 as demonstrated in our synteny analyses, where does the functional redundancy suggested by our silencing of GmbHLH38 come from? While the most likely candidates are the GmbHLH38 homeologs on Gm19, these genes would also have been silenced by the GmbHLH38 construct. Therefore, redundant genes, significantly different from AtbHLH39, AtbHLH100, and AtbHLH101, must exist elsewhere in the soybean genome, suggesting important differences in the regulation of iron stress responses between soybean and Arabidopsis.

To help in understanding why silencing GmBHLH38 did not result in a visible phenotype or altered expression of iron uptake and homeostasis genes, we searched for synteny between the IDC QTL on Gm03 and Arabidopsis. We identified a single homeologous region on Gm19 and three syntenic regions on AtChr2, AtChr3, and AtChr5. These regions include AtGLU1 and AtGLU2; AtRR3 and AtRR4; and AtbHLH38, AtbHLH39, AtbHLH100, and AtbHLH101. The syntenic arrangement of the four AtbHLHs helps to explain how they are directly regulated by AtbHLH34, AtbHLH104 (Li et al., 2016), AtbHLH115 (Liang et al., 2017), and AtbHLH21 (Gao et al., 2020). Recently, Chen et al. (2021) have demonstrated that AtbHLH39, AtbHLH100, and AtbHLH101 are also negative regulators of flowering under long days in Arabidopsis. Direct interaction with CONSTANS (CO) represses the expression of FLOWERING LOCUS T (FT). Our results identify two additional genes contributing to iron stress tolerance within this region in soybean. This suggests that these genomic segments could be important in iron stress responses and regulation of flowering time across agronomically important plant species. Therefore, we were interested in determining whether synteny could be used as a “marker” for the identification of corresponding regions in other species. As proof of concept, we examined the genomic context of fefe, a bHLH38 transcription factor regulating iron uptake in melon (Ramamurthy and Waters, 2017). We used the gene corresponding to fefe (MELO3CO19065) to browse the surrounding region in the Melonomics genome browser12. From MELO3CO19040 to MELO3C019075, we identified four additional genes (not bHLHs) corresponding to Figure 6 (genes 4, 7, 9, 10), suggesting that this region in cucumber is syntenic to the IDC QTL on Gm03. Using the gene identifier of Gm03bHLH38 (Glyma.03G130600) as a query term in the Legume Information System Genome Context Viewer13, we could easily identify the orthologous and homeologous regions across multiple species in the legume genera Arachis, Cajanus, Cicer, Glycine, Lotus, Lupinus, Medicago, Phaseolus, Pisum, Trifolium, and Vigna, which include agronomically important crop species such as peanut, chickpea, alfalfa, and common bean. Singh et al. (2023) conducted transcriptome analyses of two chickpea (Cicer arietinum) genotypes with high and low iron content in the seed. We examined their data for homeologs of GmGLU1, GmRR4, and GmbHLH38. CabHLH38, CaGLU1, and CaRR4 were only differentially expressed in response to iron deficiency in the high-seed iron genotype. Given that few genes required for iron stress responses have been characterized and validated in legumes (Sharma et al., 2023), this finding suggests that this region can be used as a tool to identify candidate genes involved in iron stress responses conserved across a broad range of species.

In conclusion, these results provide valuable insight into the effects of GmGLU1 and GmRR4 on the soybean iron stress response. To our knowledge, this is the first demonstration of an IDC QTL conserved across multiple species and containing multiple genes conferring iron stress tolerance. This connection will enable the identification of candidate genes and networks underlying iron stress responses across a broad range of agronomically important crops.
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1SoyStats 2023. http://soystats.com.

2Butler, D.G. Cullis, B.R. Gilmour, A.R., Thompson, R. ASRemb-R Reference Manual Version 4.2. https://asreml.kb.vsni.co.uk/wp-content/uploads/sites/3/ASReml-R-Reference-Manual-4.2.pdf.

3FastQC: a quality control tool for high throughput sequence data. Version 0.11.3. http://www.bioinformatics.babraham.ac.uk/projects/fastqc/.

4Scythe- a Bayesian adapter trimmer. Version 0.981. https://github.com/vsbuffalo/scythe.

5FASTX-Tookit. Version 0.0.14. http://hannonlab.cshl.edu/fastx_toolkit/.

6Sickle- a windowed adaptive trimming tool for FASTQ files using quality. Version 1.2. https://github.com/najoshi/sickle/.

7R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org/.

8RStudio: integrated development for R. http://www.rstudio.com/.

9SoyBase Gene Annotation Tool. Version Wm82.a2.v1. https://www.soybase.org/genomeannotation/.

10SoyBase Gene Model Correspondence Lookup. https://www.soybase.org/correspondence/.

11SoyBase Genome Browser. Version Wm82.a2.v1. https://www.soybase.org/SequenceIntro.php/.

12Melonomics Jbrowse. Melon version 4.0. https://www.melonomics.net/melonomics.html#/jbrowse.

13Legume Information System Genome Context Viewer. https://gcv.legumeinfo.org/gcv2/instructions.
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Introduction

Heat stress at terminal stage of wheat is critical and leads to huge yield losses worldwide. microRNAs (miRNAs) play significant regulatory roles in gene expression associated with abiotic and biotic stress at the post-transcriptional level.





Methods

In the present study, we carried out a comparative analysis of miRNAs and their targets in flag leaves as well as developing seeds of heat tolerant (RAJ3765) and heat susceptible (HUW510) wheat genotypes under heat stress and normal conditions using small RNA and degradome sequencing.





Results and discussion 

A total of 84 conserved miRNAs belonging to 35 miRNA families and 93 novel miRNAs were identified in the 8 libraries. Tae-miR9672a-3p, tae-miR9774, tae-miR9669-5p, and tae-miR5048-5p showed the highest expression under heat stress. Tae-miR9775, tae-miR9662b-3p, tae-miR1120a, tae-miR5084, tae-miR1122a, tae-miR5085, tae-miR1118, tae-miR1130a, tae-miR9678-3p, tae-miR7757-5p, tae-miR9668-5p, tae-miR5050, tae-miR9652-5p, and tae-miR9679-5p were expressed only in the tolerant genotype, indicating their role in heat tolerance. Comparison between heat-treated and control groups revealed that 146 known and 57 novel miRNAs were differentially expressed in the various tissues. Eight degradome libraries sequence identified 457 targets of the differentially expressed miRNAs. Functional analysis of the targets indicated their involvement in photosynthesis, spliceosome, biosynthesis of nucleotide sugars and protein processing in the endoplasmic reticulum, arginine and proline metabolism and endocytosis. 





Conclusion

This study increases the number of identified and novel miRNAs along with their roles involved in heat stress response in contrasting genotypes at two developing stages of wheat.
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1 Introduction

Wheat (Triticum aestivum L.) is a globally important crop that accounts for approximately 30% of worldwide cereal production. Being a thermo-sensitive crop, wheat requires a low temperature period for its physiological development, flowering and grain setting. An increase in 1°C temperature leads to a steep decline in wheat grain weight and nearly 6% decrease in wheat production (Joshi et al., 2007; Lobell et al., 2008; Chauhan et al., 2009; Asseng et al., 2015). Heat stress can affect various phenological stages of wheat by disruption of membranes and metabolic imbalance of protein structures caused by misfolding, unfolding and aggregation, thereby unbalancing the cell structure or metabolic and biochemical pathways (Sharma et al., 2010). These metabolic alterations adversely affect plant growth and various physiological and developmental processes like photosynthesis, respiration, reproduction, grain filling, and hence yield (Kaushal et al., 2016). However, there exists a wide diversity of wheat genotypes that have the innate potential to perceive heat stress and trigger the defense mechanism against it. This potential varies depending on the genotype. Also, the level of damage is significantly determined by the phenophase in which the plants are stressed (Porter and Gawith 1999). During flowering and grain filling, the crop is frequently exposed to brief periods of high warmth (33- 40°C), which often causes accelerated growth, flowering, and ripening (Rahman et al., 2009) and overall reduced yield.

Wheat plant photosynthetic activity is directly influenced by high temperature. Heat stress leads to the breakdown of the chlorophyll content in leaves during anthesis and grain filling, which in turn declines both leaf photosynthetic activity and final biomass (Liu et al., 2017).The flag leaf contributes to 58% of total photosynthesis (Hengyong and Junshi, 1995) resulting in the synthesis of 43% of the carbohydrates required for grain filling (Sharma et al., 2003), thereby playing an important role in total wheat production. Heat stress can lead to reduced photosynthesis in leaves because of the loss of photoreductive activity in chloroplasts (Hu et al., 2020). This in turn impacts the developing seeds too. These developing seeds undergo various morphological transformations and build-up of metabolites mainly starch and proteins till desiccation of aleurone and embryonic tissues is reached (Sabelli and Larkins, 2009). Starch contributes to about 75% of grain weight. Exposure to heat stress during the grain filling stage hinders the activity of proteins involved in the starch synthesis pathway, thereby reducing the amount of starch synthesis. This causes shrinkage in the grain due to ultrastructural changes in the aleurone layer and endosperm cells, hence reducing the grain weight and quality (Yamakawa and Hakata, 2010; Liao et al., 2014).

miRNAs represent a diverse class of 21-22 nucleotides long, non-coding small RNAs that not only regulate growth and development but also participate in various hormonal and metabolic pathways involved in environmental stress adaptation in plants. These miRNAs control a spectrum of biological development of leaves, roots, flowers etc. by either slicing or blocking the translation of their target mRNAs in a spatio-temporal way (Chen, 2010). Many studies have revealed the miRNome with the associated target genes during seed development stages in wheat (Li et al., 2015), maize (Kang et al., 2012), brassica (Wei et al., 2018), rice (Peng et al., 2011; Huang J. et al., 2016; Zhao et al., 2017), barley (Curaba et al., 2012). Due to polyploid complexity, repeat content and the big size of the wheat genome, many miRNAs and their corresponding targets are yet to be revealed (Budak and Akpinar, 2015).In wheat, miRNA studies have been done on diverse tissues at various developmental phases, resulting in the identification and estimation of the expression levels of many abiotic stress related conserved and novel miRNAs (Kantar et al., 2011; Tang et al., 2012; Li et al., 2013; Meng et al., 2013; Han et al., 2014; He et al., 2021; Zhou et al., 2019). Few studies have used a single wheat genotype to identify miRNAs differentially expressed in response to heat (Kumar et al., 2015; Li et al., 2015; Ragupathy et al., 2016; Ravichandran et al., 2019; Wang et al., 2019). However, very limited studies have been done work on contrasting genotypes at different development stages (Goswami et al., 2014; Liu et al., 2020). In this study, we identified heat stress related differentially expressed conserved as well as novel miRNAs and their target genes using small RNA sequencing. Eight sRNA libraries comprising of two contrasting wheat genotypes (heat-tolerant and heat-susceptible) in the two most vital organs in wheat grain-filling processes i.e. flag leaf and developing seeds at 10 days after anthesis at control and heat-stress conditions were sequenced. Using 8 libraries of degradome sequencing, we validated miRNA targets and their degradation sites. The results provide a comparative analysis of changes in the miRNA profiles and their targets in different wheat tissues and in genotypes with diverse genetic backgrounds and contrasting heat tolerances.




2 Materials and methods



2.1 Plant materials, stress treatments and collection of tissues

Seeds of two contrasting genotypes i.e., RAJ3765 (heat tolerant hereafter designated as HT) and HUW510 (heat sensitive hereafter designated as HS) were obtained from the Germplasm Section of ICAR-Indian Institute of Wheat and Barley Research, Karnal, India. Three seeds of each genotype were sown in 20 cm plastic pots under standard growth conditions. A total of 40 pots (20 for each genotype) were sown till the flag leaf stage was achieved. At the flag leaf stage, one set (5 pots) of the plants was kept as control (US) while the other set was treated with a heat treatment of 37°C (day)/27°C (night) for 24 hours (TCP). Flag leaves (FL) were harvested from all the pots of the particular set and pooled; flash-frozen and ground in liquid nitrogen for miRNA isolation. A similar treatment was given to another set of pots at the 10DAA stage (DA). For the developing grain stage, the main tiller spike of each wheat plant was sampled. Five spikelets from the middle of spikes from all the plants were harvested and immediately flash-frozen in liquid nitrogen and stored at -80°C till nucleic acid extraction. The spikelets were carefully taken out of the liquid nitrogen without thawing; developing seeds were separated and ground to a very fine powder using a sterile pestle and mortar in liquid nitrogen. The samples were referred to as PSTCPFL1 and PSTCPDA1 for heat-stressed flag leaf and developing seeds of RAJ3765 genotype; PSTCPFL2 and PSTCPDA2 for heat-stressed flag leaf and developing seeds of HUW510; PSUSFL1 and PSUSDA1 for control flag leaf and developing seeds of RAJ3765; PSUSFL2 and PSUSDA2 for control flag leaf and developing seeds of HUW510, respectively.




2.2 Small RNA library construction and sequencing

Total RNA of the samples was isolated in triplicates with TRIzol reagent (Invitrogen, USA) according to the manufacturer’s instructions. The purity and quantity of the isolated RNA samples were analyzed using Agilent Bioanalyzer (Agilent Technologies, U.S.A). RNA samples with integrity number ≥7.0 were further separated electrophoretically on 15% Tris-Borate-EDTA (TBE) urea denaturing polyacrylamide gel and the 18-30ntlong small RNA fraction was purified and further eluted. Equal amounts of RNA samples were isolated in triplicates from each sample and pooled together before proceeding to sequencing. 5’ and 3’ adaptors were sequentially ligated by T4 RNA ligase to the fractioned sRNA molecules and then reverse-transcribed to cDNA by RT-PCR. These cDNA samples were used as templates for double-stranded cDNA synthesis by PCR amplification using primers that annealed to adapters. The prepared libraries were quantified using a Qubit Fluorometer and validated for quality by running an aliquot on a Sensitivity Bio-analyser Chip (Agilent). The resulting libraries were sequenced using the Illumina Hiseq platform. The raw data have been submitted to NCBI and the accession number is PRJNA1012670.




2.3 Identification of conserved and novel miRNAs and their targets

The raw reads obtained from the libraries were processed by removing 3’ TruSeqadaptors, a minimum of 8 characters were checked for. The adapter trimmed sequences were filtered based on low-quality reads and length (min length 16 and max. length 40) by using FASTQ/A Clipper of FASTX-Toolkit, version-0.0.13(http://hannonlab.cshl.edu/fastx_toolkit/index.html).The filtered reads were BLASTn against miRBase 22 (http://www.miRBase.org, accessed on June 2022). An E-value cut-off of 0.001 was used. The miRNAs that aligned to previously reported miRNAs were designated as known miRNAs. The sequences that did not align to miRBase and the reads filtered due to length and 3’ adapter prior to aligning to miRBase were referred to as un-annotated sequences. These were used for novel miRNA prediction. These un-annoated sequences were given as input along with mapping (BED) file containing the annotation tracks and wheat genome assembly, RefSeq v2.0 (https://wheat-urgi.versailles.inra.fr/Seq-Repository/Assemblies) to Mireap v0.22b (http://sourceforge.net/projects/mireap). The Mireap program was run with following parameters: Minimal miRNA sequence length (18); Maximal miRNA sequence length (26); Minimal miRNA reference sequence length (20); Maximal miRNA reference sequence length (24); Maximal free energy allowed for a miRNA precursor (−20 kcal/mol); Minimal base pairs of miRNA and miRNA* (14); Maximal bulge of miRNA and miRNA* (3); Maximal asymmetry of miRNA/miRNA* duplex (2); Flank sequence length of miRNA precursor (10). Mireap identified novel miRNAs based on alignment, secondary structure, free energy and location on the precursor arm. The secondary structures of novel miRNAs were predicted by RNAfold (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi, accessed on August, 2022) using default parameters. The selection criterion for novel miRNAs was based on the stringent guidelines as described by Meyers et al. (2008). The major parameters were: (1) the precursor sequence was able to fold into a hairpin structure; (2) a mature miRNA sequence was located in one arm of the hairpin structure; (3) miRNAs contained less than six mismatches with the opposite miRNA* sequence on the other arm; (4) no loops or breaks in the miRNA* sequences; (5) the predicted secondary structures had greater minimal free energy indices (MFEIs) and negative minimum fold energies (MFEs); (6) the predicted mature miRNA sequence had no more than four mismatches as compared with its corresponding mature miRNA homologue.




2.4 Differential expression analysis of miRNAs

The expression patterns of miRNAs in different tissues were analyzed using DESeq package (v 1.12.1) (Anders and Huber, 2010). The number of reads mapping to each miRNA was normalized and the expression levels represented as RPM (Reads per Million) values of the total sRNA reads in the library. A t-test was applied to evaluate statistical significance. If the RPM ratios between the different pairwise comparisons were greater than 2 (fold change ≥ 2) and if the P-value was ≤0.05, then the miRNAs were defined as differentially expressed miRNAs.




2.5 Degradome library construction

Eight plant samples (namely PSTCPFL3 and PSTCPDA3 for heat-stressed flag leaf and developing seeds of RAJ3765; PSTCPFL4 and PSTCPDA4 for heat-stressed flag leaf and developing seeds of HUW510; PSUSFL3 and PSUSDA3 for control flag leaf and developing seeds of RAJ3765; PSUSFL4 and PSUSDA4 for control flag leaf and developing seeds of HUW510) were used to isolate total RNA. Briefly, 75-μg of Total RNA was taken for poly (A) enrichment (Dynabeads® Oligo (dT)25-61002 protocol). 5’-end DNA adapter ligation was done overnight at 16°C. Unligated 5’-end adapters were removed by binding poly (A) enriched RNA on Dynabeads (dT)25. The Oligo(dT) enriched 5’-end adapters ligated mRNA was used as input for first strand synthesis, followed by 15 cycles of PCR to enrich adapter-ligated fragments (Denaturation at 95°C for 3 min, cycling (95°C for 20sec, 55°C for 30sec, 72°C for 60sec) and 72°C for 5mins). The PCR product was cleaned up using Hiprep beads (Magbio). The cleaned-up product was used for 12 cycles of Index PCR to add Nextera XT Index adapters (Denaturation at 95°C for 3 min, cycling (95°C for 20sec, 55°C for 30sec, 72°C for 60sec) and 72°C for 5mins). The final PCR product (sequencing library) was purified with HighPrep beads, followed by library quality control. The Illumina-compatible sequencing library was quantified by Qubit fluorometer (Thermo Fisher Scientific, MA, USA) and its fragment size distribution was analyzed on Agilent TapeStation. Finally, the sequencing library was accurately quantified by quantitative PCR using the Kapa Library Quantification Kit (Kapa Biosystems, Wilmington, MA, USA) and sequenced on an Illumina sequencer. The raw data have been submitted to NCBI and the accession number is PRJNA1013021.The raw reads (single-end; 50 bp) were processed using FASTQ/A Clipper of FASTX-Toolkit,version-0.0.13 (http://hannonlab.cshl.edu/fastxtoolkit/index.html) to remove the low-quality reads and adapters. The filtered reads were aligned to the Rfam database (version 14.8, (http://rfam.sanger.ac.uk, accessed in August, 2022) by using Bowtie2 version (2.3.4.3) to remove the noncoding RNAs, including rRNAs, tRNAs and snRNAs. The reads matching to rRNAs, tRNAs, snoRNAs and repeats were eliminated. The clean reads were mapped on wheat transcriptome (IWGSC v2.0) with a maximum of one mismatch using the Cleave-Land v4.4 pipeline (Addo-Quaye et al., 2008) to predict miRNA cleavage sites. Alignments with no mismatches at the cleave sites at the 10th position relative to the aligned miRNA and with a P-value ≤ 0.05 were considered as potential targets. Based on the relative degradome read abundance, the identified sites were divided into five categories (0-4). Categories 0-3 had more than one read and Category 4 had only one read mapped at the cleavage site. These categories showed the degree of prediction confidence; with Category 0 being the highest level of confidence and Category 4 represents the lowest level. T-plots were made according to the distribution of signatures (and abundances) along these transcripts so as to easily analyze the miRNA targets and RNA degradation patterns. The GO enrichment (Ashburner et al., 2000) and KEGG pathway analysis (Kanehisa et al., 2004) were performed on target genes of differentially expressed miRNAs to determine the function of the miRNA targets and their association with biological pathways using Blast2GO version 2.8 (https://www.blast2go.com/). Both the GO and the pathway enrichment analyses were performed at P-value with a cut-off of 0.05. To further investigate the association of heat-responsive miRNAs with their targets, we used the Cytoscape v3.9.1 platform (Shannon et al., 2003) to construct the miRNA-mediated regulatory networks.




2.6 Quantification by real-time PCR

miRNAs from the 8 samples were isolated using mirVana™ miRNA Isolation Kit (Ambion, USA) and reverse transcribed into cDNAs as per manufacturer’s instructions. Real-time expression levels of these miRNAs were done on BioRad CFX 96 (Biorad, UK) using miRNA-specific primers (Supplementary Table 8). For each reaction, 5 μl of 1:20 diluted template cDNA was mixed with 10 μl SYBR green PCR master mix 0.5 μl each of the forward and reverse primers and 4 μl of diethylpyrocarbonate (DEPC)-treated ddH2O were added to a final volume of 20 μl. The amplification program was as follows: initial denaturation at 95°C for 5 min, followed by denaturation for 15 s at 95°C and annealing for 15 s at 55°C for 40 cycles followed by melting at a temperature between 65°-95°C with an increment of 0.5°C for 10 s. Universal qPCR Primer was used as the reverse primer in the qPCR reactions. The fold change was calculated using a reference wheat U6 primer. All reactions of each sample were performed with three biological replicates. The data from different PCR runs on different cDNA samples were normalized to the mean Ct values of the internal standard gene. The comparative Ct (2-ΔΔCt) method was used for calculating the changes in miRNA expression level as a relative fold difference between an experimental and control sample (Pfaffl, 2001).





3 Results



3.1 Analysis of sRNA library datasets and sRNA profiles

For the flag leaf and developing seed stages of the contrasting wheat genotypes under heat stress and non-stress conditions, eight sRNA libraries were constructed and sequenced via the Illumina HiSeq platform. Post-sequencing, the low-quality reads and adapter sequences were removed. We obtained a total of 21729502 reads (2347361 unique) for PSTCPDA1, 14114958 reads (unique 2536538) for PSUSDA1, 18148300 reads (2034161 unique) for PSTCPDA2,18880691 reads (2614016 unique) for PSUSDA2,17815732 reads (1858244 unique reads) for PSTCPFL1, 20675796 reads (1337389 unique) for PSUSFL1, 16604247 reads (1830757 unique) for PSTCPFL2 and 15100582 reads (1113537 unique) for PSUSFL2.The read statistics and percentage of various sRNAs (rRNA, snoRNA, snRNA, tRNA, miRNA) obtained are listed in Table 1. The proportion of sRNA length distribution in all 8 libraries varied from 16 to 26 nucleotides as shown in Figure 1, among which the 24 nt sRNA was the most abundant. The read statistics of the input files and sRNAs length distribution are provided in Supplementary Table S1.


Table 1 | Summary of 8 small RNA libraries prepared from control and stressed flag leaf and developing seed of wheat genotypes RAJ3765 and HUW510.






Figure 1 | sRNA length distribution in the 8 libraries.






3.2 Identification of conserved miRNAs and potentially novel miRNAs

Conserved and novel miRNAs were identified by aligning the small RNA sequences from each library to the miRNAs available in miRBase. Finally, 424 known miRNAs belonging to 35 miRNA families were identified in the 8 libraries (Supplementary Table S2). The number of miRNAs varied among families. The most abundant family was represented by MIR1122 followed by MIR9657, MIR9666 and MIR159 (Figure 2A). MIR2275 was exclusively detected only in the seed libraries of both the genotypes, while the MIR1119 family was observed only in the seed libraries of HS genotype. 104 known miRNAs were identified in the stressed and non-stressed developing seeds of heat heat-tolerant genotype whereas 97 and 105 known miRNAs were detected in the developing seeds of the heat-susceptible genotype at stress and non-stress conditions (Table 1).




Figure 2 | (A) miRNA family distribution of the known miRNAs among all the libraries (B) Chromosome-wise distribution of the novel miRNAs identified in all the libraries.



The distribution of miRNAs across libraries indicated that 38 known miRNAs were common to flag leaves of both sensitive and tolerant genotypes in the control and heat-treated samples (Figure 3A). Comparison of the genotypes separately indicated that 42 miRNAs were common between control and heat-stressed flag leaf samples of HT genotype, out of which 2 miRNAs such as tae-miR396-5p, tae-miR9670-3p were specific to flag leaf of the HT at control samples, whereas 7 miRNAs such as tae-miR9775, tae-miR9662b-3p, tae-miR1120a,tae-miR5084, tae-miR1122a, tae-miR7757-5p, and tae-miR5085 were expressed only in heat-treated flag leaf of the HT genotype (Table 2). In the HS genotype, 44 miRNAs were commonly expressed between control and heat treatments in the flag leaves. Only 6 miRNAs such as tae-miR1122a, tae-miR9772, tae-miR1121, tae-miR9679-5p, tae-miR1136, and tae-miR1120b-3p were expressed only in control conditions, while 16 miRNAs such as tae-miR9664-3p, tae-miR9657b-3p was expressed specifically after heat exposure (Table 2).




Figure 3 | Distribution of the expressed known miRNAs in (A) flag leaves (B) developing seeds.




Table 2 | MiRNAs specifically expressed in control and stress tissues of RAJ3765 and HUW510.



In the developing seeds samples, 35 miRNAs were common among the four samples. Furthermore, control and heat libraries of the HT genotype shared 44 miRNAs, 13 miRNAs were expressed specifically in control conditions, while 9 miRNAs specific to heat-treated developing seeds in HT genotype (Table 2).

The control and heat treated libraries of the HS genotype developing seeds had 46 common miRNAs (Table 2, Figure 3B). Nine miRNAs showed specific expression in the control sample, whereas seven miRNAs expressed specifically in response to heat stress in the HS developing seeds (Table 2).

Potential novel miRNAs were identified using Mireap v0.2 based on the common criteria (as mentioned in methods). A maximum of 365 total novel miRNAs were identified in the PSTCPFL2 library while PSTCPDA2 represented only 164 total novel miRNAs. Of these 175 only 73 were detected with read count >=10. Chromosomal distribution indicated that the novel miRNAs were located on all wheat chromosomes with the maximum number on chromosomes 6B and 7A and a minimum on 4D (Figure 2B). Novel miRNAs are tentatively represented with the prefix ‘ps# number’. Detailed information on all the novel miRNAs in all 8 libraries, including the precursor sequences, precursor structures, chromosomal loci, read counts, + or – strand, and MFE values are provided in Supplementary Table S3. In addition, the secondary structures of a few novel miRNA precursors were predicted using RNAfold (http://rna.tbi.univie.ac.at/RNAfold) provided in Supplementary Figure S1.




3.3 Expression analysis of miRNAs

Comparisons between the normalized data of the heat-stressed and control flag leaf of the HT genotype RAJ3765 (PSTCPFL1 vs PSUSFL1)revealed that a total of 87known miRNAs were commonly expressed in both the samples, out of which 14 were up-regulated and 18 were down-regulated (Supplementary Table S4). Only 15 novel miRNAs showed differential expression in these libraries. The flag leaf of the HS genotype HUW510 (PSTCPFL2 vs PSUSFL2) showed a total of 78 miRNAs which were common in both control and heat-stressed samples. 24 known and 7 novel miRNAs were upregulated while 16 known and 11 novel miRNAs were downregulated in this library. A total of 94conserved and 40 novel miRNAs were commonly expressed in the developing seeds of control and heat-stressed RAJ3765 (PSTCPDA1 vs PSUSDA1), of which 16 conserved and 7 novel miRNAs were upregulated whereas 21known and 7 novel miRNAs were downregulated. HUW510 developing seeds (PSTCPDA2 vs PSUSDA2) showed 14 up and 23 down-regulated known miRNAs while 12 novel miRNAs were differentially expressed (Figures 4A, B). Hierarchical clustering as well as the heat maps of the differentially expressed known and novel miRNAs in response to heat in the flag leaf and developing seeds of both the genotypes is shown in Figures 5, 6.




Figure 4 | Summary of differentially expressed microRNAs. Regulation and number of known (A) and novel DEMs (B) in the different libraries.






Figure 5 | Heat map of the differentially expressed known (A) and novel (B) miRNAs in response to heat stress in flag leaves of the two genotypes. The dendrogram represents the hierarchical clustering of the control and heat treatments in these libraries.






Figure 6 | Heat map showing differentially expression of known miRNAs (A) and novel miRNAs (B) in response to heat stress in the developing seeds of the two wheat genotypes. The values shown on bars at the right side indicate fold change regulation in heat treated samples in comparison with control. The dendrogram represents the hierarchical clustering of the control and heat treatments in these libraries.



Some of the miRNAs showed contrasting expression in the two genotypes in response to heat stress e.g.in the developing seeds, tae-miR167c-5p, tae-miR9663-5p, tae-miR5084, tae-miR160, tae-miR1847-5p, tae-miR9666b-3p, tae-miR531 showed down-regulation in the HT and upregulation in the HS genotype respectively whereas tae-miR9775, tae-miR7757-5p, tae-miR9675-3p, tae-miR9774, tae-miR9666a-3p, tae-miR9668-5p were upregulated in the HT and downregulated in the HS genotype. Similarly, tae-miR1120c-5p, tae-miR9653a-3p, tae-miR9676-5p, tae-miR167c-5p, tae-miR9774, tae-miR9672b, tae-miR408 showed down regulation in the flag leaves of the HT and upregulation in the HS genotype.




3.4 Target gene functions of differentially expressed miRNAs

To ascertain the regulatory roles of the miRNAs, degradome sequencing of the 8 libraries was done to identify the target genes which resulted in more than 30M raw reads and above 11M reads in each library after filtering (Supplementary Table S6). The degradome libraries were designated as PSTCPFL3 and PSTCPDA3 for heat-stressed flag leaf and developing seeds of RAJ3765; PSTCPFL4 and PSTCPDA4 for heat-stressed flag leaf and developing seeds of HUW510; PSUSFL3 and PSUSDA4 for control flag leaf and developing seeds of RAJ3765; PSUSFL4 and PSUSDA4 for control flag leaf and developing seeds of HUW510 respectively.

In each sample, an average of 43 non-redundant targets for known miRNAs and 91 targets for novel miRNAs with a P-value of ≤ 0.05 and a category of ≤ 4 were found. The maximum targets for known miRNAs were identified for PSUSDA4 (64) and the min for PSUSDA3 (36). Similarly, for novel miRNAs, PSTCPL4 (155) and PSUSFL4 (41) had maxi and min targets. The maximum cleavage sites belonged to Category 4 and the minimum to Category 1. Using degradome sequencing, 296 targets were identified for a total of 61 known miRNAs. The maximum targets were obtained for members of miR1137a family (51), followed by miR1127b-3p (32) and miR1136 (17). A few examples of the t-PLOTS are given in Figure 7.




Figure 7 | Target plots (T-plots) of miRNAs targets confirmed by degradome sequencing. In T-plots, the red dots indicate the miRNA-directed cleaved transcript. The X axis indicates the nucleotide position in target cDNA. The Y axis indicates the number of reads of cleaved transcripts detected in the degradome cDNA library. (A) Tae-mir1136 and TraesCS4A02G164600.2 (Vps-associated protein26) (B); ps#793 CTTTGCCGTAGGCATAGCCCTG and TraesCS3A02G321900.1 (PsbW, class 2); (C) Tae-miR9657b-5p and TraesCS3A02G034500.1 (HSP20); (D) Tae-miR1137a and TraesCS5B02G111600.1 (Zinc finger domain); (E) Tae-miR1137a and TraesCS5B02G111600.6 (Zinc finger domain); (F) Tae-miR9675-3p and TraesCS1B02G126100.1 (Thioredoxin).



Due to the complicated role of miRNAs in the regulation of gene expression, a single or few DEMs cannot adequately depict the thorough functional distinction in the tissues under study. Hence GO and KEGG pathway enrichment analyses were done to present the functional distribution profiling of the target genes for the DEMs in the two tissues separately (Supplementary Table S6). As per the categorization of GO annotation of the DEMs in flag leaves, 18 biological processes (BP) were identified out of which the most frequent terms were translation (GO:0006412), protein folding (GO:0006457) and protein oligomerization (GO:0051259). The most frequent terms in cellular component (CC) included cytosol (GO:0005829), chloroplast thylakoid membrane (GO:0009535) and precatalytic spliceosome (GO:0071011).Metal ion binding (GO:0046872), unfolded protein binding (GO:0051082) and GTP binding (GO:0005525) were the top-represented terms in molecular function (MF).In developing seeds, 16terms of BP were identified, with the majority taking part in response to heat (GO:0009408),protein oligomerization (GO:0051259), and response to hydrogen peroxide (GO:0042542).15 CCGO classes were identified, with the most frequent GO terms being plasma membrane (GO:0005886), endoplasmic reticulum (GO:0005783) and plastid (GO:0009536).In MF, out of the 17 terms identified, the top three were associated with unfolded protein binding (GO:0051082), protein self-association (GO:0043621) and small GTPase binding (GO:0031267). In order to fully comprehend the specifics of target gene functions, gene ontology enrichment was performed. Figures 8A, B display the top 30 enrichment terms for each tissue. KEGG pathway enrichment analysis showed that the three pathways with the highest enrichment significance were photosynthesis, spliceosome and biosynthesis of nucleotide sugars in the flag leaves. In the developing seeds, the top enriched pathways were protein processing in the endoplasmic reticulum, arginine and proline metabolism and endocytosis (Figure 9; Supplementary Table 7), indicating potential tissue-specific heat stress response pathways. Supplementary Table S6 shows the network plot for the miRNAs and their targets associated withtaes00195 (photosynthesis), taes03040 (spliceosome), taes01250 (biosynthesis of nucleotide sugars), and taes04141 (protein processing in endoplasmic reticulum) in flag leaf. Whereas for developing seeds, the network plot is shown in Supplementary Figure S2B.




Figure 8 | Top 30 enriched GO terms of the targets of the differentially expressed miRNAs in different tissues (A) Flag leaves and (B) Developing seeds of two wheat genotypes. The x-axis indicates the rich factor of such GO terms in each sample. The color of the point indicates the -log10 (p-value) of the GO terms, the size of the point indicates the number of genes enriched in such GO term, and the shape of the point indicates the domains of the GO terms.






Figure 9 | Top enriched pathways of the targets of the differentially expressed miRNAs in different tissues.






3.5 Confirmation of differentially expressed miRNAs through qRT-PCR

The expression patterns of the randomly selected known as well as novel miRNAs used for qPCR (Supplementary Table S7), corresponded well with the expression analysis data of small RNA sequencing (Figure 10).




Figure 10 | Experimental validation of known and novel miRNAs through qPCR. The sRNA-Seq log2FC (Fold Change) value and the qPCR log2FC of randomly chosen conserved and novel miRNAs in (A) RAJ3765 at flag leaf (B) RAJ3765 at developing seed (C) HUW501 at flag leaf (D) HUW510 at developing seed.







4 Discussion

Abiotic stresses such as high temperatures detrimentally affect the growth, development and yields of wheat worldwide. In recent years, there have been considerable advances in the studies involving high-throughput sequencing analysis for the identification of plant miRNAs, their associated gene targets as well and the network pathways (Jones-Rhoades et al., 2006; Wu, 2013; Sun et al., 2019). In this study, we did an inclusive analysis of (1) identification of known and novel miRNAs in flag leaves and developing seeds of both genotypes (2) differential expression of tissue and genotype-specific miRNAs (3) Target identification via degradome and functional enrichment of the differentially expressed miRNAs in both the tissues.

Deep sequencing of the 8 sRNA libraries revealed 84 conserved miRNAs belonging to 35 miRNA families and 93 novel miRNAs (Supplementary Tables S2, S3). Most of these miRNAs were wheat-specific, but few were homologous to miRNAs in other monocots (Supplementary Table S4), suggesting a common evolutionary ancestry. In our study, the MIR1122 family had 7 members, the highest representation in terms of abundance of miRNAs (Figure 2). Similar findings were reported in wheat under various stress conditions (Kumar et al., 2014; Bakhshi et al., 2017; Sun et al., 2018; Zeeshan et al., 2021). Our study has confirmed many of the identified conserved miRNAs that have been reported earlier to be heat stress responsive e.g.tae-miR9664-3p, tae-miR9662a-3p, tae-miR1127a, tae-miR7757-5p, tae-miR9675-3p, tae-miR397-5p (Han et al., 2014), tae-miR167 (Chen et al., 2012; Kruszka et al., 2014; Ebrahimi Khaksefidi et al., 2015; Hivrale et al., 2016), tae-miR171 (Chen et al., 2012; Hivrale et al., 2016), tae-miR396 (Giacomelli et al., 2012; Hivrale et al., 2016).



4.1 miRNAs in flag leaves vs developing seeds

To better understand the distinct response among different organs to heat stress, we comprehensively compared the miRNA profiles in flag leaves and developing seeds. The two tissues showed variations in the known miRNA expression levels. e.g. tae-miR9672a-3pwas the most abundant among all the libraries, being more abundant in the flag leaves of the heat-stressed plants as compared to the developing seeds. Tae-miR9669-5p, tae-miR9774 and tae-miR5048-5p had higher number of reads in flag leaves as compared to the developing seeds in both the genotypes indicating their involvement in different physiological processes in these tissues as reported earlier by Han et al. (2014). For developing seed miRNAs, the HT genotype had a higher number of miRNAs commonly expressed in the treatment as well as the control groups than in the HS genotype. A similar trend was observed for the flag leaf too suggesting that the HT genotype had higher miRNA expression specificity for both tissues. Our results confirm the expression of tae-miR9664-3p in both flag leaf and developing seeds as suggested by Han et al. (2014).

In the flag leaves and developing seeds of the HT genotype, a wheat-specific miRNA, tae-miR9662a-3pwas found to be significantly induced in response to heat stress with a log-transformed fold change of 4.75 and 7.12, respectively. Degradome confirmed that miR9662a-3ptargeted a mitochondrial transcription termination factor (mTERF). Tae-miR9662a-3p has been reported in wheat under heat stress (Ravichandran et al., 2019) and seedling stages in wheat under drought stress (Li et al., 2019; Wang et al., 2021; Yue et al., 2022). Tae-miR5200 also showed a significant fold change of 5.47 in HT flag leaf, cleaving the transcript that codes for diacylglycerol kinase, a key enzyme of the lipid signaling pathway that mediates plant growth, development, and responses to biotic and abiotic cues (Rawat et al., 2021). Tae-miR1137b-5p cleaved serine-threonine kinase (STK), was found to be the most downregulated (7.0 ↓fold) after heat stress treatment in HT genotypes at FL stage as well as in HS-FL (8.0 ↓fold). STKs are generally involved in signal transduction pathways and cause phosphorylation of TFs namely bZIP, NAC and DREB (Kulik et al., 2011). In HS genotypes at FL stage, tae-miR9662b-3p was induced in response to high temperature, regulating transcripts coding for NB-ARC domain-containing protein. It has been reported to be heat-responsive in wheat by Goswami et al. (2014). Tae-miR1136 was down-regulated in all the samples after heat stress.

Tae-miR9666b-3pwas the most downregulated (6.1 ↓fold) in the developing seeds of the HT genotype. It was found to target endoglucanase involved in starch and sucrose metabolism. It has been found that tae-miR9666b-3p is potentially involved in developing grains in response to nitrogen levels (Hou et al., 2020) and also in response to salinity (Zeeshan et al., 2021), but there are no reports of its involvement in heat stress so far.

Some of the miRNAs showed contradictory expression within the tissues which could be due to their possible roles in different physiological processes in these tissues e.g. Tae-miR9677a, targeting the AGO (argonaute) was upregulated in flag leaves whereas downregulated in the seeds of the HT genotype after the heat stress treatment. Similarly, tae-miR5384-3p was downregulated in flag leaves and upregulated in seeds of the HT genotype in response to heat stress. Tae-miR5384-3p targeted the heat shock cognate 70 kDa protein gene. It is a cofactor of HSP70 that serves as a molecular chaperone. These play a key role in the stabilization, folding and translocation of newly synthesized proteins. The interactions between plant heat tolerance and HSP70 have been reported in Arabidopsis (Kim and Schöffl, 2002), wheat (Pandey et al., 2015; Kaur et al., 2016), rice (Wahab et al., 2020), barley (Chaudhary et al., 2019), maize (Jiang et al., 2021) etc. The Tae-miR5384-3p has been shown to be involved in response to abiotic stress in wheat (Singh and Mukhopadhyay, 2021) and sugarcane (Selvi et al., 2021).

As per GO (Gene Ontology) enrichment analysis of the target genes of DEMs in FL, the top two GO terms were UDP sulfoquinovose synthase activity and LSM1-7-Pat1 complex. The soluble enzyme UDP-sulfoquinovose synthase is found in the chloroplast stroma where it regulates the synthesis of the sulfolipid that stabilizes protein complexes like photosystem II (Minoda et al., 2003). The genes involved in secondary metabolism such asUDP-sulfoquinovose synthase have been reported to decrease under heat stress (Shi et al., 2017). In Arabidopsis thaliana, the Lsm1–7 complex has been shown to act as an activator of decapping, where it interacts with a variety of stress-inducible transcripts, selecting them for decapping and eventual destruction during abiotic stress (Perea-Resa et al., 2016). This interaction guarantees the target transcripts’ proper turnover, which in turn provides the downstream stress-responsive gene expression, particularly ABA biosynthesis which is necessary for plant adaptation to abiotic stress (Suzuki et al., 2016). Based on the KEGG pathway enrichment analysis, the targets of these DEMs showed a major involvement inthephotosynthetic pathway (taes00195), biosynthesis of nucleotide sugars (taes01250), spliceosome pathway (taes03040) and protein processing in the endoplasmic reticulum (taes04141) in the flag leaf. The first two pathways are related to biosynthetic functions and the rest two are related to membrane functions; functions that are strongly tied to the resilience of plants to environmental heat stress. Photosynthesis is the prime target of all abiotic stresses as the leaves help manage the survival of the plant under stress. The miRNAs tae-miR1137a, tae-miR9653a-3p, tae-miR9653b, ps#793 and tae-miR530 were involved in the photosynthesis pathway, targeting the transcripts photosystem II protein, photosystem II reaction center W- protein, ATP synthase subunit b and oxygen-evolving enhancer protein 2. The ultimate energy source for the synthesis of carbohydrates, lipids, peptides, and secondary metabolites is provided by the nucleotide sugars, which are created from the carbohydrates produced during photosynthesis (Stasolla et al., 2003). As photosynthesis is affected by increased temperatures, the pathways involved in sugar metabolism are bound to change as a result of it, thereby affecting the overall growth and development of crops.

Splicing and/or alternative splicing (AS) play highly significant roles in controlling the miRNA levels in stress conditions in plants (Ling et al., 2017). AS increases proteome diversity and controls post-transcriptional gene expression (Simpson et al., 2008). Yang et al. (2012) demonstrated that spliceosome activity is linked to the regulation of certain miRNA-target interactions in A. thaliana. Similar findings were reported in barley where heat stress led to the AS of (pri-miRNAs) of miR160a and miR5175a, resulting in the accumulation of mature miRNAs (Kruszka et al., 2014). Further exploration is necessary to better understand the complexity of wheat miRNA expression, spliceosomal protein functions, and the synthesis of pri-miRNA isoforms.

In developing seeds, the GO enrichment analysis showed HSP70 protein binding, protein self-association and protein oligomerization, response to hydrogen peroxide and heat as the topmost enriched terms. The results show an interaction between the synthesis of HSP and ROS, demonstrating that ROS can induce HSPs as signaling molecules, supporting earlier results (Timperio et al., 2008; Shah et al., 2011). KEGG pathway enrichment analysis of the targets of the differentially expressed miRNAs showed that in the developing seeds, the top enriched pathways comprised of protein processing in endoplasmic reticulum (taes04141), arginine and proline metabolism(taes00330) and the endocytosis pathway (taes04144).The endoplasmic reticulum (ER) facilitates efficient protein synthesis, maturation, and secretion. Unfolded and misfolded proteins can build up in the ER lumen as a result of severe environmental conditions, which can result in ER stress and affect the ER quality control machinery (Eichmann and Schafer, 2012). ER also plays an important role in the metabolism under heat stress, specifically in the starch and lipid biosynthesis pathways. Plants modify the lipid composition of membranes to counteract heat-induced membrane instability, which calls for strict management of lipid metabolism under heat stress. Many studies have implicated the involvement of ER in “chalky” grain appearance and decreased starch content in rice. Also, altered expression of starch biosynthetic genes in mutants of the UPR, particularly in seeds has been shown (Yasuda et al., 2009). Recently three ER stress-responsive miRNAs, tae-miR164, tae-miR2916, and tae-miR396e-5p were identified in a study, where knockdown of these miRNAs resulted in increased tolerance of wheat plants to heat, drought and salt stress (Chen and Yu, 2023). Endomembrane trafficking is strongly linked to stress signaling pathways in order to fulfill the demands of rapid changes in cellular processes and ensure the correct delivery of stress-related cargo molecules (Wang et al., 2020). In our study, tae-miR1127a targeted the AP2 adaptor complex, a multimeric protein found on the cell membrane that helps import cargo during clathrin-mediated endocytosis. Many heat responsive proteins take part in clathrin-mediated endocytosis, and these have been shown to regulate the abundance as well as distribution of signaling receptors and transporters due to heat stress (Paez Valencia et al., 2016). Plants maintain cellular homeostasis by accumulating osmoregulatory metabolites such as proline and arginine. Heat stress produces a large amount of ROS, and the synthesis of peroxisomes, arginine, and proline can effectively remove excess ROS in cells and avoid oxidative damage to the plant (De Leonardis et al., 2015). In our study, tae-miR5175-5p, tae-miR1122b-3p, tae-miR1137a, tae-miR1127a, and tae-miR1137b-5p were involved in arginine and proline metabolism in the developing seeds samples.




4.2 miRNAs in heat tolerant vs susceptible genotypes

Comparison of the temporal expression profiles of miRNAs in the heat tolerant vs. heat susceptible genotypes after heat stress reveals variation in the relative accumulation of miRNAs between the two genotypes. Under normal conditions, 92 miRNAs were differentially expressed in flag leaves of the HT and HS genotypes, while the number increased to 99 after heat stress exposure. In the developing seeds, the number of differentially expressed miRNAs reduced to 96 after heat stress exposures, which were 100 in non-stressed samples. This clearly indicates that the contrasting responses of the HT and HS genotypes during heat stress conditions might be associated with the molecular events that arise due to differences in the miRNA expression and regulation and thus result in the variation of their tolerance to heat stress.

In the FL of HT vs HS genotypes, 48 miRNAs were commonly expressed in both the samples, among which tae-miR9674b-5p, tae-miR9663-5p, tae-miR9662b-3p were the most upregulated (7↑, 4.8↑, 4.4↑folds) and tae-miR9674a-5p, tae-miR156, tae-miR9679-5p were the most downregulated (8.9↓, 8.2↓, 7.4↓folds) in response to heat in FL of the two genotypes. In the developing seeds of both the genotypes, 51 miRNAs were common to both the libraries. Tae-miR167c-5p, tae-miR5084, tae-miR9666b-3p were the most upregulated (7.6↑, 5.7↑, 5.3↑ folds) while tae-miR1118, tae-miR1122a, tae-miR7757-5p were most downregulated after heat stress.

In our study, tae-miR167c-5p showed genotype-specific expression pattern after heat stress. It was downregulated in both the tissues of the HT genotype and these targeted the phytohormone ARF. Similar expression patterns of the MIR167 family have been shown in barley (Kruszka et al., 2014), rice (Saibo et al., 2009; Sailaja et al., 2014) and wheat as well (Kumar et al., 2015; Ragupathy et al., 2016). In rice, osa-miR167 regulates the auxin-miR167-ARF8-OsGH3.2 pathway, which functions during grain filling (Xue et al., 2009). In contrast to this, tae-miR167c-5p was upregulated in the developing seeds of the HS genotype. The differentially expressed miRNAs between superior and inferior wheat grains are likely related to cell division, carbohydrate metabolism and hormone biosynthesis (Wang et al., 2018). Tae-miR160 also showed down regulation in flag leaf as well as developing seeds. Tae-miR160 was reported to be downregulated in response to heat stress (Goswami et al., 2014), salt stress (Zeeshan et al., 2021) and nitrogen stress as well (Sinha et al., 2015), indicating its relevance in abiotic stresses.

Tae-miR9666a-3p was downregulated in response to heat stress in the developing seeds of the HS genotype while it was upregulated in the HT genotype. It targeted the DNA-directed RNA polymerase subunit (EC 2.7.7.6). Tae-miR9666a-3p has been reported to be involved in regulating grain characteristic levels in wheat (Hou et al., 2020). In our study, its converse expression in the contrasting genotypes indicates its role in seed development under high-temperature conditions. These findings suggest that genotypes with different heat sensitivities have distinct mechanisms for miRNA regulation of heat tolerance.

Many novel miRNAs also had a relatively high abundance, and their expression levels changed significantly after heat stress e.g. ps#15 showed a 1.8-fold change in the HT and 1.7-fold in HS developing seeds. Degradome results showed that it targeted MAP kinase, which is activated by heat stress-induced Ca2+ influxes and ROS (Sangwan et al., 2002). The number of known and novel miRNAs in flag leaves and developing seeds as well as in the two wheat genotypes under control and stressful conditions demonstrated their functions in imparting stress tolerance to heat.





5 Conclusions

This study provides a comprehensive comparative analysis and specific miRNA profile of heat-induced miRNAs in two tissues of contrasting genotypes under heat stress. The comparative analysis clearly showed that different tissues of heat-tolerant and susceptible wheat genotypes have different expression profiles under different conditions. This might be associated with the molecular events leading to contrasting responses of these genotypes to high temperatures. Possible target genes were identified for the differentially expressed miRNAs using degradome analysis, GO and KEGG annotations. The miRNAs were discovered to be associated with abiotic stress tolerance- protein processing (HSPs), photosynthesis (photosystem proteins), spliceosome etc. The identification of tissue and genotype preferential miRNAs will help in widening the knowledge of the molecular basis of thermotolerance in wheat and other plants as well.
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Salinity and Phoma medicaginis infection represent significant challenges for alfalfa cultivation in South Africa, Europe, Australia, and, particularly, Tunisia. These constraints have a severe impact on both yield and quality. The primary aim of this study was to establish the genetic basis of traits associated with biomass and growth of 129 Medicago sativa genotypes through genome-wide association studies (GWAS) under combined salt and P. medicaginis infection stresses. The results of the analysis of variance (ANOVA) indicated that the variation in these traits could be primarily attributed to genotype effects. Among the test genotypes, the length of the main stem, the number of ramifications, the number of chlorotic leaves, and the aerial fresh weight exhibited the most significant variation. The broad-sense heritability (H²) was relatively high for most of the assessed traits, primarily due to genetic factors. Cluster analysis, applied to morpho-physiological traits under the combined stresses, revealed three major groups of accessions. Subsequently, a GWAS analysis was conducted to validate significant associations between 54,866 SNP-filtered single-nucleotide polymorphisms (SNPs) and seven traits. The study identified 27 SNPs that were significantly associated with the following traits: number of healthy leaves (two SNPs), number of chlorotic leaves (five SNPs), number of infected necrotic leaves (three SNPs), aerial fresh weight (six SNPs), aerial dry weight (nine SNPs), number of ramifications (one SNP), and length of the main stem (one SNP). Some of these markers are related to the ionic transporters, cell membrane rigidity (related to salinity tolerance), and the NBS_LRR gene family (associated with disease resistance). These findings underscore the potential for selecting alfalfa genotypes with tolerance to the combined constraints of salinity and P. medicaginis infection.
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1 Introduction

Tunisia boasts a rich and diverse range of forage and pasture biodiversity, with over 960 pasture legume species, including 336 that are unique to the Mediterranean region (Ibidhi et al., 2018; Ferchichi et al., 2021). However, due to increasing purchasing power, the demand for ruminant products is expected to rise significantly in the coming years, making high levels of forage crop production imperative. The country’s livestock sector heavily relies on forage crops, particularly alfalfa (Medicago sativa), which covers an area of approximately 12,410 hectares (Guiza et al., 2022). Alfalfa plays a vital role in supporting livestock nutrition and ensuring food security.

Presently, the Tunisian livestock sector is grappling with a persistent shortage of forage. Like many other regions globally, it faces the challenge of climate change and its associated environmental stresses, among which soil salinization and pathogen infections are particularly important for alfalfa productivity (Djebali, 2008; Arraouadi et al., 2011; Badri et al., 2021). Furthermore, the interaction between salinity and Phoma medicaginis infection can exacerbate the adverse effects of these stresses on alfalfa plants (Castell-Miller et al., 2007; Kaiwen et al., 2020; Maiza et al., 2021). The coexistence of these stresses creates a more hostile environment for the crop to thrive. Under saline conditions, reduced water uptake and compromised nutrient absorption weaken the plant’s defenses against strain Phoma medicaginis 8 (Pm8) infection, making the plant more susceptible to disease progression (Djébali et al., 2013). Therefore, the increasing prevalence of salinity stress and P. medicaginis infection poses a significant threat to alfalfa production in Tunisia.

Despite its significance as a forage legume, there has been limited work on varietal selection for this species in Tunisia, with only two registered local varieties (Gabès and El Hamma) (Jabri et al., 2021; Maiza et al., 2021). Therefore, it is advisable to initiate new varietal selection efforts for alfalfa, utilizing diverse germplasm, to develop new varieties with robust agronomic performance under the combined constraints of salinity and P. medicaginis infection in the context of climate change.

Moreover, the socio-economic implications of the shortage of forage in Tunisia, particularly its impact on the livestock sector and food security, warrant further exploration and discussion.

As a result, diverse studies focusing on enhancing alfalfa have led to the development of cultivars showcasing superior attributes such as increased yield, enhanced stress tolerance, and improved forage quality (Badri et al., 2021). A significant challenge in alfalfa enhancement lies in pinpointing the genetic underpinnings responsible for variations within the species across various agronomic traits (Sakiroglu and Brummer, 2017). Addressing these implications is essential for devising effective strategies to mitigate the challenges faced by farmers and ensure sustainable agricultural practices.

Furthermore, a comparative analysis of alfalfa production and management strategies such as cropping systems-, and soil-related management practices (Thivierge et al., 2023) in other regions facing similar environmental stresses could provide valuable insights and lessons learned that can inform the development of tailored solutions for Tunisia and similar ecogeographic regions (Tlahig et al., 2020). By examining approaches adopted in different contexts, we can identify best practices and adapt them to the Tunisian agricultural landscape, thereby enhancing the resilience and productivity of the alfalfa sector.

Alfalfa is an autotetraploid species with a chromosome count of 32 (2n = 4x = 32) and a genome size ranging from 800 to 1000 Mb. Several challenges affect its genetic improvement because of various factors such as intra-varietal variation, environmental influences, and the complex life cycle of the plant (Liu et al., 2023). Due to these hindrances, conventional breeding in alfalfa has been difficult and only moderately efficient (Annicchiarico et al., 2015a). The progression of genomic technology could play a pivotal role in allowing association mapping studies that could accelerate and strengthen crop improvement (Zhang et al., 2020).

Genomic investigations, including those based on genotyping-by-sequencing (GBS) markers, have enabled the detection of QTLs that influence various important agricultural characteristics in alfalfa. These traits encompass biomass yield, tolerance to factors such as aluminum, drought, and salt, as well as the ability to withstand freezing and maintain biomass yield during drought stress (Filho et al., 2023). Genome-wide association studies (GWAS) offer a potent strategy for deciphering genomic regions involved in targeted traits by scrutinizing the association between genome-wide single-nucleotide polymorphism (SNP) markers and phenotypic variation with exceptional precision compared to other approaches (Porter and O’Reilly, 2017; Larkin et al., 2019; Lin et al., 2023). Indeed, the GWAS approach enables the detection of more than one distinct allele for each locus in the studied accessions, and it would allow for a much more precise identification of candidate genes potentially involved in the genetic determination of the agronomic traits of interest (Liu et al., 2023).

Previously, GWAS has been employed in alfalfa to pinpoint loci markers associated with forage yield (Sakiroglu et al., 2012), drought resistance (Zhang et al., 2015), salt tolerance (Yu et al., 2016), forage quality (Sakiroglu and Brummer, 2017; Biazzi et al., 2017), and resistance to Verticillium wilt (Yu et al., 2017). No information is available for candidate genes underlying possible alfalfa tolerance to combined stresses of P. medicaginis infection and salinity.

The current work aimed to (i) characterize the response of alfalfa accessions to the combination of salinity and P. medicaginis infection, and (ii) identify the genetic determinants of tolerance to these constraints in this species through GWAS, to predict breeding values using SNP markers with allele dosage in breeding populations of alfalfa.




2 Materials and methods



2.1 Plant materials and phenotyping

A set of 126 alfalfa parent plants was randomly chosen from a Mediterranean reference population obtained from crosses between the elite cultivars (Erfoud 1, Mamuntanas, and Sardi 10) over two generations. These cultivars have demonstrated strong adaptation and different adaptive patterns in Mediterranean environments (Annicchiarico et al., 2011). These plants underwent ApekI-based GBS characterization as described in Annicchiarico et al. (2015b), and were polycrossed in isolation to obtain half-sib progeny seed used for phenotyping experiments. The seeds of these half-sib families (named as “accessions” hereafter) and those of the three parent cultivars were germinated in Petri dishes within a culture chamber for six days. After the radicle appearance, they were transplanted in 1-liter pots (diameter of 22.8 cm and height of 18 cm) filled with a mixture of soil and compost (2: 1) in a greenhouse with a temperature of 25/18°C (day/night), a relative humidity of 60–80%, and a photoperiod of 16/8 hours (light/dark). After 2 months of cultivation, plants at the flowering bud stage were subjected to a saline treatment of 150 mM NaCl (for 21 days) until the appearance of symptoms related to saline stress. At this stage, they were infected with the strain Pm8 of Phoma medicaginis (5*106 conidies µL-1) as described by Zaidi et al. (2021). Previous optimization studies by Badri et al. (2021) and Jabri et al. (2021) on alfalfa grown under a range of salt concentrations (NaCl) have revealed that 150 mM NaCl is the most appropriate for analyzing the behavior of accessions of this species under this constraint. The rationale for starting the inoculation 21 days after the salt treatment is based on previous research findings (Haddoudi et al., 2021) that indicate a specific timeframe during which the plants exhibit maximum susceptibility to infection post-salt stress exposure. This interval ensures that the plants are at a stage where their physiological responses to salt stress have been initiated, thereby facilitating a more accurate assessment of the interaction between salt stress and pathogen infection. The trial was conducted with a split-plot design, employing a completely randomized setup with three distinct blocks. Within each block, three replicates were allocated for every genotype (129 genotypes), and the plants were cultivated in pots within a greenhouse environment. This resulted in a total of 1,161 plants, with nine replicates for each accession and treatment.

Fourteen days after the disease inoculation, all the accessions were screened for a set of seven morphological traits, including four traits related to growth and biomass parameters (aerial fresh weight, AFW; aerial dry weight, ADW; length of the main stem, LMS; and number of ramifications, NR) and three traits related to the leaf aspect (number of chlorotic leaves, NCL; number of healthy leaves, NHL; and number of chlorotic necrotic leaves, NCNL).




2.2 Phenotypic data analyses

An ANOVA was performed for each trait to assess the response of accessions to combined salt and strain Pm8 infection stresses, testing the equality of variance and marginal means. Meanwhile, a normality test was conducted for each trait using the Kolmogorov-Smirnov tests. Pearson correlation was calculated between traits using trait means. All analyses were performed using SPSS 20 (http://www.ibm.com/software/analytics/spss/). Broad-sense heritability (H2) was estimated using the formula:

	

where Vg and Ve were genotypic variance and environmental variance, respectively.

The genotypic coefficient of variation (GCV) was calculated using the formula:

	

where X is the average of each trait of the whole association panel (Ahsan et al., 2015).

Furthermore, a principal component analysis (PCA) and a hierarchical clustering analysis (HCA) were performed to identify the grouping of the measured traits and the patterns of differentiation among accessions under combined stresses. The PCA and the HCA were performed using XLSTAT version 2022 based on the standardized mean values of all traits.




2.3 Alignment to Medicago truncatula, GWAS and marker-trait association analyses

We estimated suitable LS-means values and applied them to standardize our phenotypic data, ensuring that the prerequisite of normality for conducting genome-wide association analyses was met. Following this standardization process, we conducted the Kolmogorov-Smirnov test for each phenotype to confirm the attainment of a normal distribution in our phenotypic data.

With no alfalfa reference currently available, the Medicago truncatula genome may be a potential reference genome, owing to the presence of a high level of synteny between the M. sativa linkage map and the physical map of M. truncatula due to its small genome size (Li et al., 2015). SNP markers identified by GBS underwent an additional filtration step, wherein those with a minor allele frequency (MAF) below 0.05 were excluded. The resulting set of 54,866 SNPs was employed to conduct an analysis of associations between markers and traits using the TASSEL software v5.0 (http://www.maizegenetics.net/tassel) (Bradbury et al., 2007) for the GWAS. To account for potential population structure effects, a mixed linear model (MLM) incorporating a kinship (K) matrix was employed during the association mapping process. Statistical significance of markers was ascertained using the false discovery rate (FDR) method with a threshold of 0.05, as outlined by Benjamini and Hochberg (1995).

False discovery rate in GWAS may be controlled by Bonferroni’s multiple testing correction method, which proved to be too conservative in practice. We preferred to use a conservative P level corresponding to an association score [–Log10 (p-value)] 4, as suggested in earlier studies (Kang et al., 2015; Sakiroglu and Brummer, 2017). M. truncatula-aligned SNPs that were significantly associated with one or more alfalfa studied traits were mapped on Mt4.0v1 using the Jbrowse tool in the plant comparative genomics portal ensemble Plants (http://plants.ensembl.org/index.html) to identify putative genes with significant SNPs, searching through 10 kb upstream and downstream of each SNP. Knowledge on the function of those genes is useful for selecting significant SNPs to integrate into breeding programs for targeted traits.





3 Results



3.1 Morphophysiological variation, heritability, and correlations among traits

Results from ANOVA showed a significant effect of the genotype factor on all measured traits (Table 1). Notably, this factor exerted a strong influence on both the morphological parameters related to growth and biomass production (LMS, NR, AFW, and ADW) and the leaf traits affected by the combination of Pm8 inoculation and salt stress (NHL, NCL, NCNL). A moderate to high coefficient of variation (CV) was noted among genotypes for LMS (22.01%), ADW (55.43%), NCL (52.87%) and NHL (50.48%). Overall, the broad-sense heritability (H2) was relatively high for most traits under combined stresses. It ranged from 0.35 for NCL to 0.84 for NHL, with all other traits showing an intermediate heritability value of about 0.5-0.6 (Table 2).


Table 1 | Influence of accession, block, and the interaction between accession and block on the variability of morphological traits measured for alfalfa (Medicago sativa) accessions cultivated under the combination of salinity and Phoma medicaginis (strain Pm8) infection.




Table 2 | Genotypic variation (Vg), environmental variation (Ve), and heritability (H2) of seven morphological traits in alfalfa (Medicago sativa) accessions cultivated under the combination of salinity and P. medicaginis (strain Pm8) infection.



Of the 21 possible pairwise correlations, 20 were significant and positive (Table 3). Noticeably, a significant positive correlation was also observed between NHL and NCNL (r=0.668; P ≤ 0.0001) which seems to indicate that NCNL is not an independent parameter due to the effect of combined stresses but it is simply related to the potential number of healthy leaves that the genotype is able to express.


Table 3 | Correlation matrix of seven morphological traits for alfalfa (Medicago sativa) accessions cultivated under the combination of salinity and Phoma medicaginis (strain Pm8) infection.






3.2 Principal component analysis and cluster analysis

PCA explained most of the variation among genotypes by the first two axes (PC1 and PC2), which represented 61.15% and 16.81%, of the total variance, respectively (Figure 1). All the recorded characters were positively correlated with PC1 (r > 0.54) except NCNL, which displayed a high negative association with this axis (Figure 1A). Surprisingly, NCNL had a contrasting bearing on PC1 compared with the two other leaf-related traits (NHL and NCL) despite the positive phenotypic correlations among the three leaf traits (Table 2). PC1 was strictly associated with the two traits related to biomass production (AFW and ADW), whereas the second axis was somewhat associated to the traits related to plant morphology (NR) (Figure 1A). The genotypes were found mostly in an extensive overlap around the origin in both sides of PC1 and PC2 with a few scattered genotypes. The two outlier genotypes R20 and R224, in particular, showed peculiar traits that contributed to their position on the PC plan. R20 had the highest number of ramification and R224 the maximum AFW, ADW, LMS, and the minimum NCL followed by R166, R165 and R174 (Figure 1B). The rest of the genotypes appeared not clearly separated from each other on the basis of the measured traits and were more or less equally partitioned into the four quadrants of the PCA (Figures 1B, C).




Figure 1 | Two-dimensional PCA plot showing the relationships among measured traits (A) for the accessions (B) and Biplot (genotype, trait) (C) representing alfalfa (Medicago sativa) under a combination of salinity and Phoma medicaginis (Strain Pm8) infection. Length of medium stem (LMS, cm), number of ramifications (NR), number of healthy leaves (NHL), number of chlorotic leaves (NCL), number of chlorotic necrotic leaves (NCNL), aerial fresh weight (AFW, g), and aerial dry weight (ADW, g).






3.3 GWAS and marker-trait association analyses

The Manhattan plots (Figures 2, 3) illustrate the p-values (transformed to negative logarithmic values) of markers in relation to their genetic positions for each trait. We identified 110 significant SNPs across the seven recorded traits. These SNPs were distributed across all chromosomes, with the maximum of 24 SNPs that were located on chromosome 3 and the minimum of 10 markers on chromosome 2.




Figure 2 | Manhattan plots of marker–trait associations for tolerance traits of alfalfa (M. sativa) to a combination of salinity and Phoma medicaginis (strain Pm8) infection. Significant markers that passed a cutoff log (p-value) of 4. The X-axis represents the physical location of SNPs on chromosomes (color-coded) and the Y-axis represents the −log10 p-value of SNP phenotype associations. (A) length of the main stem (LMS, cm); (B) number of ramifications (NR), (C) aerial fresh weight (AFW, g) and (D) aerial dry weight (ADW, g).






Figure 3 | Manhattan plots of marker–trait associations for tolerance traits of alfalfa (M. sativa) to a combination of salinity and Phoma medicaginis (Strain Pm8) infection. Significant markers that passed a cutoff log (p-value) of 4. The X-axis represents the physical location of SNPs on chromosomes (color-coded) and the Y-axis represents the −log10 p-value of SNP phenotype associations. (A) number of chlorotic leaves (NCL); (B) number of chlorotic necrotic leaves (NCNL); (C) number of healthy leaves (NHL).



Among the growth and biomass traits, the characters LMS (Figure 2A) and NR (Figure 2B) had two significant markers each, distributed on chromosome 1 and 3, respectively. The highest number of significant markers (35) was observed for AFW (Figure 2C), followed by 28 for ADW (Figure 2D).

Regarding leaf infection traits, the highest number of significant markers (34) was observed for NCL (Figure 3A), 8 significant markers were noted for NCNL (Figure 3B), and two significant markers distributed on chromosome 8 were found for NHL (Figure 3C),




3.4 Assigning significant markers to known genes

The results revealed that 27 SNPS within 20 putative M. truncatula genes were associated with the recorded traits, as indicated in Table 4.


Table 4 | Significant markers associated with seven morphological traits in alfalfa (M. sativa) accessions cultivated under the combination of salinity and P. medicaginis (Strain Pm8), identified using the M. truncatula genome as a reference.



Regarding the growth parameters, for the length of the main stem, one SNP on chromosome 3 (at locus 52698587) is linked to the homologous gene (MTR_3g112450), which encodes a peptide transporter. One gene (MTR_1g082440) is linked to one SNP located at locus 36648588 on chromosome 1, associated with number of ramifications, and encodes a Na+/H+ exchanger.

For the biomass parameters, five common genes were identified in both AFW and ADW traits, with the highest significant marker on chromosome 7 at locus 25562519 linked to the gene MTR_7g069430, which encodes the ribosomal RNA processing brix domain protein. Four other genes were identified on chromosomes 1, 2, 3, and 4, at positions 22091088, 8188481, 55239203, and 1507154, respectively. These genes include transcription initiation factor IIB (MTR_1g053065), DUO pollen-like protein putative (MTR_2g023280), armadillo/beta-catenin-like repeat protein (MTR_3g118040), and electron transporter putative (MTR_4g058015). The gene MTR_8g470000 on chromosome 8 at position 25579961 was associated with AFW only. It encodes for the LRR receptor-like kinase family protein.

However, the ADW trait differed from the AFW trait for the presence of five more significant markers that are linked to four genes. Two of these genes are located on chromosome 6 (MTR_6g004040 and MTR_6g013140), encoding a katanin p80 WD40 repeat subunit B1-like protein and a transmembrane protein, respectively. Additionally, we identified one SNP on chromosome 7 linked to the homologous gene MTR_7g025650 (F-box/RNI superfamily protein, putative), and another SNP on chromosome 8 linked to the homologous gene MTR_7g025650 (DUF241 domain protein).

With respect to infection parameters, the SNPs associated with the number of healthy leaves located at positions 25315112 and 12523990 on the same chromosome 2 were in the coding region of the putative plant transposon protein domain-containing protein (MTR_8g469580) and the glycosyl hydrolase family 16 xyloglucan endotransglycosylase linked to the homologous gene MTR_8g032640.

Five SNPs were significantly associated with the number of chlorotic leaves, distributed on chromosomes 1, 2, 4, and 8. One was the marker S1.4_13820962, which is close to the enhancer OF AG-4-like protein, putatively homologous to gene MTR_1g037460. The DUO pollen-like protein, putatively homologous to gene MTR_2g023280, was linked to the marker S2.4_8188471, and the snRNA activating complex family protein, homologous to gene MTR_4g134340, was linked to the marker S4.2_56239116. On chromosome 8, two markers (S8.1_12523990 and S8.1_2278244) were linked to glycosyl hydrolase family 16 xyloglucan endotransglycosylase and fatty acid hydroxylase superfamily protein, linked to homologous genes MTR_8g032640 and MTR_8g009590, respectively.

For NCNL, we identified three genes. One of them is homologous to the gene encoding ubiquitin-conjugating enzyme E2 35, located on chromosome 2. Another is homologous to the gene encoding a hypothetical protein, located on chromosome 4 (Medtr4g009410). The third gene encodes an LRR and NB-ARC domain disease resistance protein, located on chromosome 8.





4 Discussion

Analyzing the morpho-physiological variation in alfalfa plants under stress conditions has been regarded as a reliable method for assessing its stress tolerance. This process represents a pivotal phase in the development of forthcoming breeding programs (Annicchiarico, 2006; Annicchiarico et al., 2022). Salinity and Phoma medicaginis infection are major issues for alfalfa that affect its growth and productivity. Previous studies have demonstrated that the alfalfa response to salinity varies greatly among accessions (Badri et al., 2021; Jabri et al., 2021).

This study represented an unprecedented example of exploring the morphological variation of alfalfa in response to the simultaneous presence of biotic and abiotic stressors. Our findings revealed a remarkable range of morpho-physiological variation within the examined collection of alfalfa genotypes when subjected to simultaneous stressors (salt and strain Pm8 infection) and, overall, the current results demonstrated significant genetic variation for most of the recorded traits. These findings are in accordance with the conclusions drawn by Annicchiarico et al. (2022) on the same population grown under drought stress. Badri et al. (2023) tested the effect of P. medicaginis on the variation in agronomic traits of different Medicago species, reporting that most of the variation in the measured parameters was explained by the infection treatment. Zaidi et al. (2021) demonstrated that the number of healthy leaves (recorded among the infection parameters of alfalfa genotypes) varied significantly among the genotypes infected by P. medicaginis, which is consistent with the current observations.

In this study, the highest heritability was found for NHL, suggesting that this trait is largely governed by genetic effects. Badri et al. (2023) found that most evaluated traits in infected Medicago species had high heritability values, suggesting their potential as useful criteria for identifying P. medicaginis-tolerant lines. Djaman et al. (2020) found a moderate heritability for the length of main stem in alfalfa, owing to the environmental effects affecting this character besides the genetic ones. The positive correlations observed among phenotypic traits in alfalfa accessions under combined stress of salinity and P. medicaginis infection suggest that these conditions influence multiple traits similarly, leading to correlated responses. The increase in chlorotic and chlorotic necrotic leaves may indicate an enhanced immune response to fungal infection, implying a complex interaction between abiotic and biotic stressors. This interaction may increase plant susceptibility to fungal infection or worsen the effects of saline stress on plant physiology. Additionally, the correlations between phenotypic traits may indicate adaptive strategies employed by plants to mitigate environmental stress damage, such as increasing chlorotic leaves.

In this study, GWAS allowed to identify 110 SNP markers associated with seven morphological traits of alfalfa grown under combined salinity and P. medicaginis infection. To our knowledge, this was the first attempt to locate genes regulating morpho-physiological traits in alfalfa under simultaneous abiotic (salinity) and biotic (strain Pm8 infection) stresses. Liu and Yu (2017) identified 42 SNPs significantly associated with salt tolerance using 198 alfalfa accessions with four physiological traits (dry weight, plant height, leaf chlorophyll content and stomatal conductance). Only 10 SNPs have been identified in a panel of 179 lines of alfalfa for Verticillium wilt tolerance (Yu et al., 2017). Several research studies used diploidized models and the reference genome of M. truncatula to identify putative genes in alfalfa under stress (Biazzi et al., 2017; Medina et al., 2020; Lin et al., 2021).

In this study, 24 putative genes have been linked to homologue molecular and biological responses to combined stresses. The GWAS for the length of the main stem showed a close association of this character with the gene MTR_3g112450, which encodes a peptide transporter necessary for the organic nitrogen (N) supplies and mediated N use efficiency under salt stress (Fang et al., 2017). Similarly, Wang et al. (2022) demonstrated the high expression and regulation of the peptide transporter family induced in alfalfa grown in salinity stress. Overall, the peptide transporter plays a pivotal role in our study to alleviate salt stress in alfalfa by facilitating the uptake of organic nitrogen compounds, which contribute to osmotic adjustment, antioxidant defense, nutrient uptake, and gene regulation (Chen et al., 2021). This coordinated response not only boosts the elongation of the main stems but also enhances the plant’s ability to withstand and recover from salt-induced damage (Wang et al., 2022).

Putative candidate genes that were linked to SNPs located in the first chromosome encode for the Na+/H+ exchanger, and were associated with the number of ramifications, which plays an important role for alfalfa salt tolerance (Guiza et al., 2022). The Na+/H+ exchanger, located in both the plasma and vacuolar membranes, plays a pivotal role in plants by actively expelling excess sodium ions (Na+) from the cytosol or sequestering them into the tonoplast. This mechanism is essential for mitigating the harmful effects of sodium toxicity (Yang et al., 2005). A study conducted by Li et al. (2011) showed the effective expression of SsNHX (Na+/H+ exchanger) in transgenic alfalfa, which could grow in high concentrations of NaCl (up to 400 mM). In addition, Lei et al. (2015) reported that alfalfa genotypes tolerant to salinity maintain moderately more stable expression levels of genes related to Na+/K+ transport and Na+/H+ exchanger. However, tonoplast and plasma membrane antiporters actively remove sodium ions from the cytosol. This process is powered by the proton-motive force, which is produced by the H+-ATPase in the plasma membrane, as well as the H+-ATPase and H+-pyrophosphatase in the vacuolar membrane. Notably, research has demonstrated that Na+/H+ exchanger was identified within the late endosome/vacuolar compartment, and it has been suggested that its functions may encompass sodium transport, control of water movement, regulation of vesicle volume, and possibly play a role in osmo-tolerance (Silva and Gerós, 2009). Our finding suggested that Na+/H+ exchanger gene holds significant importance in enhancing the proliferation of ramification in alfalfa under salt stress conditions. Its pivotal role lies in facilitating the exchange of nitrogen and hydrogen ions, crucial for mitigating the detrimental effects of salinity on plant growth (Li et al., 2018). This gene ensures the maintenance of optimal nutrient levels and pH balance within plant cells (Guiza et al., 2022), promoting the development of a greater number of ramifications in alfalfa even amidst challenging salt stress environments.

GWAS identified the presence of five common markers associated with both AFW and ADW. Among these markers, MTR_1g053065 was linked to a homologous of the transcription initiation factor IIB, which was found to be involved in pollen and endosperm development in Arabidopsis (Dubos et al., 2010). Similarly, Xu et al. (2019) noted that the comparative transcriptome analysis of five alfalfa genotypes grown under cold stress revealed a gene encoding TFIIB (transcription factor IIB). This marker was differentially expressed in Brassica napus under drought stress using GWAS mapping (Khanzada et al., 2020). In addition, the putative electron transporter was significantly associated with ADW and AFW. MTR_4g058015 is also involved in the regulation of Na+/K+ in alfalfa under salt stress (Li et al., 2010), and was also reported in salt tolerance of rice (Patishtan et al., 2018). Thus, the essential role of TFIIB in our study resulted in the regulation of ionic transport and osmotic adjustment leading to the enhancement of nutrient acquisition by alfalfa grown under salinity.

Furthermore, the association analysis for the ADW revealed that this trait was highly associated with the putative genes encoding for F-box/RNI superfamily protein on chromosome 7. Lechner et al. (2006) noted that F-box protein is a crucial element within the ubiquitin ligase complex, facilitating the ubiquitination process of specific target proteins. This molecular mechanism plays a pivotal role in regulating cellular processes associated with plant defense to fungi infection. This may explain the high significance of the marker encoding this gene in the current study, as it mediates the degradation of specific proteins involved in susceptibility pathways. Through targeted protein degradation, the F-box protein regulates key factors that contribute to the virulence of P. medicaginis or the susceptibility of alfalfa. Similarly, a candidate gene encoding F-box protein was identified in alfalfa, using GWAS, as a negative regulator of resistance to root rot caused by Aphanomyces spp (Bonhomme et al., 2014).

The plant NBS_LRR gene family contains a large class of disease resistance genes (Yu et al., 2020). In this study, a LRR receptor-like kinase family protein was positively associated with AFW and a LRR and NB-ARC domain disease resistance protein was linked to a marker located in chromosome 8 for NCNL. These genes encode proteins that are involved in plant disease resistance (Li et al., 2019). GWAS revealed multiple QTLs related to Verticillium wilt resistance on alfalfa chromosome 8 (Yu et al., 2017). These results imply that alfalfa resistance can be improved by stacking major R genes/QTLs for multiple pathogens associated with AFW trait (Fuchs, 2017).

The annotations of the homologue gene MTR_4g062300 (S4.1_23118171) associated with NCNL pertain to hypothetical proteins with unknown functions. Earlier research has revealed that genes responsible for these hypothetical proteins were notably upregulated either at the transcript or translation level following prolonged exposure to high salt levels. This suggests that certain hypothetical proteins play a role in enhancing salt tolerance in forage plants, as demonstrated by Lin et al. (2021).

Five genes associated with the NCL trait were found to be located on M. truncatula chromosomes 1, 2, 4 and 8. Among them, one encodes the protein involved in DUO pollen-like protein. DUO acquired sperm lineage-specific expression in the common ancestor of land plants leading to sperm with distinct morphologies (Warman et al., 2020). The other one encodes for fatty acid hydroxylase superfamily protein, which has a metabolism control function (Marchler-Bauer et al., 2017). Preserving membrane integrity and fluidity is a crucial aspect of stress adaptation. This involves the collaboration between membrane components and the lipid composition to ensure the resilience of the membrane structure when facing challenging conditions. In this study, under combined stress, alfalfa cell membrane fluidity significantly decreased by the appearance of chlorosis spots on leaves, which is a symptom of salinity stress. As a result, the normal physiological function of membrane-bound proteins is altered (Liu et al., 2015). Previous studies reported the presence of the same putative gene using the GWAS approach in maize grown at low temperatures (Zhang et al., 2020), as well as in wheat under salt and drought stresses (Urbanavičiūtė et al., 2021).

A glycosyl hydrolase family 16 xyloglucan endotrans-glycosylase was found to be linked to the marker S8.1_12523990 associated to NHL. Recent studies have shown that xyloglucan endotrans-glycosylase, a prominent cell wall modifying enzyme, causes cell expansion, with loosening/reinforcing cell walls, particularly in response to environmental stress (Panahabadi et al., 2022). They demonstrated that glycosyl hydrolase family 16 xyloglucan endotrans-glycosylase was included in brassinolide hormone biosynthesis and pathways. Besides, Konkolewska et al. (2023) mentioned that the glycosyl hydrolase family 16 xyloglucans are intricate hemi-cellulosic polysaccharides that undergo biosynthesis within the Golgi apparatus before being transported to the cell wall of alfalfa. These molecules play essential roles in processes such as cell growth and expansion, energy metabolism, and signaling. Our finding suggested that the glycosyl hydrolase family 16 xyloglucan endotrans-glycosylase plays a crucial role in maintaining the number of healthy leaves in alfalfa during fungal infection by enhancing cell wall integrity, activating defense responses, regulating leaf morphology, and promoting nutrient transport.




5 Conclusions

Understanding stress tolerance mechanisms and genes in alfalfa helps identifying suitable genotypes for regions with high level of salinity and P. medicaginis infection, ensuring forage quality and quantity. Most traits assessed in the current study showed high heritability due to genetic factors, suggesting that the five alfalfa genotypes identified as tolerant to the combined stresses could be a valuable resource for the breeding. Using GWAS, we identified a total of 24 significant markers associated with seven traits. Notably, markers such as S8.1_12523990, S4.1_23118171, and S8.1_2278244 were linked to traits related to cell wall rigidity and cellular metabolism. We also found a marker associated with ionic transport. Some markers were linked to the NBS_LRR gene family, which plays a role in biomass and infection parameters, possibly contributing to alfalfa disease resistance.

The validation of the identified markers and genes through functional studies and biochemical assays, coupled with the exploration of gene overexpression techniques, represents a crucial step in marker-assisted selection (MAS). This process offers potential avenues for future research, such as investigating gene editing techniques to manipulate key genes associated with combined stress tolerance. Similarly, the most promising combined-tolerant alfalfa genotypes, containing numerous candidate genes for target traits, could be selected as parents in future crosses aimed at producing genetically superior alfalfa varieties with possibly multiple candidate genes for salinity tolerance, thereby allowing for sustained productivity even in saline-affected soils. Besides, resistance to P. medicaginis infection could mitigate crop losses and reduce the need for chemical interventions. However, ensuring the stability and adaptability of stress-tolerant traits across different environmental conditions and geographic regions will be essential for the widespread adoption of new alfalfa varieties
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Sugarcane aphid has emerged as a major pest of sorghum recently, and a few sorghum accessions were identified for resistance to this aphid so far. However, the molecular and genetic mechanisms underlying this resistance are still unclear. To understand these mechanisms, transcriptomics was conducted in resistant Tx2783 and susceptible BTx623 sorghum genotypes infested with sugarcane aphids. A principal component analysis revealed differences in the transcriptomic profiles of the two genotypes. The pathway analysis of the differentially expressed genes (DEGs) indicated the upregulation of a set of genes related to signal perception (nucleotide-binding, leucine-rich repeat proteins), signal transduction [mitogen-activated protein kinases signaling, salicylic acid (SA), and jasmonic acid (JA)], and plant defense (transcription factors, flavonoids, and terpenoids). The upregulation of the selected DEGs was verified by real-time quantitative PCR data analysis, performed on the resistant and susceptible genotypes. A phytohormone bioassay experiment showed a decrease in aphid population, plant mortality, and damage in the susceptible genotype when treated with JA and SA. Together, the results indicate that the set of genes, pathways, and defense compounds is involved in host plant resistance to aphids. These findings shed light on the specific role of each DEG, thus advancing our understanding of the genetic and molecular mechanisms of host plant resistance to aphids.
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1 Introduction

Sorghum [Sorghum bicolor (L.) Moench] is an important cereal crop in the world for food, feed, and biofuels. It ranks fifth in terms of both production and area planted among cereal crops, yet sorghum production declined in 2015/2016 and 2016/2017 by 21.6% and 19.5%, respectively (USDA, 2019). The loss in production is attributed to abiotic and biotic stresses, of which sugarcane aphid (Melanaphis sacchari Zehntner) infestation is currently one of the important causes. A major outbreak of sugarcane aphid in sorghum occurred in Texas (2013), before spreading to more than 20 states in the USA. It is now considered as a major pest of sorghum (Bowling et al., 2016). The sugarcane aphid, a phloem-feeding insect, can attack sorghum at all developmental stages, resulting in severe damage to sorghum plants and significant yield loss (Singh et al., 2004). While feeding, the aphid pierces the phloem with its stylet and sucks the plant nutrients. In addition, it produces honeydew that ultimately reduces the photosynthetic area, affects the seed set, and hinders the harvesting process (Fiehn, 2002; Carena and Glogoza, 2004). Furthermore, the aphid can cause indirect damages by transmitting sugarcane yellow leaf virus among plants, which can result in 20%–40% yield losses in sugarcane cultivars (Rassaby et al., 2003).

Host plant resistance (HPR) is an essential tool for pest management as it is effective, economical, and environmentally friendly. Several sorghum genotypes have a high level of resistance to sugarcane aphids, and it has been reported that the deployment of HPR was the most effective method to control the population of aphids when compared to insecticide treatment and planting date (Szczepaniec, 2018). The densities of aphids were 2–2.5 times higher in the susceptible genotypes in comparison with resistant ones (Kiani and Szczepaniec, 2018). The resistant genotypes provide resistance to pests through three main mechanisms: antibiosis, antixenosis, and tolerance. Antibiosis causes injury, death, reduced growth, reduced longevity, and fecundity of the pest. Antixenosis, also called non-preference, is based on host traits that deter insects from feeding. Plant tolerance enables the plant to remain healthy, maintaining growth and productivity when under attack by insects. Normally, resistant genotypes displaying more than one mechanism of resistance are considered better for cultivar development (Paudyal et al., 2019). However, the genetic and molecular mechanisms underlying resistant sorghum genotypes during sugarcane aphid infestation are not well understood.

Upon wounding by phloem-feeding insects like aphids, plants recognize elicitors and effectors of aphids and deploy both a constitutive defense and activate an induced defensive response that includes a broad change in gene expression and biochemical pathways (Thompson and Goggin, 2006; Hogenhout and Bos, 2011). The induced responses to aphid infestation by the resistant genotype activate diverse genes in a sequential flow starting from signal perception to signal transduction and ultimately defense response. After perception of elicitors from infestation, the effectors of aphids are recognized by R-proteins that are nucleotide-binding, leucine-rich repeat proteins (NLRs), and the host plant activates more specific effector-triggered immunity (ETI). The ETI triggers specific multifaceted resistance like hypersensitive response (HR), reactive oxygen species (ROS) accumulation, defense hormone synthesis, and mitogen-activated protein kinase (MAPK) signaling (Jones and Dangl, 2006; Dangl et al., 2013; Huang and Huang, 2023). Some of the NLR genes in plants that are used for defense against phloem feeding insects are Mi-1.2 for aphid in tomato, BPH9/14 for brown plant hopper (BPH) in rice, and Vat in melon that confers resistance to aphids, whitefly, and psyllid (Casteel et al., 2006; Du et al., 2009; Dogimont et al., 2014; Zhang et al., 2022).

After signal perception by R-proteins, signal transduction is conducted by calcium and MAPK signaling events, which, in turn, alters phytohormone biosynthesis, and reprograms the transcriptional activation of defense genes and accumulation of defensive metabolites (Hettenhausen et al., 2015). The phytohormone-related genes upregulated during aphid infestation are related to salicylic acid (SA), jasmonic acid (JA), and ethylene (ET) (Bari and Jones, 2009; Erb et al., 2012; Pieterse et al., 2012; Huang et al., 2022). Also, crosstalk between SA and JA signal transduction pathways is thought to fine-tune plant responses to infestation (Thaler et al., 2012). These signal transductions lead to synthesis of defense compounds like phenylpropanoids, flavonoids, terpenoids, and oxylipins, which are often toxic to insects and play key roles in defense (Bennett and Wallsgrove, 1994; Kessler and Baldwin, 2002). Over the last few years, transcriptomics studies have been popular as they not only can analyze global changes in gene expression but also can effectively identify the suite of defense genes and pathways activated during stress (Lowe et al., 2017). However, the genetic and molecular mechanisms of resistance in the sorghum-aphid interaction have not been well studied. Therefore, our research goal was to explore and understand the transcriptional responses of both resistant and susceptible sorghum genotypes to sugarcane aphid infestation at early and late infestation stages. We hypothesized that, during aphid infestation, expression of defense-related genes would be higher in the resistant sorghum genotype as compared to the susceptible one. An improved understanding of the molecular interactions between different genotypes (resistant and susceptible) with sugarcane aphids will provide insights into plant defense mechanisms and contribute better strategies in molecular breeding for effective crop protection.




2 Materials and methods



2.1 Sorghum plant growth and sugarcane aphid bioassay

Two sorghum genotypes, BTx623 (susceptible) and Tx2783 (resistant), were selected as parallel lines for this study. Sorghum seedlings were prepared in the greenhouse at constant temperature (28°C ± 2°C) and 60% relative humidity under the photoperiod of 14-h light/10-h dark. Sugarcane aphid colonies were cultured on the susceptible sorghum line Tx7000. Sorghum seedlings at the two- to three-leaf stage (8–10 days) were infested with 20 adult apterous sugarcane aphids to the adaxial surface of the first true leaf. Each of the infested and the control plants (not infested with aphids) were covered with a transparent cylindrical cage with nylon mesh on the top. To evaluate differential responses of the two genotypes to aphid infestation, changes in aphid number were recorded at 1, 3, 6, 9, and 12 days post infestation (dpi) from 10 independent plants of each infested line. In addition, plant damage scores were recorded using a scale of 0 to 6, with 0 being no damage, 1 damage < 20%, 2 damage 21%–40%, 3 damage 41%–60%, 4 damage 61%–80%, 5 damage > 80%, and 6 being dead plant. For RNA-seq, the samples (a whole plant above soil) were collected from the two genotypes at 0 (no aphid, control), 3, 6, 9 and 12 dpi. Samples were collected at the same time, and each treatment had three biological replicates that were pooled and frozen in liquid nitrogen and then transferred to a −80°C freezer where they were stored.




2.2 RNA isolation and transcriptome sequencing

For RNA isolation, seedling tissues were ground into a fine powder in liquid nitrogen and total RNA was extracted from each sample using TRIzol reagent (Invitrogen, Carlsbad, CA) as described by the manufacturer’s protocol. The RNA from each sample was treated with RNase-free DNase I (Invitrogen) to remove any contaminating DNA. Nanodrop™ 2000 spectrophotometer and agarose gel electrophoresis were used to check and confirm quantity and integrity of RNAs. RNA-seq libraries were constructed on the basis of the service from Novogene Corporation Inc. (Sacramento, CA, https://en.novogene.com/). Transcriptome sequencing was performed in an Illumina NovaSeq platform (NovaSeq 6000) to generate paired end (2x150bp) reads.




2.3 RNA-seq analysis

The raw RNA-seq reads were processed through fastp to remove the low-quality reads and reads containing adapter and poly-N sequences to obtain high quality reads. These cleaned, high-quality reads were mapped to the latest version of the S. bicolor genome v3.1.1 available from Phytozome (https://phytozome-next.jgi.doe.gov/info/Sbicolor_v3_1_1) using HISAT2 software (Kim et al., 2015). The mapped reads were assembled using StringTie, and the subread program featureCounts (Liao et al., 2014) was used to count the read numbers mapped to each gene. A principal component analysis (PCA) was carried out to explore the statistical correlations between the two genotypes and time points using the PCA package in R software. The differential expression analysis was performed using the EdgeR package (Robinson et al., 2010) by comparing the infested samples to control for each genotype and time points. Those genes that showed log2 ≥ 2 or ≤ −2 with a false discovery rate (FDR) adjusted p-value < 0.05 were considered as differentially expressed genes (DEGs). The other genes that showed low levels were removed, and only the DEGs were used for further analysis. The workflow for the RNA-seq analysis is depicted in Supplementary Figure S2.




2.4 Gene ontology and KEGG pathway analysis

The overlaps between different sets of DEGs were generated with bioinformatics and the evolutionary genomics online tool (https://bioinformatics.psb.ugent.be/webtools/Venn/). For functional annotation, Gene Ontology (GO) analysis was conducted using PlantRegMap tools (http://plantregmap.gao-lab.org/) with a threshold p-value of 0.05 to determine overrepresented GO categories in the up- and downregulated DEGs. Significantly enriched top 30 GO terms based on p-value were visualized in bar plots. Furthermore, for pathway analysis, the DEGs protein sequences were obtained by matching with those from the S. bicolor genome v3.1.1 (https://phytozome-next.jgi.doe.gov/). These protein sequences were used in the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (BlastKOALA) to conduct pathway analysis. Initially, the pathways were selected on the basis of the GO enrichment in the resistant and susceptible genotypes. The information about the genes involved in the pathways was collected from the KEGG database and literature (Falcone Ferreyra et al., 2012) and the log2 fold change data were analyzed for these pathway-related genes. The BlastKOALA results gave information about the gene function and the pathway they belong to. Furthermore, literature was used to verify the functions of these genes and pathways during stress.




2.5 RNA extraction and quantitative real-time PCR analysis

Plant samples (whole seedling above soil) were collected from the two genotypes infested with sugarcane aphids and without infestation (control) at 0, 3, and 6 dpi. Each sample had three biological replicates for each time point and were frozen immediately in liquid nitrogen and stored at −80°C. The control samples were collected at each time point to eliminate the circadian rhythm effect on gene expression. TRIzol reagent (Invitrogen, Carlsbad, CA) was used to extract the total RNA from 100 mg of seedling tissue in each sample, and, then, it was treated with DNase (Turbo DNA-free kit, Thermo Fisher Scientific, Waltham, MA). A total of 2.5 μg of RNA was reverse-transcribed using the GoScript reverse transcriptase kit (Promega, Madison, WI), and the resulted cDNA was diluted four-fold before it was used in the real-time quantitative PCR (RT-qPCR).

For RT-qPCR, the DEGs identified as important in the pathway analysis were selected for expression verification. The selection criteria for the genes are as follows: DEGs that showed higher upregulation in resistant and susceptible genotypes across the time points or DEGs that showed downregulation in the susceptible genotype across the time points. In addition, these genes should have a role in stress mechanisms described in sorghum or related crops. The primers for these selected genes were designed using the IDT DNA program (https://www.idtdna.com/PrimerQuest/Home/Index), which are listed in Supplementary Table S1. A sorghum housekeeping gene, α-Tubulin (Sobic.001G107200), was used as the internal control as described previously (Huang et al., 2022; Shrestha and Huang, 2022). RT-qPCR was performed on a Bio-Rad iCycler thermal cycler (Bio-Rad Laboratories, Inc., Hercules, CA, USA) using the iTaq™ universal SYBR® green supermix (Bio-Rad Laboratories, Inc.). The RT-qPCR reaction was performed in a volume of 10 μl, containing 1 μl of cDNA, 0.4 μl (10 μM) each of the reverse and forward primers, 5 μl of SYBR green master mix, and 3.2 μl of ddH2O under the following conditions: one cycle at 95°C for 3 m, 40 cycles at 95°C for 10 s and 55°C for 30 s, followed by one cycle each of one min at 95°C and 55°C. The final melting curve was 81 cycles at 55°C for 30 s. The correlation of the selected DEGs was performed between RNA-seq data and RT-qPCR results, which was determined by Pearson’s correlation coefficient.




2.6 Phytohormone treatments

To further confirm the role of SA, JA, and abscisic acid (ABA) in plants in response to aphid infestation, a small population test was performed. Around 20–25 plants of two genotypes (BTx623 and Tx2783) were planted in a pot. At the two- to three-leaf stage (8–10 days), seedlings were sprayed with 600 μM SA (Le Thanh et al., 2017), 100 μM MeJA (Ma et al., 2020), and sterile distilled water (ddH2O, control) mix with 0.1% of Tween 20 to each pot separately, and each treatment had three replicates. After spraying, the pots were covered with a transparent cylindrical cage with nylon mesh on the top. Six hours after spraying, each pot was infested with 400 aphids. At 14 dpi, the plant mortality rate was recorded from each pot. In addition, aphid numbers on plants and plant damage scores were recorded from four random plants per pot at 14 dpi.




2.7 Statistical analysis

To assess differential responses from the plant-aphid interaction, aphid numbers on resistant and susceptible lines were recorded and compared, and the t-test was used to estimate the significant difference between the two genotypes. The t-test was also used to calculate any significant differences between aphid-infested and control samples (*P < 0.05 and **P < 0.01). For the phytohormone assay, the one-way ANOVA and Tukey test were used to determine the significant difference between treatments. For RT-qPCR, the relative expression level of each gene was calculated using the 2−ΔΔCt method (Livak and Schmittgen, 2001), and the data used for this method are from SCA infested and control groups with three biological replicates. Each biological replicate value is the mean of two technical replicates.





3 Results



3.1 Differential responses between the resistant and susceptible genotypes

Plants of resistant Tx2783 and susceptible BTx623 genotypes infested with sugarcane aphid showed differential responses to aphid infestation. Based on the phenotypic evaluation (Figure 1; Supplementary Figure S1), aphids caused minor damage to Tx2783 but severe plant damage to BTx623. The damage on Tx2783 scored 0 until 6 dpi (early time points), and the maximum damage score was 2 at 15 dpi. However, BTx623 plants were dying or completely dead by 15 dpi (Figure 1; Supplementary Figure S1). During the co-culture, Tx2783 showed an adverse effect on aphid development and fecundity in comparison with BTx623. The average number of aphids per plant suggested that the rate of aphid regeneration was significantly reduced on Tx2783 from early dpi (1 and 6 dpi) to late (9 to 12 dpi) in comparison with BTx623 (Figure 1). These results confirmed that Tx2783 was resistant to sugarcane aphids and that BTx623 was susceptible.




Figure 1 | Aphid count and plant damage ratings data for two sorghum genotypes at a series of time points following sugarcane aphid infestation. The aphid count in each genotype is the mean of 10 plant samples ± standard error. The bar graph represents the average aphid count and line graph represents the damage ratings. The asterisk (*) at the p-value represents the significant difference between the genotype at the same time points (**P < 0.01, and ***P < 0.01: T-test).






3.2 Analysis of RNA-seq data

To explore the transcriptomic profile of sorghum in response to sugarcane aphid infestation, we performed RNA-seq analysis on a pair of sorghum genotypes, resistant Tx2783 and susceptible BTx623. The pair-end sequencing of RNA-seq libraries generated an average of 53.3 million good quality reads from individual samples (39.1–59.6 million reads). Among them, 47.8 million reads (36.9–47.4 million, 89.80%) on average were uniquely mapped to the sorghum reference genome v3.1.1 as shown in Supplementary Table S2. The PCA effectively separated resistant and susceptible genotypes from each other (Figure 2A). In PCA analysis, components 1 and 2 explained 52.76% of the variability. The first principal component accounting for 34.44% of the variance indicated the differential response between the resistant and susceptible genotypes. Similarly, the second component accounting for 18.32% of the variance, indicated the differential response between different time points. All the Tx2783 samples were seen in closed clusters (blue), separating from BTx623 samples (orange). The clustering of the samples according to the genotype indicates the metabolic and genetic diversity between the genotypes.




Figure 2 | Summary of RNA-seq data of resistant Tx2783 and susceptible BTx623 sorghum genotypes infested with sugarcane aphid at different time points. (A) Principal component analysis of the two genotypes with various treatments. (B) Number of differentially expressed genes (DEGs); columns represent the number of genes upregulated and downregulated following exposure to the aphids compared to the controls. DEGs were defined as having a log2 fold change ≥ 2.0 or ≤ 2.0 with a false discovery rate (FDR) adjusted p-value < 0.05. (C) Venn diagrams of DEGs compared separately between 3 dpi vs. 6 dpi and 9 dpi vs. 12 dpi. The left is upregulated DEGs, and right is downregulated DEGs.






3.3 Dynamics of differential gene expression

The DEGs were identified for each time point and genotype by comparing aphid-infested samples to the control. Among four time points, 9 dpi of the susceptible genotype showed the highest number of DEGs (6,747) followed by 12 dpi (5,672) (Supplementary Table S3). Similarly, in the resistant line, Tx2783, 6 dpi (3,533) showed a higher number of DEGs followed by 9 dpi (3,492) (Supplementary Table S3). The DEGs were higher in the susceptible genotype, and, particularly, the numbers of the downregulated DEGs were much higher in the susceptible genotype in comparison with that in the resistant genotype (Figure 2B). In contrast, the resistant genotype showed a gradual increase of the upregulated DEGs sequentially and decrease in the downregulated DEGs. Furthermore, Venn diagrams were constructed to show the overlaps between different sets of DEGs in the early time points (3 and 6 dpi) and late time points (9 and 12 dpi) (Figure 2C). In early time points, both the upregulated and downregulated Venn diagrams showed a greater number of unique DEGs in each genotype in comparison with that of the shared DEGs (Supplementary Table S4). Similar results were observed in late time points, except in downregulated genes in the resistant genotype. The higher number of unique DEGs in aphid-infested plants suggests that the resistant and susceptible genotypes underwent different genetic and metabolic changes to confront aphid attack.




3.4 Gene ontology enrichment of DEGs

Gene enrichment analysis based on gene annotation was conducted to comprehend the biological and molecular functions of DEGs in each genotype. All expression data for four time points were combined, and unique genes were identified for each genotype as shown in SupplementaryTables S5 and S7 (Tx2783 upregulation, Tx2783 downregulation, BTx623 upregulation, and BTx623 downregulation, respectively) and plotted in bar plots (Figure 3). In Tx2783 upregulation, the GO terms related to defense response, JA and SA regulation, response to hormone, and wounding were found. Similarly, the GO terms like secondary metabolic process and flavonoid metabolic and biosynthesis process were also enriched here. In contrast, the BTx623 downregulation had GO terms related to secondary metabolic process, flavonoids, and lignin metabolic process. The Tx2783 downregulation was enriched with GO terms related to cell wall organization and photosynthesis. Interestingly, the flavonoid biosynthesis process was noted as upregulation in Tx2783, but downregulation in BTx623.




Figure 3 | Gene ontology (GO) terms of DEGs of resistant Tx2783 and susceptible BTx623 sorghum genotypes exposed to sugarcane aphids. All the DEGs of four time points were combined, and unique genes of each genotype were used for GO analysis. The top 30 GO terms based on P-value are represented in bar plots, each bar represents the −log10 (P < 0.05) of an individual GO term and a longer bar reflects the most significant GO terms.






3.5 KEGG analysis and specific aphid-related pathways and genes

KEGG annotation and pathway analysis was conducted for all four time points: the number of annotated DEGs and unique pathways gradually increased with the time points in Tx2783 upregulated DEGs (Supplementary Table S6). As described in the methods section, first the GO-enriched pathways were selected from GO analysis. Those pathways that had multiple pathway-related DEGs upregulated in the resistant genotype and up- or downregulated in the susceptible genotype were considered important in plant defense against sugarcane aphids. In our study, plant hormone pathways for biotic stresses like jasmonic acid (JA) and phenylpropanoid were upregulated in the resistant genotype (Supplementary Table S8). Similarly, the NLR proteins, MAPK signaling, and transcription factors (TFs) were also differentially expressed in the two genotypes. The important metabolites for plant defense, flavonoids, terpenoids, and glutathione were also upregulated in the resistant genotype. Based on the GO and KEGG enrichment pathway analysis, these identified pathways and defense-related genes have a potential role in sorghum defense against sugarcane aphids. These aphid responsive genes in plants were grouped according to their functions and discussed in detail.




3.6 NLR genes and signaling pathway genes

Upon wounding by aphids, the plant recognizes the effectors of aphids through pattern recognition receptors like NLR proteins. In total, 33 NLR genes were differentially expressed in comparison with control (Figure 4A), and these genes belong to two families; RPM1/RPS3 (Resistance to P. Syringae pv. maculicola 1, Resistance to Pseudomonas syringae 3) and LRR receptor (Leucine-rich repeat receptor) (Figure 4B). Most genes of the RPM1/RPS3 family were upregulated in the resistant line in late time points (9 and 12 dpi), whereas the genes of the LRR receptor were upregulated at 3 dpi only and highly downregulated in the susceptible genotype across all time points. The NLR gene Sobic.005G192100 (identical to the Yr10) was upregulated at all time points across both genotypes (Liu et al., 2014). The other NLR genes upregulated across multiple time points and in both genotypes were Sobic.005G226100, Sobic.005G127800, Sobic.005G222900, and Sobic.005G092600. The RT-qPCR results (Figure 4B) showed significantly higher expression of these two NLR genes (Sobic.005G192100 and Sobic.005G226100) in both genotypes across 3 and 6 dpi.




Figure 4 | (A) The heatmap represents transcript abundance of the resistant Tx2783 and susceptible BTx623 genotypes in response to sugarcane aphid infestation relative to the controls for NLR gene. (B) RT-qPCR was used to confirm the relative expression of selected genes, and it was calculated using the 2−ΔΔCt method. Each error bar represents the ± standard error (n = 3), and asterisks indicate significant differences between the control and aphid infested samples, *P < 0.05 and **P < 0.01. RPM1/RPS3, Resistance to P. syringae pv. maculicola 1/Resistance to Pseudomonas syringae 3; LRR receptor, leucine-rich repeat receptor–like serine/threonine protein kinase; Yr10, Stripe rust resistance protein Yr10.



Induction of MAPKs was the earliest signaling event following herbivore attacks, suggesting their important role in signal amplification. A detail of the MAPK pathways is illustrated in Figure 5A, where each pathway leads to the production of ROS and maintenance, stress adaptation, cell death, or camalexin synthesis. The important genes in these pathways are mitogen-activated protein kinase 17/18 (MAPK 17/18), WRKY transcription factor (WRKY), Calmodulin (CALM), and Respiratory burst oxidase homolog protein (RbOHD). Three genes of the MAPK 17/18 family (Sobic.003G268700, Sobic.003G268800, and Sobic.009G217500) were upregulated in the resistant genotype at 3 and 12 dpi but downregulated in the susceptible genotype (Figure 5B), which were also supported by the RT-qPCR data of 3 and 6 dpi (Figure 5C). The other MAPKs, MEKK3 and Sobic.004G176900, were also upregulated in the resistant genotype at early dpi. The RT-qPCR data also supported the upregulation of MEKK3 in the resistant genotype at 3 and 6 dpi (Figure 5C). Similarly, WRKY22 (Sobic.003G226600) and WRKY33 (Sobic.003G341100 and Sobic.009G171600) genes were upregulated in both genotypes across all time points. Similar significant upregulation was detectable in the RT-qPCR data in the resistant genotype.




Figure 5 | Effect of sugarcane aphid feeding on expression of the MAPK signaling pathway. (A) Schematic diagram of the MAPK signaling pathway (dotted arrow represents multiple enzymatic steps, and the green highlighted enzymes were identified with differential expression during aphid infestation). (B) The heatmap represents transcript abundance of the resistant Tx2783 and susceptible BTx623 genotypes in response to sugarcane aphid infestation relative to the controls. (C) RT-qPCR was used to confirm the relative expression of the selected genes and it was calculated using the 2−ΔΔCt method. Error bars represent the ± standard error (n = 3), and asterisks indicate significant differences between the control and aphid infested samples, *P < 0.05 and **P < 0.01. CALM, Calmodulin: RbohD, Respiratory burst oxidase homolog protein; PP2C, Protein phosphatase 2C; MAPK17/18, Mitogen-activated protein kinase kinase kinase 17/18; MEKK3, Mitogen activated protein kinase 3; CNB, Serine/threonine-protein phosphatase; WRKY, WRKY transcription factor.






3.7 Plant hormones and signal transduction

Plant hormones are regulators of almost all aspects of plant development and plant responses to the environment (Foo et al., 2019). JA is synthesized from the linolenic acid pathway (Figure 6A); in addition to JA, this pathway also synthesizes defense compounds like oxylipins and death acids. JA is derived from linolenic acid via an octadecanoid pathway, and the precursor linolenic acid also forms oxylipins (death acids and green leaf volatiles) (Figure 6A). Our study identified 10 DEGs in this pathway (Figure 6B), and they belong to two gene families, lipoxygenase (LOX) and 12-oxophytodienoic acid reductase (OPR). Three LOX genes belong to 9-S-LOXs, and they are responsible for the production of death acids (Christensen et al., 2015; Shrestha et al., 2021). The RT-qPCR results of SbLOXo (Sobic.001G125700) and SbLOX3 (Sobic.003G385500) were consistent with both RNA-seq analysis (Figure 6C) at the early time points. An OPR gene of JA pathway converts 12-oxoophytodieonic acid (OPDA) into JA through multiple steps of beta-oxidation (Figure 6A). In this study, seven differentially expressed OPR genes were identified, of which two OPR genes, Sobic.010G084600 and Sobic.010G084700, were upregulated in the resistant genotype and downregulated in the susceptible genotype across the time points. The RT-qPCR result of these two OPR genes showed similar expression patterns (Figure 6C).




Figure 6 | Effect of sugarcane aphid feeding on expression of the genes in the linolenic acid linolenic acid pathway. (A) Schematic diagram of linolenic acid pathways is modified from Chrsitensen et al. (2015); JA linolenic acid pathways (dashed arrow represents multiple enzymatic steps, and the green highlighted enzymes were identified with differential expression during aphid infestation). (B) The heatmap represents transcript abundance of the resistant Tx2783 and susceptible BTx623 genotypes in response to sugarcane aphid infestation relative to the controls. (C) RT-qPCR was used to confirm the relative expression of the selected genes, and it was calculated using the 2−ΔΔCt method. Error bars represent the ± standard error (n = 3), and asterisks indicate significant differences between the control and aphid infested samples, *P < 0.05 and **P < 0.01. LOX, lipoxygenase; AOS, allene oxide synthase; AOC, allene oxide cyclase; OPR, 12-oxophytodienoic acid reductase; 10-OPEA, 10-oxo-11-phytoenoic acid; 10-OPDA, 10-oxo-11,15-phytodienoic acid; 12-OPDA, 12-oxo-10,15-phytodienoic acid; DA, Death acids; DA0–4:0, 4-[(1,5)-2-oxo-5-pentylcyclopent-3-ene-1-yl] butanoic acid; DA0–2:0, (2-[(1, 5)-2-oxo-5-pentylcyclopent-3-ene-1-yl] acetic acid.



In the hormone signal transduction pathway, 22 genes were differentially expressed in the two genotypes in response to aphid infestation (Figure 7B). These genes belong to auxin, JA, and SA signal transduction pathways (Figure 7A). Auxin is involved in the regulation of cell growth and plant development, and it is also involved in regulating the host defense signaling and resistance mechanisms (Kazan and Manners, 2009). The RNA-seq revealed upregulation of AUX/IAA (auxin/indole-3-acetic acid; Sobic.009G203700), GH3 (auxin-responsive Gretchen hagen3; Sobic.003G306500), and SAUR (small auxin upregulated RNA; Sobic.010G224600) in the resistant genotype, and their upregulation was confirmed by the RT-qPCR data as well (Figure 7C). In the JA signal transduction, seven genes from the jasmonate ZIM-domain (JAZ) gene family were differentially expressed in the two genotypes. Almost all these seven genes were upregulated in the resistant genotype at 3 dpi but downregulated in the susceptible genotype. All these seven sorghum JAZ genes of them were reported in the previous study (Shrestha and Huang, 2022). RT-qPCR data of SbJAZ9 and SbJAZ16 showed an upregulation in the resistant genotype at early time points (Figure 7C). As for the SA signal transduction pathway, four genes encoding the transcription factor TGACG-binding site (TGA) were upregulated in the resistant genotype (Figure 7B). Among the four TGA genes, Sobic.002G247300 showed differential expression over all time points based on the data from RNA-seq and RT-qPCR (Figures 7B, C). During SA production, the TGA acts synergistically with nonexpresser PR gene1 (NPR1) and regulates the pathogenesis-related (PR) genes that induce systemic acquired resistance (Kesarwani et al., 2007). Among these three PR-1 genes, two of them (Sobic.002G023300 and Sobic.010G0202000) were upregulated in both genotypes across the time points (Figure 7B). The RT-qPCR results of these two PR-1 genes also showed similar patterns in both genotypes across the time points (Figure 7C).




Figure 7 | Effect of sugarcane aphid feeding on the plant hormone signal transduction pathway. (A) Schematic diagram of the plant hormone signal transduction pathway (dotted arrow represents multiple enzymatic steps, the green highlighted enzymes were identified with differential expression in response to aphid infestation. (B) The heatmap represents transcript abundance in resistant Tx2783 and susceptible BTx623 genotypes after aphid infestation relative to the controls. (C) RT-qPCR confirmation of the relative expression of the selected pathway genes, which was calculated using the 2−ΔΔCt method. Error bars represent the ± standard error (n = 3) and asterisks indicate significant differences between the control and the aphid infested samples, *P < 0.05 and **P < 0.01. The bars without asterisk are nonsignificant (P > 0.05). AUX, auxin influx carrier; AUX/IAA, auxin/indole3acetic acid; GH3, auxin responsive Gretchen hagen3; SAUR, small auxin upregulated RNA; JAZ, jasmonate ZIM-domain; TGA, transcription factor TGA; PR1, pathogenesis related1.






3.8 Plant secondary metabolites

During attack by pests, plant secondary metabolites (PSMs) accumulate in elevated levels, which will serve as defense compounds against herbivores and pathogens (Wink, 2018). The important PSM pathway and related genes observed in our study are phenylpropanoid, flavonoid, and terpenoid biosynthesis pathways. In the phenylpropanoid pathway (Figure 8A), a total of 20 genes were differentially expressed in the two genotypes; most of them were upregulated in the resistant genotype (Figure 8B). Of which, four phenylalanine ammonia-lyase (PAL) genes were differentially expressed. Among them, two (Sobic.004G220700 and Sobic.004G220600) were increased more than four-fold in the resistant genotype (Figure 8B). The RT-qPCR data of both PAL genes (Figure 8C) further confirmed the upregulation of the genes in the resistant genotype and downregulation in the susceptible genotype. PAL catalyzes the conversion of phenylalanine to cinnamic acid, the key step in this pathway that ultimately forms lignin, flavonoid, and SA (Figure 8A) (Lv et al., 2017). SA biosynthesis also starts from the chorismate using the isochorismate pathway (ICS) (Figure 8A) (Shine et al., 2016). Chorismate mutase (CM) that was upregulated in both genotypes helps in SA biosynthesis through both PAL and ICS pathways. The other genes, shikimate O-hydroxy cinnamoyl transferase (HCT) and cinnamyl-alcohol dehydrogenase (CAD), are important for lignin formation. In total, three HCT genes (Sobic.007G142100, Sobic.010G066601, and Sobic.007G142200) and two CAD genes (Sobic.006G014700 and Sobic.003G203600) were upregulated in the resistant genotype and downregulated in the susceptible one (Figure 8B), which were further validated by RT-qPCR data (Figure 8C).




Figure 8 | Effect of sugarcane aphid feeding on phenylpropanoid pathways gene expression. (A) Schematic diagram of phenylpropanoid pathways (dashed arrow represents multiple enzymatic steps, and the green highlighted enzymes are expressed during aphid infestation). (B) The heatmap represents transcript abundance for resistant Tx2783 and susceptible BTx623 genotypes after aphid infestation relative to control samples. (C) RT-qPCR was used to confirm the relative expression of selected genes, and it was estimated using the 2−ΔΔCt method. Error bars in each bar represent the ± standard error (n = 3), and asterisks indicate significant differences between the control and aphid infested samples, *P < 0.05 and **P < 0.01. CM, chorismite mutase; PAL, phenylalanine ammonia-lyase; C4H, cinnamate 4-hydroxylase; HCT, shikimate O-hydroxy cinnamoyl transferase; C3H p-coumarate 3-hydroxylase; CAD, cinnamyl-alcohol dehydrogenase; ADT/PDT, arogenate/prephenate dehydratase.



PSMs, such as flavonoids, are also synthesized through the phenylpropanoid pathway, transforming phenylalanine into 4-coumaroyl-CoA (Falcone Ferreyra et al., 2012). The first enzyme for the flavonoid pathway is chalcone synthase (CHS), which produces chalcone scaffolds from which all flavonoids derive (Figure 9A). In our study, seven CHS genes were upregulated in the resistant genotype. Among them, five CHS genes (Sobic.005G136300, Sobic.005G137000, Sobic.007G170400, Sobic.007G058900, and Sobic.005G137200) were upregulated more than four-fold across the time points in the resistant genotype compared to susceptible (Figure 9B). The expression analysis from RT-qPCR for two of the genes (Sobic.005G136300 and Sobic.007G170400) further supported this upregulation in the resistant genotype (Figure 9C). In addition, PSM terpenes and terpenoids are the largest group of secondary metabolites and provide plant defense through feeding deterrence, direct toxicity, or oviposition deterrence (Divekar et al., 2022). In total, 15 DEGs were identified as terpene biosynthesis-related genes in the sorghum lines infested with aphids (Figure 10A). We found five DEGs of (−)-germacrene D synthase (GERD), and, among those, three (Sobic.007G034700, Sobic.009G009300, and Sobic.001G173000) were upregulated more than two-fold in the resistant genotype compared to susceptible (Figure 10A). The RT-qPCR data (Figure 10D) from two of the GERD genes (Sobic.001G173000 and Sobic.009G009300) showed a higher expression in the resistant genotype, which supports the RNA-seq data.




Figure 9 | Effect of sugarcane aphid feeding on expression of the flavonoid pathway genes. (A) Schematic diagram of the flavonoid pathway is modified from Falcone Ferreyra et al. (2012) (dotted arrow represents multiple enzymatic steps, and the green highlighted enzymes were expressed in plants during aphid infestation). (B) The heatmap represents transcript abundance for resistant Tx2783 and susceptible BTx623 genotypes after aphid infestation relative to control samples. (C) RT-qPCR was used to confirm the relative expression of the selected genes, and it was estimated using the 2−ΔΔCt method. Error bars in each bar represent the ± standard error (n = 3) and asterisks indicate significant differences between the control and aphid infested samples, *P < 0.05 and **P < 0.01. CHS, chalcone synthase; CHI, chalcone isomerase; F3′H, flavonoid 3-hydroxylase; DFR, dihydroflavonol 4-reductase; FNR, flavanone 4-reductase; ANS, anthocyanidin synthase; UFGT, UDPglucose flavonoid 3O glucosyltransferase; FLS, flavonol synthase; LAR, leucoanthocyanidin reductase; ANR, anthocyanidin reductase.






Figure 10 | The heatmap represents transcript abundance in both resistant Tx2783 and susceptible BTx623 genotypes after aphid infestation relative to the control samples. The transcripts are related to terpenoids (A), glutathione (B), and transcription factors (C). (D) RT-qPCR was used to confirm the relative expression of selected genes, and it was estimated using the 2−ΔΔCt method. Error bars in each bar represent the ± standard error (n = 3), and asterisks indicate significant differences between the control and aphid infested samples, *P < 0.05 and **P < 0.01. GERD, (−)germacrene D synthase; GGPS, geranylgeranyl diphosphate synthase; GA20ox, gibberellin44 dioxygenase; eKS, ent-kaurene synthase; NLS, nerolidol synthase; DHDDS, ditrans, polycis-polyprenyl diphosphate synthase; MDH, (+)neomenthol dehydrogenase; NAD(P)H, dehydrogenase (quinone); TOM, tocopherol O-methyltransferase; GST, glutathione S-transferase; EREBP, ethyelene-responsive element binding proteins; HDZIP, homeobox leucine zipper protein; HSFF, heat shock transcription factor; AP2, AP2like factor; MYB, transcription factor MYB; MADS, MADS-box transcription factor.



Glutathione is a sulfur-containing PSM that has an antioxidant function through involvement in cell redox homeostasis (Dubreuil-Maurizi and Poinssot, 2012). The glutathione-s-transferase (GST) is regarded as the marker gene for the oxidative stress along with respiratory burst oxidase Homolog D (RbOHD) and peroxidase (Dubreuil-Maurizi and Poinssot, 2012). Our study shows that 15 genes from the GST family were upregulated in the resistant genotype. Among them, 11 were upregulated more than two-fold at 3, 6, and 12 dpi (Figure 10B). Another antioxidant gene, peroxidase, in the phenylpropanoid pathway codes for ROS-detoxifying enzymes and regulates the redox and Ca2+ homeostasis (Kawano, 2003; Gulsen et al., 2010). Six genes from the peroxidase family were highly upregulated at early time points of the resistant genotype following aphid infestation (Figure 8B). Among them, three peroxidase genes (Sobic.009G144600, Sobic.003G140700, and Sobic.004G105800) were upregulated in the resistant plants but downregulated in the susceptible plants, whereas two other peroxidase genes (Sobic.001G080300 and Sobic.003G152100) were upregulated in both genotypes. The RT-qPCR results for one of the peroxidase genes (Sobic.009G144600) showed similar expression as the RNA-seq data (Figure 8C).




3.9 Transcription factors

Transcription factors (TFs) are key components that control gene expression in all living organisms. In our study, during aphid infestation, 24 TFs were differentially expressed in both sorghum genotypes over all time points (Figure 10C). The major TFs included ET-responsive element binding proteins (EREBP), homeobox-leucine zipper protein (HD-Zip), heat shock transcription factor (HSFF), and transcription factor MYB (MYB). Among four HD-Zip genes differentially expressed, one of them (Sobic.006G183200) was expressed nine-fold in the resistant genotype across all the time points (Figure 10C). Similarly, 10 MYB DEGs in sorghum during aphid infestation were noted. Among them, four MYB genes (Sobic.006G199800, Sobic.001G397900, Sobic.008G055700, and Sobic.004G216900) were highly upregulated in the resistant genotype but downregulated in the susceptible genotype, and two of them (Sobic.002G423300 and Sobic.002G337800) were upregulated in both genotypes (Figure 10C). The expression analysis from RT-qPCR of the two genes (Sobic.002G423300 and Sobic.001G397900) further supported their expression pattern that was revealed by RNA-seq in both resistant and susceptible genotypes (Figure 10D). In the other group of TFs, EREBP also plays a role in the hormone signal transduction pathway including ET, ABA, cytokinin, and JA (Shen et al., 2003; Rashotte and Goertzen, 2010; Hu et al., 2013). Five EREBP TF genes were also identified in the differentially expressed profiles of sorghum genotypes during aphid infestation. Among them, two EREBP (Sobic.001G473900 and Sobic.006G168000) were upregulated more than six-fold across the time points in the two genotypes (Figure 10C). Furthermore, the Pearson correlation analysis of 36 DEGs were used for correlation analysis, and a high correlation was observed between RNA-seq and RT-qPCR data (R2 = 0.6017, r = 0.7757) (Supplementary Figure S3). The high correlation between the two analysis methods indicates that the measured changes in gene expression detected by RNA-seq reflect the actual transcriptomic difference between the two sorghum genotypes as previously reported (Kiani and Szczepaniec, 2018).




3.10 Effect of phytohormonal treatment on host defense in susceptible genotypes

To further corroborate the positive role of JA and SA pathways in host plant defense, exogenous phytohormones (JA and SA) were applied to the experimental sorghum plants prior to aphid infestation. The phenotype of the plants treated with phytohormones and aphids corresponded to the plant mortality graph, aphid count, and damage score (Figure 11). The plant mortality at 14 dpi on different treatments were highly significant (p-value < 0.001). The control (BTx623, susceptible to aphids), sprayed with ddH2O, showed the highest mortality rate, whereas Tx2783 (the resistant genotype) control showed 0 dead plants with aphid infestation (Figure 11A). The BTx623 treated with JA showed nine dead plants, which was significantly less than the BTx623 control, whereas BTx623 treated with SA showed only three dead plants and was significantly at par with the Tx2783 treatment. Similarly, aphid count and damage score also showed high significant difference (p-value < 0.0001) (Figure 11C). The control BTx623 was almost all dead at 14 dpi with damage ratings of 6 (aphid count data were not recorded for this treatment). BTx623 treated with JA showed aphid count of 550 and a damage score of 4.3, whereas treated with SA showed significantly lower aphid count of 351 and a damage score of 2.8. Among all, Tx2783 control showed the lowest aphid count with 223 and a damage score of 1.25 and was significantly different from all other BTx623 treatments. Both the 100 μM JA and 600 μM SA treatments had a significant resistant effect on host plant response with SA having a more prominent effect on plant mortality, aphid count, and damage score.




Figure 11 | Phytohormone bioassay of susceptible BTx623 and resistant Tx2783 genotypes after 14 days of sugarcane aphid infestation. The BTx623 were treated with SA and JA, and the control samples of BTx623 and Tx2783 were sprayed with distilled water. All samples were treated with 400 aphids and were evaluated at 14 dpi (A) plant mortality and (B) aphid count and (C) damage were rated. Statistical analysis of plant mortality, aphid count, and damage ratings were done using one way ANOVA and Tukey tests. Error bars in plant mortality represent ± standard error (n=3) and in aphid count and damage ratings represent ± standard error (n = 12). The letter above the column indicates significant difference relative to each other (P < 0.05).







4 Discussion

For a better understanding of the molecular interaction between sorghum plants and sugarcane aphid, aphid-resistant Tx2783 and aphid-susceptible BTx623 lines were compared in parallel to analyze molecular responses to the aphid. In this study, both sorghum genotypes were infested with the aphids and allowed to culture for a certain time, after which the Tx2783 plants showed a significantly lower aphid population and lower damage ratings in comparison with BTx623 supporting the antibiosis mechanisms of resistance (Figure 1). Previous studies have revealed that Tx2783 showed antibiosis and antixenosis mechanism of resistance against sugarcane aphids (Tetreault et al., 2019). The genotypes that possess more than one category of resistance are considered better because antibiosis suppresses the population of aphids and antixenosis deters or repels the pest (Paudyal et al., 2019). The molecular basis of sorghum resistance to aphids has been studied previously through a few RNA-seq studies. The first study on sorghum and sugarcane aphid interaction (Kiani and Szczepaniec, 2018) was focused on the late response of sorghum against sugarcane aphids with different resistant genotypes (DKS 44–20 Deklab, IL). The early time point study by Serba et al. (2021) used a different resistant line (TAM48) and was focused on sorghum TFs only. Similarly, the study by Puri et al. (2023) has also used a different resistant line (SC265). The research by Tetreault et al. (2019) used the similar resistant genotype (Tx2783), but the analysis lacks the comprehensive study of the pathway genes and TFs in detail. Therefore, our study is more focused toward the comprehensive analysis of pathway-related genes at both early and late time points and to further strengthen the role of these genes in aphid defense.

Our transcriptomic analysis of resistant and susceptible sorghum genotypes during aphid infestation revealed a suite of genes that were induced in both early (3 and 6 dpi) and late time points (9 and 12 dpi). The DEGs identified during HPR were involved in a series of molecular events that include signal perception (NLR genes), signal transduction (MAPK signaling and phytohormones), and defense response (TFs, flavonoids, and terpenoids). The host plants probably first recognized the elicitors and effectors of the aphids to deploy a constitutive defense as well as an induced defense, resulting in reprogramming of gene expression and biochemical pathways (Thompson and Goggin, 2006b; Meihls et al., 2012). Following elicitor recognition, the plant recognized the effectors of aphids through NLR proteins, which, in turn, activated ETI. A total of 33 NLR DEGs genes were identified (Figure 4). Among them, Sobic.005G192100 belonging to the RPM1/RPS3 gene family was upregulated more than four-fold in both genotypes across all the time points. This gene is the putative ortholog to stripe rust resistance protein Yr10 in wheat and is highly conserved among monocots (Liu et al., 2014). In wheat, transformation of the Yr10 gene in the susceptible line showed resistance against stripe rust. The Yr10 gene encodes a coiled-coil (CC)-NLR protein that recognizes avirulent proteins and elicits hypersensitive reponse (Liu et al., 2014). Several NLR genes like BROWN PLANTHOPPER RESISTANCE (BPH) of rice (Du et al., 2009), Mi-1.2 of tomato (Jesse et al., 1998) and Vat of melon (Dogimont et al., 2014) encode CC-NLR proteins to impart resistance against the pest. Future studies should focus on verifying the role of these two sorghum genes in aphid resistance.

After perception of effectors by NLR genes, signaling events of were the first to occur (Hettenhausen et al., 2015). During aphid infestation, three MAPK 17/18 and one MEKK3 genes involved in signal amplification showed upregulation in the transcriptomic data in the resistant genotype (Figure 5B). The MEKK3 gene is particularly responsible for activating the jasmonate signaling pathway (Taiz et al., 2015). Following the MAPK signaling, phytohormones, a chemical messenger, which transmits signals between the cells and initiates physiological responses, comes into play (Taiz et al., 2015). During aphid infestation, the sorghum resistant genotype an showed an elevated expression of JA and SA biosynthesis genes. Important JA (LOX and OPR) and SA (PAL) biosynthesis genes were highly upregulated in the resistant genotype. The LOX gene initiates the fatty acid oxidation pathways by breaking linolenic acid to produce oxylipins (death acids and green leaf volatiles) and JA, which have a defensive role in maize against aphids (Tzin et al., 2015) (Figure 6A). SbLOX3 and SbLOXo also showed significant upregulation and their roles during sugarcane aphid infestation have been verified previously (Shrestha et al., 2021). Similarly, two OPR genes were upregulated more than five-fold in the resistant genotype. Stintzi et al. (2001) reported OPR in Arabidopsis to retain resistance to insect attack and fungal infection. Additionally, they have reported that oxylipin, OPDA, regulates gene expression in concert with JA to fine-tune the expression of defense genes.

SA, a product of the phenylpropanoid pathway, is an important signal involved in the activation of defense responses against biotic and abiotic stresses. The important genes in the phenylpropanoid pathway, PAL, HCT, CAD, and peroxidase, were all differentially expressed in the two genotypes during aphid infestation (Figure 8A). PAL catalyzes phenylalanine, the key step in this pathway that ultimately forms lignin, flavonoid and SA (Figure 8A) (Lv et al., 2017). The expression of PAL was significantly increased in corn seedlings and cotton infested by corn borer and cotton aphid, respectively (Lv et al., 2017). Similarly, HCT and CAD genes had elevated levels in the resistant genotype; these genes are important for lignin formation. Sugarcane aphid feeding on sorghum has shown an increase in the lignin content and the lignin pathway genes like CAD (Kundu et al., 2023). The RNAi-mediated suppression of PAL and CAD genes in wheat increased the penetration efficiency of Blumeria graminis f.sp.tritici (Bhuiyan et al., 2009). Lignin is a well-known defense polymer which forms a physical barrier to prevent the ingress or diffusion of toxins from pathogens (Sattler and Funnell-Harris, 2013).

The MAPK signaling, as well as phytohormones, activates an array of plant TFs that regulate several downstream genes during biotic stress (Kushalappa et al., 2016). The TFs, like MYB, WRKY, HD-Zip, and EREBP, were differentially expressed in sorghum genotypes (Figures 5B, 10C). WRKY22 and WRKY33 genes were induced in both genotypes across all time points (Figures 5B, C). WRKY is the largest TF family in plants (Rushton et al., 2010) and has been found to regulate redox homeostasis, SA signaling, ET/JA-mediated cross communication, and camalexin biosynthesis, which are important against biotic stresses (Zheng et al., 2006; Birkenbihl et al., 2012). The overexpression of WRKY genes in Oryza sativa enhanced resistance to blast (Magnaporthe grisea) and leaf blight (Xanthomonas oryzae) through SA-mediated defense (Shimono et al., 2007). Next, the TFs of the MYB gene family one of the largest families and play an important role in activating hypersensitive cell death during pathogen attack and insect feeding through regulation of long-chain fatty acid synthesis (Ambawat et al., 2013). Four MYB TFs were highly upregulated in the resistant genotype (Figure 10C). A similar study has shown that the MYB TFs showed high upregulation and displayed circadian pattern in sorghum plants (Shrestha et al., 2024). A previous study in Arabidopsis reported MYB genes were associated with wound response or resistance to insects through a JA-dependent defense response (Cheong et al., 2002; Johnson and Dowd, 2004).The TFs of the HD-Zip gene family are unique to the plant kingdom and a recent study indicated the role of this gene family in regulation of ABA homeostasis and signaling as well as their potential role in plant protection from pathogen and abiotic stresses (Chew et al., 2013; Sessa et al., 2018).

Phytohormones SA and JA pathways and TFs lead to the activation of secondary metabolite–defense products in plants. We observed DEGs related to flavonoids, lignin, terpenoids, oxylipins, and glutathione. Two sorghum CHS genes related to the flavonoid pathway were upregulated more than four-fold in the resistance genotype according to the RNA-seq data (Figure 9B). The biological functions of flavonoids in plants are to provide defense against UV-B radiation, pathogen infection and insect infestation, nodulation, and pollen fertility (Falcone Ferreyra et al., 2012). Similarly, two GERD genes from the terpenoid pathway were also upregulated more than two-fold in the resistant genotype (Figure 10A). Arimura et al. (2004) reported that poplar tree infested with caterpillar (Malacosoma disstria) or mechanical wounding showed a strong increase of GERD and LOX1 genes and an increase in release of (-)-germacrene, a sesquiterpene volatile. We also observed DEGs related to the linolenic acid pathway, which produce oxylipins (death acids and green leaf volatiles) and OPDA (Figure 6). Oxylipins, like death acids and green leaf volatiles, are known to have diverse functions in plant responses to infestation (Porta and Rocha-Sosa, 2002). Death acids like 10-oxo-11-phytoenoic acid (10-OPEA), 10-oxo-11-phytodienoicacid (10-OPDA), and 9-hydoxy-10E, 12Z-octadecadienoic acid (9-HOD) are derived from 9-LOXs, which suppressed the growth of fungi and insects (Christensen et al., 2015; Woldemariam et al., 2018). The OPDA can act independent of the JA pathway as the exogenous application of OPDA on maize JA-deficient plant showed enhanced resistance to corn leaf aphid (Varsani et al., 2019).

The activation of glutathione metabolism and expression of the enzyme in this pathway is correlated to the resistance to various biotic challenges and detoxification of ROS (Zechmann, 2014). The accumulation of ROS has been reported at the site of insect feeding and pathogen infection which caused cell death through a hypersensitive reponse, to prevent any further damage by pathogen or pest (Gechev et al., 2006). However, higher accumulations of ROS have a detrimental effect on plants; to cope with this, plants have developed antioxidant mechanisms to detoxify the ROS. Some of the major metabolites to detoxify ROS are glutathione, flavonoids, carotenoids, and ascorbic acids (Ahmad et al., 2009). Most resistant genotypes exhibit antioxidant gene upregulation during stress. Our study showed 15 GST genes, a regulator of the glutathione pathway, upregulated in the resistant genotype. A previous study reported that GST1 (Sobic.001G318200) and GST3 (Sobic.001G319500) were highly upregulated (4- to 81-fold) in the resistant genotype of sorghum (Tx2783) during sugarcane aphid infestation (Pant and Huang, 2022). Another gene, peroxidase, which was also upregulated in the resistant genotype during aphid infestation, has multiple functions. Six peroxidase genes were upregulated in the resistant genotype (Figure 10B). Peroxidase genes code for ROS-detoxifying enzymes, are involved in oxidative signal transduction, regulate the redox and Ca2+ homeostasis, and activate defense genes (Kawano, 2003; Gulsen et al., 2010).

The phytohormone treatment indicates the role of JA and SA in sugarcane aphid resistance in sorghum. The SA- and JA-treated susceptible genotype showed a significant decrease in aphid number, plant mortality, and damage ratings (Figure 11). SA generally induces plant defense against biotrophic pathogens (Vos et al., 2015). A previous study showed that Brassica napus treated with SA decreased the Brevicoryne brassicae population through antibiosis mechanism (Khoshfarman-Borji et al., 2020). Similarly, exogenous application of SA enhanced the resistance of Oryza sativa to the Nilparvata lugens (Guo-Zhang et al., 2003). The activation of the SA pathway in resistant plant is pointed out to be a general mechanism of antibiosis or antixenosis (Morkunas et al., 2011). The exogenous application of JA in soybean plants reduced the soybean aphid population (Yates-Stewart et al., 2020), soybean thrips, and soybean aphids (Selig et al., 2016). Previously, we have shown that resistant sorghum lines infested with sugarcane aphid revealed significantly higher amounts of SA and JA during phytohormone profiling through liquid chromatography–mass spectrometry (Huang et al., 2022). Evidently, our results obtained from SA- and JA-treated sorghum plants are consistent with those reports in other plant species; therefore, our result suggests that SA and JA can induce the resistance in sorghum against aphids and further suggests that antibiosis mechanisms of resistance are involved. Overall, our result from this study suggests a series of genes and biosynthesis pathways are involved in host-aphid interaction, summarized in Figure 12. These series of genes ultimately form defense compounds like flavonoids, terpenoids, and oxylipins which have a direct effect on aphids by influencing their behavior, growth, and development (Blée, 2002; Simmonds, 2003). In addition, lignin production strengthens the cell wall and limits penetration by invasive pests or pathogens. Plant HR activated through ROS and SA pathways, leading to cell death and avoiding any further damage.




Figure 12 | A schematic overview of the molecular responses of sorghum plant to sugarcane aphid infestation. Upon wounding by aphids, the host plants initiate a series of events, which includes signal perception (R genes), signal transduction (MAPK signaling and phytohormones) and defense response (TFs, flavonoids, and terpenoids). CC-NLR, coiled-coil nucleotide-binding leucine-rich repeat proteins; ROS, Reactive oxygen species; MAPK, Mitogenactivated protein; PAL, phenylalanine ammonialyase; SA, Salicylic acid; JA, Jasmonic acid; LOX, lipoxygenase; WRKY, WRKY transcription factor; MYB, transcription factor: GST, glutathione Stransferase; HD-ZIP, homeobox leucine zipper protein; OPDA, oxo-phytodienoic acid; OPR, 12-oxophytodienoic acid reductase.






5 Conclusion

In summary, transcriptomic analysis demonstrated differential expression of a series of genes in the resistant Tx2783 and susceptible BTx623 sorghum genotypes in response to infestation by sugarcane aphid. The host plant infested with aphids initiated a large transcriptional reprogramming and subsequent molecular events starting from the early time point (3 dpi) in the resistant genotype. Such altered transcriptional activities of defense-related genes included signal perception (NLR genes), signal transduction [MAPK signaling and phytohormones (SA and JA)], and defense responses (TFs, flavonoids, and terpenoids). These defense-related genes and pathways are the underlying mechanisms of the resistant plants to defend themselves against aphid attack. Future research should focus on quantifying metabolites like oxylipins, lignin, and terpenoids in sorghum resistance to aphids. Similarly, molecular experiments to analyze the function of those candidate genes identified in this study will further validate their roles in plant-aphid interactions, leading to a successful self-protection of the host plant.
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Sedum plumbizincicola is a renowned hyperaccumulator of cadmium (Cd), possesses significant potential for eco-friendly phytoremediation of soil contaminated with Cd. Nevertheless, comprehension of the mechanisms underpinning its Cd stress response remains constrained, primarily due to the absence of a comprehensive genome sequence and an established genetic transformation system. In this study, we successfully identified a novel protein that specifically responds to Cd stress through early comparative iTRAQ proteome and transcriptome analyses under Cd stress conditions. To further investigate its structure, we employed AlphaFold, a powerful tool for protein structure prediction, and found that this newly identified protein shares a similar structure with Arabidopsis AtSIZ1. Therefore, we named it Sedum plumbizincicola SIZ1 (SpSIZ1). Our study revealed that SpSIZ1 plays a crucial role in positively regulating Cd tolerance through its coordination with SpABI5. Overexpression of SpSIZ1 significantly enhanced plant resistance to Cd stress and reduced Cd accumulation. Expression pattern analysis revealed higher levels of SpSIZ1 expression in roots compared to stems and leaves, with up-regulation under Cd stress induction. Importantly, overexpressing SpSIZ1 resulted in lower Cd translocation factors (Tfs) but maintained relatively constant Cd levels in roots under Cd stress, leading to enhanced Cd stress resistance in plants. Protein interaction analysis revealed that SpSIZ1 interacts with SpABI5, and the expression of genes responsive to abscisic acid (ABA) through SpABI5-dependent signaling was significantly up-regulated in SpSIZ1-overexpressing plants with Cd stress treatment. Collectively, our results illustrate that SpSIZ1 interacts with SpABI5, enhancing the expression of ABA downstream stress-related genes through SpABI5, thereby increasing Cd tolerance in plants.
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1 Introduction

Cadmium (Cd), a highly toxic and easily mobile heavy metal, presents significant risks to both plants and human health, while also causing severe environmental pollution (Zhao et al., 2015). Presently, agricultural soils across the globe are significantly impacted by Cd contamination (Haider et al., 2021). On one hand, plants can assimilate Cd from the soil and translocate it to various tissues, thereby facilitating its incorporation into the food chain and adversely affecting human health (Clemens et al., 2013). On the other hand, Cd inhibits various physiological processes in plants, including photosynthesis, respiration, and water movement, leading to damage in plant metabolism (Rizwan et al., 2016). Moreover, Cd stress can induce DNA damage, ultimately resulting in plant mortality (Galati et al., 2023). Therefore, it is crucial to reduce and mitigate Cd-induced pollution for the sake of environmental protection and human well-being.

Sedum plumbizincicola (hyperaccumulation ecotype, HE) is a Cd hyperaccumulator that has been discovered in mining regions in Quzhou, China. It possesses the capacity to accumulate Cd levels exceeding 100 ppm or 0.01% in its shoot dry biomass, while exhibiting minimal growth impairment in soils contaminated with Cd. Because of these characteristics, it is considered an important genetic resource for studying how plants respond to Cd stress and for remediating Cd-contaminated environments (Wu et al., 2012; Zhu et al., 2022). Currently, several key genes related to Cd tolerance have been identified in HE. The Cation/H+ exchanger (CAX) family proteins play a pivotal role in regulating ion homeostasis within the biological membrane system. SpCAX2n and SpCAX2h, situated on the tonoplast, are instrumental in sequestering Cd within vacuoles and are engaged in the detoxification of Cd (Zhang et al., 2015). The Natural resistance-associated macrophage protein 6 (SpNRAMP6) shows significantly increased expression in leaves when exposed to Cd and is involved in Cd translocation and accumulation in aboveground tissues (Chen et al., 2017). Heavy metal transporting ATPase (HMA) proteins are transmembrane transport proteins that use ATP hydrolysis to transport heavy metal cations. SpHMA3, localized on the vacuolar membrane, plays a specific role in Cd detoxification by actively transporting Cd ions into vacuoles for sequestration, thereby aiding in the normal growth of seedlings in Cd-contaminated soil (Liu et al., 2017a). Additionally, it has been found that SpHMA1 is situated at the chloroplast envelope and serves to safeguard photosynthesis by inhibiting the accumulation of Cd within the chloroplast (Zhao et al., 2019). Currently, most of the Cd tolerance-associated proteins discovered in HE are transport-related proteins, but the molecular mechanisms responsible for Cd detoxification in Cd hyperaccumulating plants HE are still not well elucidated.

Post-translational modification (PTMs) represents essential regulatory mechanisms governing a multitude of cellular processes (Hendriks and Vertegaal, 2016). The process of Small ubiquitin-like modifier (SUMO) conjugation, termed SUMOylation and mediated by SIZ1, is central to the regulation of activity, localization and stability of a plethora of intracellular effectors in eukaryotic organisms. In the context of drought stress regulation, Arabidopsis AtSIZ1 modulates plant growth and water deficit response through the regulation of gene expression (Catala et al., 2007). Additionally, the Pepper’s CaDSIZ1 augments drought tolerance by stabilizing the transcription factor CaDRHB1, specifically the dehydration-responsive homeobox 1 (Joo et al., 2022). In relation to heavy metal tolerance regulation, AtSIZ1 serves as a negative modulator in aluminum resistance, mediating the STOP1-ALMT1 pathway (Xu et al., 2021). Furthermore, AtSIZ1 augments Cd tolerance via the glutathione-dependent phytochelatin synthesis pathway (Zheng et al., 2022). Pertaining to the regulation of growth and development, AtSIZ1 exerts a negative influence on shoot regeneration, partly through the repression of wound-induced developmental reprogramming (Coleman et al., 2020). The Apple’s MdSIZ1 promotes the SUMOylation of auxin response factors 8 (MdARF8), modulating the formation of lateral root (Zhang et al., 2021). These findings indicate that SIZ1 plays important roles in multiple species. However, the role of SpSIZ1 in Cd tolerance in hyperaccumulating HE remains uncertain.

Abscisic acid (ABA) is a crucial hormone in plants that regulates responses to abiotic stress. When plants encounter drought, salt or other abiotic stresses, they rapidly accumulate ABA, which activates stress responses. Conversely, when environmental conditions improve, ABA levels decrease to basal levels, promoting plant growth (Zhu, 2016). The homeostasis of ABA is maintained through a delicate balance of its biosynthesis, catabolism and transport pathways. All the components involved in ABA homeostasis form a complex and intricate regulatory network, working together to regulate ABA levels (Chen et al., 2020). Previous studies have demonstrated that exogenous ABA can modulate endogenous ABA levels, thereby regulating the expression of related proteins and leading to increased Cd accumulation and enhanced resistance in hyperaccumulating plants (Lu et al., 2020). Moreover, studies have revealed the involvement of ACID-INSENSITIVE5 (ABI5), a crucial signaling molecule in the abscisic acid (ABA) pathway, in the ABA-mediated inhibition of Cd accumulation in Arabidopsis (Zhang et al., 2019). These findings highlight the crucial role of the ABA signaling pathway in regulating plant Cd tolerance.

In this study, we identified a Cd stress-responsive protein, SpSIZ1, through early comparative iTRAQ proteome and transcriptome analyses (Zhu et al., 2022), and scrutinized the role of SpSIZ1 in plant responses to Cd stress. Our results demonstrate that SpSIZ1 plays a pivotal role in augmenting plant tolerance to Cd stress and in diminishing Cd accumulation. Utilizing protein interaction analysis, we identified a significant interaction between SpSIZ1 and SpABI5, which results in the upregulation of ABA-response stress-related genes via SpABI5-mediated signaling. This interaction delineates a critical link between SpSIZ1 and SpABI5 under Cd stress, laying a substantial theoretical groundwork for subsequent studies exploring the interplay between SUMOylation and the ABA signaling cascade. Significantly, elucidating the molecular regulatory mechanisms of S. plumbizincicola in environments contaminated with Cd can inform the development of more efficacious Cd remediation methodologies and environmental conservation strategies.




2 Materials and methods



2.1 Plant material and growth conditions

S. plumbizincicola (hyperaccumulation ecotype, HE) and S. alfredii (non-hyperaccumulation ecotype, NHE) were sourced from mining areas in Quzhou, China, and a tea plantation in Hangzhou, China, respectively (Wu et al., 2012; Zhu et al., 2022). Stem segments from both ecotypes were aseptically excised and propagated in Hoagland-Arnon solution, with pH meticulously maintained at 5.8, and the solution was refreshed twice a week to ensure nutrient consistency. Utilizing the Hoagland-Arnon solution (Arnon and Hoagland, 1940) facilitated a controlled environment for nutrient uptake, particularly to mitigate interaction between phosphate and cadmium that could influence Cd assimilation. Plants were cultivated in a controlled growth chamber with controlled environmental condition at about 16/8 h in light/dark regime, 26/20°C in air temperatures, approximate 600 μmol m-2 s-1 in photon flux density, and 75% in relative humidity.




2.2 Protein sequence alignment and structure prediction

A homologous sequence of S. plumbizincicola SIZ1(SpSIZ1) was identified through a BLAST search, comparing it with the protein sequence of Arabidopsis SIZ1. The structural configurations of SpSIZ1 and AtSIZ1 were predict using AlphaFold (https://www.alphafold.ebi.ac.uk), a sophisticated tool for protein structure prediction (Jumper et al., 2021; Varadi and Velankar, 2023). The identification and characterization of protein domains for both SpSIZ1 and AtSIZ1 were facilitated by the NCBI conserved domain database (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) (Marchler-Bauer et al., 2015). Multiple sequence alignment for SpSIZ1 and AtSIZ1was executed with ClustalX software, with the aligned sequences exported as an msf file. The alignments were then visualized and analyzed using GeneDoc software (https://nrbsc.org/gfx/genedoc). To infer evolutionary relationships, a Neighbor-joining phylogenetic tree was constructed in MEGA 7, with 1000 bootstrap repetitions to evaluate the robustness of the tree topology.




2.3 Cloning of SpSIZ1 and plant transformation

The coding sequence (CDS) of SpSIZ1 was amplified from the cDNA of the HE utilizing the specific primers GFP-SpSIZ1-F/R (Supplementary Table S2). Subsequently, the amplified product was then ligated into the pCAMBIA1302 vector to generate the 35S::SpSIZ1-GFP construct through homologous recombination. The recombination vectors were introduced into Agrobacterium tumefaciens strain EHA105 via electroporation. The transformed Agrobacterium was subsequently used to infect leaf tissues of the NHE, following a modified version of a previously reported method (Liu et al., 2017a), resulting in the successful acquisition of transgenic plants with enhanced SpSIZ1 expression. The transformation process involved making an incision on the leaves of NHE using a sterile scalpel, infusing the wounds with Agrobacterium containing the 35S::SpSIZ1-GFP construct, and selecting for transformants on a medium supplemented with hygromycin. White, hygromycin resistant callus formed at the inoculation sites was then excised and transferred to a shoot elongation medium, allowing for the development of seedlings. Once the seedlings reach a suitable size, they were transferred to a rooting medium, from which fully developed plants were obtained.




2.4 Cd stress treatment

The Cd stress treatment was conducted by subjecting young shoots from both the NHE and the 35S::SpSIZ1-GFP overexpression lines to Hoagland-Arnon nutrient solution supplemented with varying concentrations of CdCl2. Initially, plants were cultured for three weeks, after which only those exhibiting robust healthy and reaching approximately 10 cm in were transplanted into Hoagland-Arnon nutrient solution containing three distant concentration of CdCl2: 0 μM (control), 20 μM and 50 μM. Following a 10 d exposure period, the plants were harvested, treated with a 20 mmol/L EDTA solution for 20 min to chelate residual Cd, and subsequently rinsed with ddH2O to remove any external Cd. The plants were then carefully dissected into root, stem, and leaf segments for subsequent analysis.




2.5 Gene expression of SpSIZ1

To assess the impact of Cd stress on SpSIZ1 expression, uniform HE plants were allocated into two separate groups, each exposed to 50 μM CdCl2 for either 0 h (control) or 24 h. Subsequent to the stress treatment, entire plants were harvested for RNA extraction. To elucidate the expression level of SpSIZ1, total RNA was extracted from various tissues of both the NHE and the 35S::SpSIZ1-GFP overexpression lines, encompassing roots, stems, and leaves. qPCR was conducted using the Applied Biosystems 7500 Real-Time PCR system (Waltham, MA, USA) with the TB GREEN Premix Ex Taq kit (Takara, Kyoto, Japan) to quantify gene expression. The housekeeping gene UBC9 served as a reference for data normalization, and all qPCR reactions were executed in triplicate. the relative expression levels of SpSIZ1 were calculated using the 2^(-ΔΔCt) method (Livak and Schmittgen, 2001), to facilitate the comparison of expression levels under different conditions. Primer sequences utilized for qPCR are detailed in Supplementary Table S2, and all experiments were repeated with three biological replicates to ensure reliability.




2.6 Expression of SpSIZ1 protein in NHE and 35S::SpSIZ1-GFP lines

Total protein extraction was performed on whole plants from both the NHE and the 35S::SpSIZ1-GFP overexpression lines, encompassing roots, stems, and leaves, for subsequent immunoblot analysis. The detection of the SpSIZ1-GFP fusion protein was facilitated using a monoclonal anti-GFP antibody (ab290, Abcam), while Ponceau S staining was utilized as a loading control to ensure equal protein loading.




2.7 Physiological analysis

Uniform-sized stem segments from both the NHE and 35S::SpSIZ1-GFP lines were cultured in a hydroponic system. After a two week growth period, plants of uniform size were selected for analysis, with their initial fresh weight (W1) recorded prior to Cd stress exposure. The plants were then subjected to Cd stress treatment with 20 μM and 50 μM CdCl2 over a 10 d period, with a 0 μM CdCl2 treatment serving as the negative control. Post-treatment, the fresh weight (W2) was reassessed uniformly for comparison. The maximal PSII quantum yield, indicated by the Fv/Fm ratio was determined using a pulse modulation fluorometer (MINI-PAM, Heinz Walz, Germany) as previously described (Zhu et al., 2011). To quantify the Malondialdehyde (MDA) content as a marker of lipid peroxidation, consistent growth materials from both NHE and 35S::SpSIZ1-GFP overexpression lines were treated with either 0 μM or 50 μM CdCl2 for 10 d. An equal amount of these material was ground to a homogenized state for the subsequent thiobarbituric (TBA) assay (Zhang et al., 2023). For each plant line, three biological replicates were measured to ensure the reliability of the results. Representative phenotypic images were captured 10 d after the application of 50 μM CdCl2 to document the morphological responses to stress.




2.8 Subcellular localization analysis

The CDS of SpSIZ1 was amplified from the cDNA of the HE using the specific primers GFP-105-F/R (Supplementary Table S2). Subsequently, the amplified product was then ligated into the pCAMBIA1302-GFP vector to create the pCAMBIA1302-GFP-SpSIZ1 vector construct via homologous recombination. The plasmids were transferred into the protoplasts of the HE. GFP empty vector serves as a negative control. The protoplasts were subsequently cultured for a duration of 18 h and visualized using a Leica/TCS SP8 confocal microscope under the following conditions: GFP fluorescence was excited at 488 nm using a 63× oil objective (Asai et al., 2018).




2.9 Determination of Cd content in plant

The uniform NHE and 35S::SpSIZ1-GFP lines were treated with 50 μM CdCl2 for 10 d, with 0 μM CdCl2 serving as the negative control. After the Cd stress treatment, the roots of each treated genotype were rinsed with ddH2O for three times. Roots, stems, and leaves tissues from each plant were collected separately and dried to a constant weight in a 65°C oven. The dried tissues were sent to the National Forestry and Grassland Administration Economic Forest Product Quality Inspection and Testing Center (Hangzhou) for determination of Cd content. Each sample was prepared with three biological replicates, with the NHE used as a control.




2.10 Yeast two-hybrid assays

The CDS of SpSIZ1 was amplified from the cDNA of the HE using the specific primers BD-F/R and cloned into the pGBKT7 (BD) vector, while the CDS of SpAIB5 was amplified from the cDNA of the HE using the specific primers AD-F/R (Supplementary Table S2) and cloned into the pGADT7 (AD). These constructs were subsequently introduced into the yeast strain Y2H Gold, following the protocol (Clontech, 630489). The yeast two-hybrid (Y2H) assay was performed according to a previously described method (Jiang et al., 2019). Each assay was repeated three times and yielded consistent results.




2.11 Co-immunoprecipitation in HEK293T cells

Human embryonic kidney (HEK) 293T cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM). The CDS of SpSIZ1 and SpABI5 was amplified from the cDNA of the HE using the specific primers (Supplementary Table S2). GFP-SpSIZ1 and Myc-SpABI5 proteins were co-expressed in HEK293T cells and co-immunoprecipitation was performed in HEK293T cells with slight modifications based on previous reports (Liu et al., 2017b). Specifically, GFP-trap beads (ChromoTek GFP-Trap® Magnetic Agarose) were used for specific enrichment of the GFP-tagged protein. The proteins that were attached to the beads were released using 2×SDS Sample Buffer through heating at 100°C for 8 min, followed by analysis using immunoblotting (Liu et al., 2020). GFP antibodies (1:3000 dilution, ab290, Abcam) were employed for immunoprecipitation signal collection, while Myc antibodies (1:2000 dilution, M047-3, MBL) were used to capture the interaction signals.




2.12 Luciferase complementation imaging assay

The CDS of SpSIZ1 and SpABI5 was amplified from the cDNA of the HE using the specific primers (Supplementary Table S2) and inserted in-frame and upstream of the sequence that encodes the N-terminal half of firefly luciferase (nLUC) or the C-terminal half of luciferase (cLUC), respectively. The SpSIZ5-nLUC and SpABI5-cLUC constructs were separately transformed into Agrobacterium GV3101, followed by equimolar infiltration into the leaves of 3-week-old Nicotiana benthamiana, allowing for the recombinant DNA to be delivered into plant cells and stably expressed. After 2 d, LUC signals were detected by infiltrating the leaves with a solution containing 0.5 mM luciferin and capturing images using a TANON Chemiluminescent Imaging system.




2.13 Bimolecular fluorescence complementation assay

The CDS of SpSIZ1 and SpABI5 was amplified from the cDNA of the HE using the specific primers (Supplementary Table S2) and were inserted into cYFP and nYFP, respectively. This generated constructs with N-terminal fusions of SpSIZ1 and C-terminal fusions of SpABI5. The BiFC were performed by bombarding these constructs into HE protoplasts, then the protoplasts were cultured for 18 h and photographed through a Leica/TCS SP8 confocal microscope (Leica Microsystems, Wetzlar, Germany) with the following conditions: GFP, 488 nm, 63× oil objective (Asai et al., 2018).




2.14 Statistical analysis

All statistical data were analyzed using GraphPad Prism 8.0.2 software. Statistical differences were evaluated using ANOVA with a two-tailed Student’s t-test. The significance levels were denoted as follows: ns for p-value > 0.05, * for p-value < 0.05, ** for p-value < 0.01, and *** for p-value < 0.001 (Zou et al., 2022).





3 Results



3.1 Overexpression of SpSIZ1 does not affect plant growth

The identified SpSIZ1 gene consists of a 2586 bp coding sequence (CDS) encoding 862 amino acids in Sedum plumbizincicola (Supplementary Figure S1). Subsequently, we employed AlphaFold to predict the protein structures of SpSIZ1. We observed that regions with a model confidence per-residue Local-Distance Difference Test (pLDDT) score greater than 70 exhibited high similarity, indicating a strong homology between SpSIZ1 and AtSIZ1 proteins (Figure 1A). Furthermore, analysis of conserved domains revealed that SpSIZ1 contains three domains, including an SAP domain (involved in DNA binding in yeast), a PHD domain (participating in ligase catalytic substrate connection), and a Sp-RING finger domain (providing catalytic function to the AtSIZ1 ligase) (Figures 1B, Supplementary Figure S1).




Figure 1 | Identification of SpSIZ1. (A) Protein structure alignment of AtSIZ1 and SpSIZ1 using AlphaFold. Regions with a model confidence per-residue Local-Distance Difference Test (pLDDT) score greater than 70 are highlighted, indicating high similarity between the two proteins. (B) Protein domain similarity analysis of AtSIZ1 and SpSIZ1. Conserved domains, including the SAP domain, PHD domain, and Sp-RING finger domain, are indicated. (C) Phenotypes of the wild type (WT) NHE and SaSIZ1-OE lines (SpSIZ1-OE-1, SpSIZ1-OE-2, and SpSIZ1-OE-3) at 14 d after transplanting into the soil. Scale bar: 3 cm. (D) Relative SpSIZ1 transcript levels in the NHE, SpSIZ1-OE-1, SpSIZ1-OE-2, and SpSIZ1-OE-3. The data were normalized to the expression level in NHE, which was assigned a value of 1. (E) Detection of SpSIZ1-GFP protein accumulation in the NHE, SpSIZ1-OE-1, SpSIZ1-OE-2, and SpSIZ1-OE-3 using an anti-GFP antibody. Ponceau S staining was used as a loading control. *** for p-value < 0.001.



To explore the physiological function of SpSIZ1, we obtained overexpression lines of SpSIZ1 designated as SpSIZ1-OE-1, SpSIZ1-OE-2, and SpSIZ1-OE-3, respectively. Comparative analysis with the wild-type NHE revealed that the overexpression lines of SpSIZ1 did not show any impact on plant growth (Figure 1C). Our results revealed that the SpSIZ1-OE-2 line displayed the highest expression level, whereas the SpSIZ1-OE-1 line exhibited the lowest expression level (Figures 1D, E).




3.2 SpSIZ1 positively regulates plant Cd tolerance

To ensure consistent growth among different plants, both the NHE and SpSIZ1-OE lines were simultaneously cultivated in a hydroponic system without CdCl2 for two weeks (Supplementary Figure S2). To evaluate the role of SpSIZ1 in Cd tolerance response, both the NHE and SpSIZ1-OE lines were subjected to treatments of 0 µM CdCl2 (no CdCl2), 20 µM CdCl2 (low concentration), and 50 µM CdCl2 (high concentration) for 10 d (Supplementary Figure S3). Under the 0 µM CdCl2 treatment, both the NHE and SpSIZ1-OE lines exhibited normal growth. Under the 20 µM CdCl2 treatment, both lines showed slight growth inhibition, but SpSIZ1-OE2 exhibited weaker growth inhibition compared to the NHE, resulting in higher fresh weight. Under the 50 µM CdCl2 treatment, both lines experienced severe growth inhibition. However, SpSIZ1-OE-2 and SpSIZ1-OE-3 showed weaker growth inhibition compared to the NHE, leading to higher fresh weight (Figure 2A). Moreover, compared to the NHE, both SpSIZ1-OE-2 and SpSIZ1-OE-3 exhibited typical Cd tolerance characteristics, such as normal leaf morphology without shedding and normal root growth. Additionally, SpSIZ1-OE-2 showed significantly higher resistance than SpSIZ1-OE-3, which is consistent with its higher mRNA and protein expression levels (Figure 2B). Both Fv/Fm and MDA content are important indicators for assessing the extent of plant damage. Under the 50 µM CdCl2 treatment, both SpSIZ1-OE-2 and SpSIZ1-OE-3 exhibited higher Fv/Fm values and lower MDA content values compared to the NHE, indicating that the SpSIZ1-OE lines suffered less damage (Figures 2C, D). These results collectively demonstrate that SpSIZ1 positively regulates plant Cd tolerance in the NHE.




Figure 2 | The Cd stress tolerance of SpSIZ1-OE lines significantly improves compared to WT NHE. (A) The fresh weight of NHE, SpSIZ1-OE-1, and SpSIZ1-OE-2 was measured after 10 d of different Cd stress treatments. (B) The phenotypes of NHE, SpSIZ1-OE-2, and SpSIZ1-OE-3 were observed after 10 d of 50 μM CdCl2 stress treatment. Scale bar: 3 cm. The Fv/Fm (C) and MDA content (D) values of NHE, SpSIZ1-OE-1, and SpSIZ1-OE-2 were assessed after 10 d of 50 μM CdCl2 stress treatment. ns for p-value > 0.05, * for p-value < 0.05, ** for p-value < 0.01, and *** for p-value < 0.001.






Figure 3 | SpSIZ1 affects Cd accumulation. (A) Expression patterns of SpSIZ1 before and after 50 μM CdCl2 stress treatment for 24 h were analyzed. (B) Subcellular localization analysis of GFP-black and GFP-SpSIZ1 in HE protoplasts. Scale bar: 10 µm. (C) The SpSIZ1-OE lines exhibited reduced Cd accumulation in the root, stem, and leaf under 50 μM CdCl2 stress treatment for 10 d compared to the wild-type NHE. (D) Translocation factors (TFs) significantly decreased in SpSIZ1-OE lines under 50 μM CdCl2 stress treatment for 10 d compared to the wild-type NHE. Data are presented as mean ± SD (n = 3). ns for p-value > 0.05, * for p-value < 0.05, ** for p-value < 0.01, and *** for p-value < 0.001.






3.3 SpSIZ1 significantly reduced plant Cd accumulation

To gain further insights into the mechanism underlying SpSIZ1-mediated Cd tolerance, gene expression analysis was performed. Under no CdCl2 treatment, SpSIZ1 was expressed in various tissues, with the highest level observed in the root. However, under CdCl2 treatment, its expression was induced and up-regulated in all tissues (Figure 3A). Subcellular localization analysis using SpSIZ1-GFP fusion protein in HE protoplasts revealed that the GFP signal from the empty GFP vector was distributed throughout the entire cell, while the GFP signal from SpSIZ1-GFP was exclusively localized in the nucleus, indicating that SpSIZ1 specifically localizes to the nucleus (Figure 3B).

To determine the role of SpSIZ1 in Cd accumulation, Cd contents in various tissues of WT and SpSIZ1-OE lines were examined. Under the treatment of 50 µM CdCl2, significant increases in Cd accumulation were observed in the root, stem, and leaf of NHE. In contrast, the SpSIZ1-OE-2 line exhibited a comparatively lower increase in Cd accumulation, while the SpSIZ1-OE-3 line displayed intermediate levels of Cd accumulation in the root, stem, and leaf. These results indicated that the SpSIZ1-OE lines exhibited reduced plant Cd accumulation compared to NHE, with SpSIZ1-OE-2 showing lower Cd accumulation than SpSIZ1-OE-3 (Figure 3C, Supplementary Table S1). Furthermore, under CdCl2 treatment, the translocation factors (TFs) in the SpSIZ1-OE lines was significantly decreased compared to NHE, suggesting that the SpSIZ1-OE lines either do not absorb Cd or do not transport it to the aboveground parts (Figure 3D).




3.4 SpSIZ1 interacts with SpABI5 both in vitro and in vivo

The above results indicate that SpSIZ1 plays a positive role in regulating plant Cd tolerance. To further explore the potential regulators involved in SpSIZ1-mediated Cd tolerance, we conducted a yeast two-hybrid screening and identified the basic region/Leu zipper transcription factor ABSCISIC ACID-INSENSITIVE5 homologue protein (SpABI5) as an interacting partner of SpSIZ1. The interaction between SpSIZ1 and SpABI5 was confirmed through various assays. Firstly, we performed protein-protein interaction analysis in vitro. The SpSIZ1 protein was fused to the pGBKT7 vector (BD-SpSIZ1), and the SpABI5 protein was introduced into the pGADT7 vector (AD-SpABI5). The Y2H assay showed that SpSIZ1 interacted with SpABI5 in yeast cells grown on selective medium lacking Leu, Trp, and His (Figure 4A). Additionally, we co-cultured GFP-SpSIZ1 and Myc-SpABI5 in HEK293T cells and validated the interaction between SpSIZ1 and SpABI5 through Co-immunoprecipitation (Figure 4B). Furthermore, the interaction between SpSIZ1 and SpABI5 was confirmed using the LCI (LUC complementation imaging) technique. Only in tobacco leaves co-infiltrated with SpSIZ1-nLuc and SpABI5-cLuc constructs, luciferase signals were observed, indicating the physical interaction between SpSIZ1 and SpABI5 (Figure 4C). Secondly, we performed protein-protein interaction analysis in vivo using the BiFC (bimolecular fluorescence complementation) assay in HE protoplasts. When SpSIZ1-nYFP and SpABI5-cYFP were co-transfected into HE protoplasts, strong yellow fluorescent protein (YFP) signals were observed in the nuclei, indicating that SpSIZ1 and SpABI5 co-localize and interact in the nucleus (Figure 4D). Taken together, these data confirm that SpSIZ1 interacts with SpABI5 both in vitro and in vivo, suggesting a potential role for SpABI5 in mediating the Cd tolerance regulated by SpSIZ1.




Figure 4 | SpSIZ1 interacts with SpABI5 in vitro and in vivo. (A) Y2H assay demonstrates the interaction between SpSIZ1 and SpABI5 under 15 mM 3-AT treatment. (B) Co-IP assay confirms the interaction between SpSIZ1 and SpABI5 in HEK293T cells. GFP-SpSIZ1 was immunoprecipitated using GFP-trap beads, and SpSIZ1-interacting proteins were detected by immunoblotting with an α-myc antibody. (C) LCI assay shows the interaction between SpSIZ1 and SpABI5 in Nicotiana benthamiana leaves infiltrated with the indicated constructs. (D) BiFC assays demonstrate that SpSIZ1 and SpABI5 interact in HE protoplasts. Scale bar: 10 µm.






3.5 The interaction of SpSIZ1 and SpABI5 enhances the expression levels of ABA-related genes

ABI5, a crucial transcription factor in the ABA signaling pathway, plays a vital role in plant stress tolerance. The expression level of ABI5 and downstream stress-responsive genes is important for plant tolerance to various stresses (Figure 5). Considering that SpSIZ1 interacts with SpABI5 to regulate plant Cd tolerance, we examined the expression of SpABI5 and downstream stress-responsive genes (RD29A, RD29B, and RAB18) under CdCl2 treatment in both NHE and SpSIZ1-OE lines. Firstly, under CdCl2 treatment, both NHE and SpSIZ1-OE lines showed induced and up-regulated expression of SpSIZ1. However, there was no significant difference in the fold change of up-regulation between the two lines. Similarly, SpABI5 was also induced and up-regulated, but the fold change in SpSIZ1-OE lines was significantly higher than in NHE. This result indicates that under CdCl2 treatment, the interaction between SpSIZ1 and SpABI5 indeed regulates the expression level of endogenous SpABI5. Secondly, the expression levels of ABA downstream stress-responsive genes (RD29A, RD29B, and RAB18) were validated in both NHE and SpSIZ1-OE lines under CdCl2 treatment. The results showed that RD29A, RD29B, and RAB18 were significantly up-regulated in both NHE and SpSIZ1-OE lines. However, the fold change of regulation in the SpSIZ1-OE line was significantly higher than in NHE. This indicates that the interaction between SpSIZ1 and SpABI5 enhances the expression levels of ABA-related genes, thereby regulating plant Cd tolerance.




Figure 5 | Expression of ABA-related genes under 50 μM CdCl2 stress treatment for 10 d. The fold change was normalized to the expression level under 0 μM CdCl2 stress treatment for 10 d, which was set to 1. Data are presented as mean ± SD (n = 3). ns for p-value > 0.05, * for p-value < 0.05, and ** for p-value < 0.01.







4 Discussion



4.1 Protein structure similarity analysis provides clues for studying the function of SpSIZ1

Protein sequence similarity alignment is a crucial method for studying the function of homologous proteins. The widely used approach for this purpose is the sequence similarity-based BLAST alignment tool (Kent, 2002; González-Pech et al., 2019; Hu and Kurgan, 2019), which aims to identify homologous sequences and infer various characteristics of the query sequence, including function, structure, and co-evolution. However, sequence-based homology inference has limitations in detecting distant evolutionary relationships solely based on sequence similarity. To overcome this limitation, protein domain prediction can be employed to assess whether aligned homologous proteins share the same domains, thereby inferring potential functional similarities (Marchler-Bauer et al., 2015; Yang et al., 2020). Additionally, detecting similarities between protein structures in 3D space provides higher sensitivity in identifying homologous proteins. Recent advancements in artificial intelligence have made accurate prediction of the 3D structures of unknown proteins and comparison of structural similarities between known proteins possible. The groundbreaking AlphaFold algorithm is a notable development in this field (Jumper et al., 2021; van Kempen et al., 2023; Varadi and Velankar, 2023). In our study, we initially used a sequence similarity-based BLAST search to identify the homologous protein SpSIZ1 in HE to AtSIZ1. Subsequently, protein domain prediction revealed that both SpSIZ1 and AtSIZ1 possess the same domains. Finally, the AlphaFold algorithm was utilized to predict the 3D spatial structures of SpSIZ1 and AtSIZ1 proteins. The combined results from these three methods strongly indicate a high degree of homology between SpSIZ1 and AtSIZ1 proteins. Through this structural comparison, we can infer that SpSIZ1 may have similar functions to AtSIZ1 in the Cd stress pathway, providing important clues for studying how SpSIZ1 is involved in Cd tolerance in Sedum plumbizincicola. The results above indicated the important role of AlphaFold in predicting protein structures, but further physiological and biochemical experiments are needed to validate the specific protein functions.




4.2 SpSIZ1 perform the function of positively regulating plant Cd tolerance

SIZ1 is known to participate in multiple physiological processes, such as cell division, photomorphogenesis, flowering, hormone signaling, and responses to biotic and abiotic stresses. It can function as both a positive and negative regulator. In Arabidopsis siz1 mutants, there is a significant increase in salicylic acid (SA) content, leading to elevated expression of pathogenesis-related genes. AtSIZ1 acts as a negative regulator of SA-mediated immune signaling (Lee et al., 2007). In pepper, CaDSIZ1 positively regulates drought tolerance by stabilizing the transcription factor CaDRHB1 (Joo et al., 2022). However, in Arabidopsis, AtSIZ1 exhibits dual regulation of drought resistance, which may be influenced by different environmental conditions or detection indicators (Catala et al., 2007; Miura et al., 2013). Moreover, AtSIZ1 also contributes to enhanced resistance against aluminum and Cd stress, positively regulating responses to these metal stresses (Xu et al., 2021; Zheng et al., 2022). These findings suggest that SIZ1 plays a role in modulating various stress responses, although the regulatory patterns may vary. Further research is required to comprehend the specific functions of SIZ1 in different species and under diverse stress conditions. In our experiments, we observed that SpSIZ1 and AtSIZ1 share the same function and can positively regulate plant Cd tolerance. Overexpression of SpSIZ1 significantly enhances Cd stress resistance in NHE, manifested by normal growth and development of Cd-stressed plants, as well as normal physiological and biochemical indicators (Fv/Fm and MDA content) along with significant changes in the expression of related genes in vivo. However, due to the lack of genetic materials and experimental methods, the specific molecular mechanisms underlying the involvement of SpSIZ1 in Cd stress tolerance remain unclear.




4.3 SpSIZ1 effectively decreased the accumulation of Cd in NHE plants

The accumulation of Cd can induce varying levels of toxicity in plants, leading to the activation of different defense signaling pathways. Changes in gene expression play a crucial role in regulating plant tolerance to Cd stress (Rizwan et al., 2016). A heavy metal transport protein gene called SpHMA3 from HE was cloned, which exhibits Cd hyper-tolerance. Interestingly, there was no significant difference in Cd concentration between wild-type and transgenic plants, indicating that Cd hyper-accumulation and hyper-tolerance are independent traits in HE (Liu et al., 2017a). In our research, we identified SpSIZ1 as a key gene involved in Cd detoxification and found that it positively regulates Cd tolerance. SpSIZ1 plays a vital role in maintaining normal growth and development of young leaves in the presence of Cd. Moreover, SpSIZ1 effectively reduces Cd accumulation in NHE. These findings suggest that SpSIZ1 mediates Cd tolerance in HE but does not contribute to the high Cd accumulation observed. Therefore, SpSIZ1 may play a role in reducing Cd accumulation in HE. In the future, the use of gene editing technology to directly knock out the SpSIZ1 gene in HE can help clarify the role of SpSIZ1 in Cd accumulation. This approach will contribute to elucidating the relationship between the SpSIZ1 and the characteristic of Cd hyperaccumulation in HE, resolving any potential contradictions that may exist. Since SpSIZ1 is localized in the nucleus, it may function as a signaling molecule, participating in both Cd accumulation and tolerance as independent traits. However, further investigations are needed to elucidate the specific mechanisms involved. In addition, related studies have found that the interaction between phosphate and Cd can lead to reduced Cd accumulation in rice (Chen et al., 2022). In our experiment, we used the standard Hoagland-Arnon solution (Arnon and Hoagland, 1940) and strictly controlled the consistency of phosphate concentration in the nutrient solution. However, it is unknown whether the SpSIZ1 gene is involved in the interaction between phosphate and Cd, which needs to be further elucidated in future studies. In addition, SIZ1 also plays a major role in phosphate starvation response (PSR) as it sumoylates PHOSPHATE STARVATION RESPONSE1(PHR1) (Miura et al., 2005), the master regulator of PSR genes. Therefore, more evidence is needed to demonstrate whether there is a relationship between phosphate, Cd and SpSIZ1.




4.4 The interaction between SpSIZ1 and SpABI5 is involved in plant Cd tolerance

SIZ1-mediated SUMOylation and ABA5-mediated ABA signaling have been shown to play roles in various biotic and abiotic stresses (Hendriks and Vertegaal, 2016; Zhu, 2016). This study discovered that SpSIZ1 and SpABI5 interact with each other and regulate plant Cd tolerance, establishing a significant connection between the ABA signaling pathway and Cd tolerance pathway. Previous studies have demonstrated that SIZ1-mediated SUMOylation modifies substrates and regulates the expression of related proteins (Hendriks et al., 2017). However, due to the challenges in genetic transformation of HE, this study only obtained materials related to SpSIZ1 and not SpABI5. Therefore, it remains unknown whether SpSIZ1 can SUMOylate SpABI5. Additionally, this study found that the interaction between SpSIZ1 and SpABI5 leads to the up-regulation of ABI5 and downstream stress-related genes, thereby regulating plant Cd tolerance. ABI5, as a key gene in the ABA signaling pathway, has been found to regulate plant responses to various stresses (Wang et al., 2021; Liu et al., 2023). However, further validation is required to determine whether SpABI5 directly participates in the regulation of plant Cd tolerance. In summary, we propose a model for the regulation of Cd stress by SpSIZ1, in which SpSIZ1 enhances plant tolerance to Cd stress through SpABI5-mediated signaling and up-regulates SpABI5 expression under Cd stress (Figure 6). Simultaneously SpSIZ1 interacts with SpABI5 to enhance its transcriptional activation activity towards target genes (Figure 6). Understanding the molecular regulatory mechanisms of Sedum plumbizincicola in Cd-contaminated environments not only enhances our knowledge of plant responses to Cd stress but also provides valuable insights for the development of advanced Cd remediation techniques and environmental protection strategies. By exploring the intricate pathways and genetic factors involved in Cd hyperaccumulation and tolerance, we can potentially utilize the unique properties of Sedum plumbizincicola to engineer plants with enhanced Cd uptake and sequestration capabilities, thereby facilitating the restoration of Cd-contaminated soils and safeguarding ecosystems.




Figure 6 | Proposed model for Cd tolerance orchestrated by the SpSIZ1–SpABI5 module.
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Phosphorus (P) is an essential macronutrient for maize (Zea mays L.) growth and development. Therefore, generating cultivars with upgraded P use efficiency (PUE) represents one of the main strategies to reduce the global agriculture dependence on phosphate fertilizers. In this work, genome-wide association studies (GWAS) were performed to detect quantitative trait nucleotide (QTN) and potential PUE-related candidate genes and associated traits in greenhouse and field trials under contrasting P conditions. The PUE and other agronomy traits of 132 maize inbred lines were assessed in low and normal P supply through the greenhouse and field experiments and Multi-locus GWAS was used to map the associated QTNs. Wide genetic variability was observed among the maize inbred lines under low and normal P supply. In addition, we confirm the complex and quantitative nature of PUE. A total of 306 QTNs were associated with the 24 traits evaluated using different multi-locus GWAS methods. A total of 186 potential candidate genes were identified, mainly involved with transcription regulator, transporter, and transference activity. Further studies are still needed to elucidate the functions and relevance of these genes regarding PUE. Nevertheless, pyramiding the favorable alleles pinpointed in the present study can be considered an efficient strategy for molecular improvement to increase maize PUE.
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Introduction

The significant increase in maize yield is mainly attributed to genetic improvement, crop management, and fertilizer use (Byerlee, 2020). On the other hand, the dependence of modern agriculture on mineral fertilizers is alarming. The excessive and indiscriminate use of fertilizers has caused severe environmental problems such as water eutrophication, soil acidification, and air pollution (Seleiman et al., 2021). More than 20 million tons of phosphate fertilizers are applied in agriculture annually, and the global demand will be ~25 million tons by 2050 (Bindraban et al., 2020). Moreover, phosphate rocks are a finite resource, and their global reserves could be depleted in the next 300–400 years (Glaser and Lehr, 2019).

In Brazil, agriculture is extremely dependent on imported phosphate fertilizers, and their use has increased over the years (Withers et al., 2018). Most Brazilian soils are high-phosphorus (P) fixing soils, intensely weathered and rich in (hydro)oxides of iron and aluminum (Rodrigues et al., 2021). Thus, large amounts of phosphate fertilizers are needed to overcome the rapid immobilization of inorganic P (Pi) in these regions. In addition, the expansion of Brazilian agricultural lands by the conversion of degraded pastures or native savannas (Cerrado region) will require considerable amounts of phosphate fertilizers (Withers et al., 2018). In this context, developing cultivars with greater P use efficiency (PUE) represents one of the main strategies to reduce Brazilian agriculture's dependence on phosphate fertilizers and reduce the demand for P input (Pavinato et al., 2020) as well as one step further into sustainability.

Plants have developed several adaptive mechanisms to enhance Pi availability in the soil, along with better uptake, translocation, and use under limiting conditions of this nutrient (Wang et al., 2019a, 2021). For instance, root exudation of phosphatases and organic acids is key in improving soil Pi availability (Wang and Lambers, 2020). Plants can also modify root system architecture to increase Pi uptake under P-limiting conditions (Iqbal et al., 2020). Moreover, high-affinity Pi transporters are abundantly produced under P-deficient conditions to raise Pi root uptake and redistribution within the plant (Wang et al., 2021). Additionally, several alternative metabolic pathways and lipid membrane remodeling play a leading role in redistributing Pi from senescent to developing tissues to allow maximum biomass production (Dissanayaka et al., 2021).

Among the molecular improvement methods, genome-wide association studies (GWAS) have been widely adopted to identify quantitative trait nucleotides (QTN) in various crops worldwide (Li et al., 2019a; Cortes et al., 2021). Because PUE is a highly complex trait, strongly influenced by the environment and controlled by several genes with minor effects (Parentoni et al., 2010; Mendes et al., 2014; Meirelles et al., 2016; Bernardino et al., 2019), the use of multi-locus GWAS methods is better suited to dissect the genetic architecture of this trait in plants (Zhang et al., 2019). Multi-locus GWAS methods rely on a random-SNP-effect model where no multiple correction test is required. There are generally two steps in these models. Initially, a reduced number of molecular markers is selected using different algorithms. These markers are then used in multi-locus models to distinguish true signals (Zhang et al., 2019). Recently, several multi-locus GWAS methods have been developed and have shown increased detection power and accuracy to estimate QTN effects when compared to single-locus GWAS methods (Zhang et al., 2020).

Many quantitative trait loci (QTL) have already been identified in maize for low P tolerance, mainly related to root architecture system and biomass accumulation during early development stages (Zhang et al., 2014; Sahito et al., 2020). On the other hand, few studies were carried out in the field. Among them, studies that quantified PUE and its components are even scarcer, focusing more on grain yield components (Xu et al., 2018) and on root system architecture (Gu et al., 2016; Wang et al., 2019). In this sense, the objectives of the present study were: i) to estimate the genetic variability in tropical inbred maize lines for PUE-related traits under contrasting P conditions, ii) verify possible correlations between the traits evaluated in the greenhouse and field, iii) detect genomic regions associated with PUE-associated traits, and iv) identify potential candidate genes to improve maize PUE.





Materials and methods




Genetic material

A total of 132 tropical maize inbred lines were evaluated, composed of 77 field corn and 55 popcorn lines from the Maize Breeding Program of the State University of Maringá (UEM), Maringá, Brazil. These inbred lines represent part of the genetic variability present in the main hybrids and varieties of field corn and popcorn cultivated in Brazil. Seed samples were obtained from the UEM Germplasm Bank and later multiplied in the 2017-2018 summer season to standardize seed germination. Information on the origin of the maize lines is presented in Supplementary Table 1.





Greenhouse trials

Inbred lines were evaluated under controlled conditions in a greenhouse at the Agronomy Department of the State University of Londrina (UEL) in Londrina, Paraná, Brazil (23°17'34”S, 51°10'24”W, and 550 m altitude) in September 2019. Two independent hydroponic systems were developed for low (2.5 μM) and normal P (250 μM) conditions using Magnavaca nutrient solution (Magnavaca et al., 1987). Each hydroponic system consisted of eight 28-L polyethylene boxes (58 × 40 × 16.5 cm). The hydroponic boxes were interconnected and connected to a 300-L reservoir, that is, the same nutrient solution ran throughout the entire system. The pH of the nutrient solution was maintained at 5.8 ± 0.2 and permanently aerated by a pressurizing water pump (Model Pl400P 40 MCA, Lorenzetti Ltda, Campinas, Brazil).

Seeds were disinfested by immersion in 95% ethanol solution (v/v) for 30 s followed by immersion in 5% H2O2 solution (v/v) for 10 min and six washes with sterile deionized water. The seeds were then placed on filter paper (GermtestTM, 24 × 33 × 0.02 cm) (Cienlab Ltda., Campinas, Brazil), moistened with distilled water, and placed in a growth chamber at a temperature of 27 ± 2°C and 70% relative humidity. Seven days after sowing (at development stage V1), uniform seedlings were selected and transplanted to hydroponic systems after removing the endosperm to eliminate seed reserves. The experiment was carried out using a completely randomized design with three repetitions. After 12 days of growth in nutrient solution (stage V2), the inbred lines root system was digitized in a 600 dpi image using an Epson L3110 scanner (Seiko Epson Corp., California, USA), and the root architecture traits were assessed using the GiaRoots software (Galkovskyi et al., 2012).





Field trials

Inbred lines were evaluated at the School Farm of UEL (23°17'34”S, 51°10'24”W, and 550 m altitude) during the 2018–2019 summer and 2019 fall/winter seasons. This region has a humid subtropical climate and soil classified as Dystroferric Red Latosol. Two distinct areas were selected to conduct the experiments under low and normal P conditions, carried out in the same areas during the two seasons. P (Mehlich 1) contents in the areas ranged from 4.87–5.11 mg dm3 (low P) to 17.32–19.32 mg dm3 (normal P). The soil physicochemical analyses and other traits of the experimental areas are presented in Supplementary Table 2.

The experiment was set in a randomized complete block design with three repetitions. Plots consisted of a 4 m long line, 0.45 m spacing between lines, and 0.20 m between plants. Two levels of phosphate fertilization were used in each environment, totaling four independent experiments. Before planting, normal P environments were fertilized with 120 kg P2O5 ha–1, 40 kg K2O ha–1, and 40 kg N ha–1, while low P environments only received 40 kg K2O ha–1 and 40 kg N ha–1. The topdressing nitrogen (N) fertilization was carried out using 180 kg N ha–1 applied at stage V6, while the other cultural practices were performed according to crop demand. At physiological maturation (stage R6), three uniform and representative plants from each plot were collected for phenotypic evaluations.





Phenotyping under greenhouse and field conditions

The detailed description of the 24 traits evaluated in the greenhouse and field experiments is presented in Table 1. To determine the P content in plant tissues, samples were oven-dried at 60°C for 72 h and milled in Willey-type knife mill MA340 (Piracicaba, São Paulo, Brazil). Then 0.1 g aliquots were digested in nitroperchloric solution (HNO3:HClO4) according to Malavolta et al. (1989). P content was determined by the molybdenum blue spectrophotometric method (Pradhan and Pokhrel, 2013), reading the samples in an Agilent 8453 spectrophotometer (Agilent Technologies, California, USA) at 660 nm.


Table 1 | Description of the 24 traits evaluated in 132 tropical corn lines under greenhouse and field conditions.







Deviance analysis and genetic parameters

Data were analyzed using the best linear unbiased predictor (BLUP) and restricted maximum likelihood (REML) methods by the software Selegen–REML/BLUP (Resende, 2016) and R version 3.6.0 (https://www.r-project.org) via the 'lme4' package. The deviance analyses (ANADEV) of the traits obtained from the greenhouse and field trials were carried out using the following mathematical models, respectively:

	

Where µ is the overall mean, Gi is the random effect of the i-th genotype, Pm is the fixed effect of the m-th level of P, GPim is the random effect of the genotype × P level interaction, and ϵim ~ N(0, σ²) is the random effect of the error associated with each experimental unit.

	

Where µ is the overall mean, Gi is the random effect of the i-th genotype, Bj/k/m is the random effect of the j-th block within the k-th season and within the m-th P level, Sk is the fixed effect of the k-th season, Pm is the fixed effect of the m-th P level, GSik is the random effect of the genotype × season interaction, GPim is the random effect of the genotype × P level interaction, SPkm is the fixed effect of the yield × P level interaction, GSPikm is the random effect of the genotype × yield × P level interaction, and ϵijkn ~ N(0, σ²) is the random effect of the error associated with each experimental unit.

The significance of the ANADEV random effects was verified by the likelihood ratio test (Resende, 2016). The heritability in the broad sense (h2) of the traits evaluated in the greenhouse and field were estimated, respectively, using the following formulas:   and  , where   is the genotypic variance,   is the variance of the genotype × season interaction,   is the residual variance, r is the number of repetitions in each season, and s is the number of seasons. The selective accuracy (Ac) was obtained as follows:  , where PEV is the variance of the prediction error of the genotypic values, and   is the genotypic variance.





Correlations and principal component analysis

Correlations between traits and principal component analyses (PCA) were performed using BLUP means. The significance of the estimates was verified using the t-test at a 5% probability level (α = 0.05). The correlation estimates were visualized using the correlation network approach. These analyses were performed by the 'qgraph' and 'ggbiplot' packages of the R software version 3.6.0.





Genotyping-by-sequencing

Genomic DNA was initially isolated from leaf tissues of inbred lines, as established by Coan et al. (2018). DNA samples were then sent to the Genomic Diversity Institute at Cornell University for genotyping-by-sequencing (GBS) according to the protocol described by Elshire et al. (2011). Sequencing was performed in the Illumina HiSeq 2000 sequencer (Illumina Inc., San Diego, USA). The sequences were deposited in the European Variation Archive (EVA) (GCF_902167145.1).

Sequencing data were analyzed using the Tassel 5.0 GBS v2 software (Glaubitz et al., 2014). The sequences obtained were aligned to the reference genome of Zea mays L. version AGPV3 (B73 RefGen v3) obtained from the MaizeGDB database (https://www.maizegdb.org). SNP markers quality control was performed using the VCFtools software version 0.1.15 (Danecek et al., 2011), removing the SNPs through the following criteria: i) non-biallelic, ii) minor allele frequency (MAF) less than 5%, iii) inbreeding coefficient less than 90%, and iv) missing data greater than 90%. Heterozygous SNPs were treated as missing data since the evaluated lines are highly inbred and, thus, these SNPs may come from sequencing errors. Missing data were imputed with the hidden Markov model (HMM) using the Beagle software version 5.0 (Browning et al., 2018). After filtering, a total of 273,775 high-quality SNPs were retained for subsequent analyses (Supplementary Figure 1).





Population structure and kinship matrix

The population genetic structure was inferred using the Bayesian clustering model through the software Structure version 2.3.4 (Pritchard et al., 2000) based on the method described by Evanno et al. (2005). One hundred thousand MCMC (Monte Carlo Markov chain) iterations, a burn-in period of 10,000 iterations, an admixture model, and correlated allelic frequencies were used. Subgroup values (ΔK) between one and ten were tested, with ten independent interactions for each K value. The ideal number of K was determined using the Structure Harvester software version 0.6.92 (Earl, 2012).

PCA was performed using the Tassel software version 5.2.48 (Bradbury et al., 2007). Additionally, the Euclidean distance between the inbred lines was calculated, and the UPGMA (unweighted pair group method using arithmetic averages) hierarchical grouping was performed. These analyses were performed using the R software version 3.6.0 via the packages 'SNPRelate', 'factoextra', and 'ggplot2'. The kinship matrix was calculated based on the centralized identity-by-state (IBS) method (Endelman and Jannink, 2012) using the Tassel software version 5.2.48 (Bradbury et al., 2007).





Linkage disequilibrium analysis

Linkage disequilibrium (LD) analysis was performed using the 'LDcorSV' package of the R software version 3.6.0. LD was estimated on all chromosomes simultaneously and individually. In addition to the conventional measure of r2, corrected r2 was estimated by: i) population structure (r2Q), ii) kinship matrix (r2K), and iii) population structure plus kinship matrix (r2QK) (Mangin et al., 2012). The results of the Bayesian clustering and IBS method were used to correct the population structure and kinship matrix, respectively, as presented above. LD was adjusted using the nonlinear regression method proposed by Hill and Weir (1988) using the nls function of the R software version 3.6.0. The LD decay was defined by the distance at which half of the maximum LD decayed (LD half decay). This estimate indicates the initial slope of the LD decay, and it was considered the most consistent in the comparative study conducted by Vos et al. (2017).





Multi-locus GWAS

For multi-locus GWAS analyses, least square means (lsmeans) estimated from the lsmeans function of PROC GLM in SAS software version 9.0 (SAS Institute, Cary, USA) were used. Multi-locus GWAS analyses were performed using eight datasets: i) 2018-2019 summer season at low P (LP_18), ii) 2018-2019 summer season under normal P (NP_18), iii) 2019 fall/winter season in low P (LP_19), iv) 2019 fall/winter season in high P (NP_19), v) combination of 2018–2019 and 2019 seasons in low P (LP_C), vi) combination of 2018–2019 and 2019 seasons under normal P (NP_C), vii) greenhouse at low P (LP_G), and vii) greenhouse in normal P (NP_G).

Five multi-locus GWAS methods implemented in the ‘mrMLM.GUI’ package (Zhang et al., 2020) of the R software version 3.6.0 were used: i) mrMLM (Wang et al., 2016), ii) FASTmrMLM (Tamba and Zhang, 2018), iii) FASTmrEMMA (Wen et al., 2018), iv) ISIS EM-BLASSO (Tamba et al., 2017), and v) pLARmEB (Zhang et al., 2017). The population structure (Q) and kinship matrix (K) were included in the tested models to minimize the identification of false-positive associations and increase the statistical analysis power. Critical values for significant associations were LOD (logarithm of odds) ≥ 3 (or P = 0.0002) for all methods. To obtain more accurate results, only the QTNs detected by at least three different methods were considered truly significant and, later, used in the search for candidate genes.





Favorable alleles

The QTNs detected had their favorable alleles identified, that is, the favorable alleles that cause positive effects on the traits. Then, a heatmap based on Ward's method and Euclidean distance was performed to group the inbred maize lines into clusters with different amounts of favorable alleles. In addition, box plots were made to verify if the pyramiding of these favorable alleles would result in higher PUE and its components. These analyses were performed using R software version 3.6.0. through the 'pheatmap' and 'ggplot2' packages.





Candidate genes

Candidate genes were selected based on the reference genome of Zea mays L. version AGPV3 (B73 RefGen v3) obtained from the MaizeGDB database (https://www.maizegdb.org). The search radius of candidate genes was established based on the results obtained from the LD half decay. The classical genes or those with known functions in maize were annotated using the MaizeGDB database. Additionally, the molecular functions of all candidate genes were annotated according to the Gene Ontology (GO) database (http://www.geneontology.org/).






Results




Deviance analysis and genetic parameters

The deviance analyses showed a significant effect (P ≤ 0.01) of genotype and genotype–P level interaction for all traits evaluated in the greenhouse trials (Table 2). Low P reduced all characteristics, except for PUtE_g, PUpE_g, and PUE_g. The reductions in these traits ranged from –4.8 (RD) to –65.0% (PS_g), while a high increase was observed for PUtE_g (161.9%), PUpE_g (169.6%), and PUE_g (678.9%) (Supplementary Figure 2). The estimates of h2 ranged from 0.55 (RV) to 0.74 (RD and RSA) at low P, while under normal P conditions, the estimates varied from 0.63 (RV) to 0.86 (RD). Ac values ranged from 0.74 (RV) to 0.86 (RD and RSA) and 0.86 (RV and SB_g) to 0.92 (RD and RSA) under low and normal P conditions, respectively.


Table 2 | Mean, standard deviation (SD), broad-sense heritability (h2), selective accuracy (Ac), and likelihood ratio test (LRT) for 24 traits evaluated under normal (NP) and low phosphorus (LP) conditions obtained in the greenhouse and field.



In the field trials, the deviance analyses presented significant triple interaction (P ≤ 0.05) between genotype–season–P level for EH, ED, EL, PS_f, HI, PUtE_f, and PUE_f. For genotype–P level interaction, significant effects (P ≤ 0.05) were observed for SB_f, EL, PS_f, HI, PUtE_f, PUpE_f, and PUE_f. All traits assessed showed significant effects of genotype (P ≤ 0.01) and genotype-season interaction (P ≤ 0.05). Low P led to reduced values for all evaluated traits, except PUtE_f, PUpE_f, and PUE_f. The reductions in trait values ranged from –4.8 (EL) to –37.5% (PHI), while PUtE_f (19.4%), PUpE_f (221.9%), and PUE_f (256.7%) increased greatly. The estimates of h2 ranged from 0.44 (HI) to 0.72 (PH) under low P and from 0.52 (PS_f) to 0.82 (EH) under normal P conditions. Ac values ​​ranged from 0.66 (HI) to 0.84 (PH) and 0.76 (PS_f) to 0.91 (EH) under low and normal P conditions, respectively.





Correlation and principal component analysis

The correlations among traits in the greenhouse and field are shown in Figure 1. In general, there was a greater correlation between the traits within than between the field and greenhouse trials. However, few differences were observed between low and normal P conditions, mainly due to the magnitudes of the correlation estimates rather than their direction. Strong positive correlations were observed between greenhouse traits under both P conditions, primarily root system-related traits, PUtE_g, and PUE_g. Under field conditions, high and positive correlation estimates were found for PH × EH, PUE_f × HI, PUE_f × PUpE_f, PUE_f × SB_f, PG × PHI, and PUpE_f × SB_f. Conversely, negative correlations were reported for PS_g × PUpE_g in the greenhouse under low and normal P conditions.




Figure 1 | Correlation network among 24 traits evaluated in 132 inbred tropical maize lines under low (A) and normal P (B) conditions obtained in field and greenhouse trials. A detailed description of the characteristics is presented in Table 1. Correlation network between 24 traits evaluated in 132 inbred lines of tropical maize under low (A) and normal P (B) conditions obtained in field and greenhouse trials. Respectfully, the green and red lines represent Pearson estimates positive and negative linear correlations and the thickness of the lines is proportional to the magnitude of the correlation.



PCA of low versus normal P, low P, and normal P conditions are shown in Figure 2. Together, the first two principal components (PC1 and PC2) explained 65.2% (low P), 70.5% (normal P), and 72.9% (low versus normal P) of the total existing variation. There was a clear distinction between low versus normal P, with PUE_g, PUE_f, PUtE_g, PUtE_f, PUpE_g, and PUpE_f vectors associated with low P, while the others were associated with normal P (Figure 2A). The field corn and popcorn lines showed distinct collective behavior under both P conditions. At low P, the field corn lines were associated with ED, SB_f, PUtE_f, PUpE_f, and PUE_f vectors, whereas the popcorn lines were mainly linked to the PH, EH, PG, and PHI vectors (Figure 2B). Under normal P, the field corn lines were associated with the ED, HI, SB_f, PUtE_f, PUpE_f, and PUE_f vectors, while the popcorn lines were primarily linked with the PH, EH, PG, PHI, and PS_f vectors (Figure 2C).




Figure 2 | Principal component analysis (PCA) of 132 inbred tropical maize lines evaluated for 24 traits in the greenhouse and field under low versus normal P (A), low P (B), and normal P (C) conditions. A detailed description of the characteristics can be found in Table 1.







Population structure

Based on the PCA, the first two components explained 19.27 and 2.54% of the total existing variation, respectively, and it is possible to observe a distinction between field corn and popcorn lines (Figure 3A). Similar results were found by the UPGMA and Bayesian groupings (Figures 3B, C). Bayesian analysis classified seven popcorn lines as admixture, with an ancestry coefficient lower than 0.6 for each subpopulation.




Figure 3 | Principal component analysis (A), dendrogram obtained by the UPGMA method (unweighted pair group method using arithmetic averages) through the Euclidean distance (B), and Bayesian clustering considering K = 2 (C) among 132 tropical maize lines using 273,775 SNP (single nucleotide polymorphism) markers.







Linkage disequilibrium analysis

LD showed rapid decay and exhibited variations within each chromosome (Supplementary Figure 3). Considering all chromosomes, the differences between uncorrected r2 (r2 = 0.16; LD half decay = 1.41 kb) and corrected population structure (r2K = 0.15; LD half decay = 1.27 kb) were small. On the other hand, r2 was affected by the corrections of the kinship matrix (r2Q = 0.07; LD half decay = 0.89 kb) and kinship matrix plus population structure (r2KQ = 0.07; LD half decay = 0.89 kb), presenting similar results (Supplementary Figure 4). Regarding individual chromosomes, Chr07 and Chr05 showed the fastest and slowest decay, respectively. From the results obtained from the LD half decay, the search distance for candidate genes was defined as ± 1 kb.





QTNs identified and method performance

The histograms of the lsmeans used to identify the QTNs are shown in Supplementary Figures 5, 6. A total of 5838 QTNs was discovered by the five different multi-locus GWAS methods evaluated (Supplementary Figure 7). The pLARmEB method (n = 1710) identified the highest number of QTNs, followed by the FASTmrMLM (n = 1604), ISIS EM-BLASSO (n = 1224), mrMLM (n = 756), and FASTmrEMMA (n = 544) methods. Among these QTNs, 810 were co-detected by two methods, 255 by three, 44 by four, and seven by five. On the other hand, 3242 QTNs were found by only one of the evaluated methods. Thus, only 255 QTNs were considered highly reliable, as they were co-detected by at least three methods and, consequently, were maintained in the present study (Supplementary Table 3).

The FASTmrMLM method was the most efficient (95.4%), as 292 of the 306 QTNs were detected by this method, followed by pLARmEB (94.1%), ISIS EM-BLASSO (85.0%), FASTmrEMMA (29.1%), and mrMLM (19.9%). The 306 QTNs discovered are distributed in the ten chromosomes (Chr) of maize, ranging from 15 (Chr08) to 60 QTNs (Chr01) (Supplementary Figure 8A). A greater number of QTNs was detected in the field trials (n = 227) compared to greenhouse trials (n = 79) (Supplementary Figure 8B). In the greenhouse, 35 and 44 QTNs were found under low and normal P conditions, respectively (Supplementary Figure 8C), whereas 118 (low P) and 107 (normal P) QTNs were detected in the field trials (Supplementary Figure 8D).

The 79 QTNs identified in the greenhouse were associated with RV (n = 3), PUpE (n = 4), PUE (n = 5), SB (n = 5), NR (n = 6), RD (n = 6), RL (n = 6), PS (n = 7), TB (n = 7), RSA (n = 8), PUtE (n = 9), and RB (n = 13) (Supplementary Table 3). The phenotypic variation explained (PVE) by these QTNs ranged from 0.01 to 16.31%. In turn, the 227 QTNs identified in the field were associated with PUE (n = 13), EL (n = 14), ED (n = 16), PG (n = 18), PH (n = 18), EH (n = 19), HI (n = 19), SB (n = 19), PUtE (n = 20), PUpE (n = 22), PS (n = 24), and PHI (n = 25) (Supplementary Table 3). The PVE by these QTNs varied from 0.01 to 18.62%.

A total of 16 pleiotropic QTNs were detected in the greenhouse (n = 10) and field (n = 6) trials (Table 3). In the greenhouse experiment under low P, pleiotropic QTNs were associated with SB–TB (S2_170934541), PUtE–RL (S4_198262446), and RL–RSA (S5_97898187 and S9_11783675). Furthermore, a pleiotropic QTN (S1_46130565) was detected in three characteristics (RSA, NR, and RL). Under normal P conditions, pleiotropic QTNs associated with PUtE–PS (S1_1159069), RB–TB (S1_151079747), RSA–TB (S3_225847941), and RB–RSA (S5_212662145) were revealed. Moreover, a highly pleiotropic QTN (S10_119011145) was found in four traits simultaneously (PUE, RB, SB, and TB). In the field trials under low P, pleiotropic QTNs were associated with PUE–PUpE (S3_190210784) and HI–PUE (S8_148017105). Under normal P conditions, pleiotropic QTNs were identified in PG–PH (S1_259083391), HI–PUE (S5_10594899), and ED–PUE (S7_7624808).


Table 3 | Pleiotropic QTNs identified in traits evaluated in greenhouse and field trials under low and normal P conditions.







Favorable alleles

The heatmap grouped the inbred maize lines into three distinct groups regarding favorable allele number (Supplementary Figure 9). Group 1 was composed of 41 lines, characterized by having the smallest number of favorable alleles in the field experiments, mainly under low P conditions. Groups 2 and 3 were formed by 36 and 55 lines, respectively. In general, the lines in group 2 had the highest numbers of favorable alleles in the greenhouse and field trials in both P conditions. On the other hand, group 3 lines had the lowest numbers of favorable alleles, mainly in the greenhouse experiments. In general, there was no distinction between popcorn and field corn lines concerning the accumulation of favorable alleles.

Considering only the favorable alleles related to PUE and its components, a gradual increase in these traits was observed by pyramiding these favorable alleles (Figure 4). Popcorn lines 17-P9-1-6 and 162-P1780 had the highest and lowest number of favorable alleles considering all traits, respectively (Figure 5). The 17-P9-1-6 line, considered P-efficient, presented 58.33% (field in normal P), 57.14% (field in low P), 62.16% (greenhouse in normal P), and 58.27% (greenhouse under low P) of the favorable alleles. On the other hand, line 162P1780, considered P-inefficient, presented only 32.18% (field in normal P), 31.45% (field in low P), 27.02% (greenhouse in normal P), and 24.13% (greenhouse under low P) of the favorable alleles.




Figure 4 | Pyramidization of favorable alleles in inbred maize lines evaluated for traits related to phosphorus utilization efficiency (PUtE), phosphorus uptake efficiency (PUpE), and phosphorus use efficiency (PUE).






Figure 5 | Percentage of favorable alleles of two contrasting maize inbred lines for P-efficiency in the field (A) and greenhouse (B) under low and normal P conditions. The root system of the 185-P9-1-6 and 162-P1788 inbred lines under low and normal P conditions (C).







Candidate genes

A total of 186 potential candidate genes distributed in all maize chromosomes were identified (Supplementary File 1). Among them, 45 have already been annotated as classical or known genes in the maize genome, 21 of which have functions related to transcription factor activity, while the others are mainly associated with transport and transferase activity. According to the GO annotation, the primary molecular functions of the candidate genes included transcription factor, transferase, hydrolase, catalytic binding, ATP binding, DNA binding, and nucleotide-binding activity. In addition, several molecular functions directly related to P molecules were also identified, such as activities of phosphotransferase, phosphatase, pyrophosphatase, calcium-dependent phospholipid binding, all-trans-nonaprenyl-diphosphate synthase, glucose-6-phosphate isomerase, phosphorelay sensor kinase, phosphorylative mechanism, phospholipid binding, and phosphoenolpyruvate carboxylase.






Discussion




Genotype-environment interaction and genetic parameters

Genotype–season–P level interaction was observed in most of the traits evaluated in the field, indicating that the differential behavior of genotypes depends on the combination of P levels and seasons studied. Additionally, there were more significant interactions between genotype–season compared to genotype–P level interactions, suggesting that season strongly influences the evaluated traits. In the greenhouse trials, there was a significant genotype-P level interaction for all characteristics, indicating that the differential behavior of genotypes also depends on the P level in early evaluations. The genotype–P levels interaction in maize has already been reported in several greenhouse and field studies, which confirms that studies related to PUE and its components should be carried out under specific P conditions (Xu et al., 2018; Sahito et al., 2020; Li et al., 2021).

The negative influence of low P on the characteristics evaluated in the greenhouse and field was already expected since P is an essential element for plant development, constituting key cell molecules such as ATP, nucleic acids, and phospholipids, in addition to acting in the central regulation of many metabolisms, including energy transfer, protein activation, and carbon and amino acids metabolic processes (Wang et al., 2021). In contrast, the lines showed higher PUE, PutE, and PUpE under conditions of low P availability. In general, plants present higher PUE under low P since, under high phosphate fertilization, part of this element is lost in erosive processes and/or made unavailable by adsorption and immobilization processes in the soil (Alewell et al., 2020).

Although PUE-related traits are complex and strongly influenced by the environment, the heritability and selective accuracy estimates obtained in the present study fell into moderate to high, indicating favorable conditions for improvement aimed at increasing PUE. Heritability is the central parameter of any breeding program, used to estimate selection response and explain the proportion of phenotypic variation due to genetics (Hallauer et al., 2010). In the present study, heritability estimates were higher under normal P than low P conditions. In general, stress conditions tend to reduce heritability estimates, mainly due to the increased environmental influence on plant phenotype (Vats, 2018). Xu et al. (2018), evaluating 11 PUE-associated traits in maize, also observed reductions in heritability estimates under low P compared to normal P conditions.





Correlation between traits

The existence of correlations among traits evaluated in the greenhouse and field trials would enable the early selection of genotypes with higher PUE. Unfortunately, however, no relevant correlations were observed between the traits evaluated in both trials, indicating that early selection in hydroponic systems may not be efficient in selecting plants with higher PUE under field conditions. Similar results were reported in other studies, suggesting that different genes and morphophysiological mechanisms act at different stages of plant development (Dissanayaka et al., 2018; Wang et al., 2019a). In fact, experiments in hydroponic systems or pots using nutrient solutions may present conditions that are very different from real field conditions since the environmental influence is much greater in the field than under greenhouse-controlled conditions (Araus et al., 2018).

P is relatively immobile in the soil, and its availability is greater at surface soil horizons, decreasing substantially at deeper soil horizons (Menezes-Blackburn et al., 2018). Thus, several studies have reported the importance of the maize root architecture system for higher PUE under field and greenhouse conditions (Jia et al., 2018; Klamer et al., 2019). The present study corroborated these results, showing a high correlation between the root-system-related traits (RB, RSA, RV, NR, and RL) with PUE in both P conditions under a hydroponic system. The indirect selection of PUE through root system traits is highly relevant in breeding programs, representing a faster and money-saving alternative, as it does not require laboratory analysis for P quantification. Further, high-yield phenotyping methods are already well established to characterize the root system of plants (Tracy et al., 2020).





Linkage disequilibrium

Linkage disequilibrium (LD) is the non-random association of alleles at two or more loci and plays a central role in association mapping analyses (Romay et al., 2013). In the present study, we observed a rapid LD decay. In addition, we also report differences in LD decay in relation to chromosomes and correction methods assessed, with LD decay being mainly affected by population structure. Several studies have reported rapid LD decay in maize, ranging primarily from 0.1 to 10 kb (Yan et al., 2009; Romay et al., 2013; Bennetzen et al., 2018; Coan et al., 2018). In addition to the different approaches to estimating LD and LD decay, LD estimates may vary depending on the genomic region and germplasm evaluated (Vos et al., 2017). In maize, tropical and subtropical germplasms have faster LD decay when compared to temperate germplasms, as they have greater genetic diversity and the presence of rare alleles (Yan et al., 2009; Romay et al., 2013).





Multi-locus GWAS methods

Multi-locus GWAS methods have been recently used to investigate the genetic basis of essential traits in several agricultural crops, such as maize (Lu et al., 2021), rice (Cui et al., 2018), bread wheat (Yang et al., 2020), soybean (Zhang et al., 2018), barley (Hu et al., 2018), and upland cotton (Su et al., 2018). In the present study, five different multi-locus GWAS methods were assessed. Among them, the FASTmrMLM and pLARmEB were the most efficient methods, as they detected more than 94% of the reliable QTNs in the present study, that is, QTNs co-detected by three or more methods. Although these methods present a combined two-step approach, the quantitative and qualitative differences in the identified QTNs are due to the different algorithms used in each method (Zhang et al., 2020). Thus, Zhang et al. (2019) suggested using combined results between the different methods of multi-locus GWAS to obtain more accurate results.





QTNs identified

The present study identified a large number of small effects QTNs, confirming the complex and quantitative nature of PUE in maize. Using small-effect QTNs associated with traits of interest represents a smart strategy in genomic selection (GS) approaches since the use of these QTNs alone can replace the need for high-density genotyping through random SNPs, thus reducing genotyping costs (Lan et al., 2020). Furthermore, GS models using only SNPs known to be associated with traits of interest showed greater prediction accuracy, as they had lower background noise (Ali et al., 2020). In addition to their use in GS, these QTNs may be promising for application in breeding programs aimed at pyramiding favorable alleles through marker-assisted selection (MAS) (Boopathi, 2020).

In a QTLome study for low P tolerance in maize under limiting phosphorous conditions, Zhang et al. (2014) identified 23 meta-QTLs, that is, genomic regions more likely to harbor candidate genes responsible for traits related to tolerance to low P and/or PUE. Among the 306 QTNs discovered in the present study, 20 are located within the ranges of 11 meta-QTLs. In another analysis of meta-QTLs, Guo et al. (2018) identified 53 meta-QTLs associated with the maize root architecture system in the presence and absence of abiotic stresses (water deficit, high temperature, and P and N deficiency). Among the 54 QTNs found in the present study to be associated with root traits, 10 are located within the ranges of eight meta-QTLs. Thereby, the location of QTNs in genomic regions known to be associated with traits and characteristics of interest reinforces the significance and relevance of the QTNs pinpointed in the present study.





Candidate genes

Among the 186 candidate genes detected in the present study, 45 have already been annotated as classical or known genes in maize. For instance, the GRMZM2G083841 gene (associated with PUpE in LP_G) codes for a phosphoenolpyruvate carboxylase, catalyzing the carboxylation of phosphoenolpyruvate to produce oxaloacetate and Pi, performing the primary fixation of atmospheric CO2 in C4 plants (Nimmo, 2003). The GRMZM2G140614 gene (associated with PUE in NP_C) encodes a glucose-6-phosphate isomerase, an essential enzyme in the oxidative pathway of pentose phosphate responsible for producing energy-rich cofactors and generation of carbon skeletons required for biosynthetic reactions (Yu et al., 2000). Interestingly, GRMZM2G307119 (associated with RV in NP_G) was initially related to the formation of spikelet meristems (Chuck and Hake, 2005). However, Jansen et al. (2013) revealed that this gene plays a fundamental role in developing lateral roots in maize. In turn, the GRMZM2G177792 gene (associated with PG in LP_C) has a peroxidase activity and has been associated with resistance to biotic stresses (Santiago et al., 2016; Musungu et al., 2020). In addition to these genes, three main mechanisms and pathways were discovered:

	Transcription regulator activity. Transcription factors regulate gene expression. Previous studies have reported that many of these factors trigger P stress response and/or PUE in maize (Calderon-Vazquez et al., 2008; Xu et al., 2018). Of the 45 classical or known genes identified in the present study, 21 (~46%) are classified as transcription factors. The GRMZM2G317160 gene (associated with PS in LP_19) is a member of the AP2-EREBP family of transcription factors and plays a significant role in abiotic stress response (Du et al., 2014). The GRMZM2G479760 gene (associated with HI and PUE in NP_C) belongs to the basic leucine zipper (bZIP) family. It regulates several phenomena during maize growth and development and participates in responses to abiotic stresses and hormonal signaling (Cao et al., 2019). GRMZM5G808366 (associated with HI in LP_18) belongs to the auxin response factor (ARF) gene family and has an elevated expression level under P stress conditions (Pei et al., 2013). In turn, the GRMZM2G073823 gene (associated with RB in NP_G) is already known as an important gene during maize root growth and development (Jiang et al., 2012; Li et al., 2019b).

	Transporter activity. Several specific and non-specific nutrient transporters have been reported in response to P deficiency stress (Shabala et al., 2016; Xu et al., 2018; Wang et al., 2021). GRMZM2G161459 (associated with PUtE at NP_18) encodes the transport peptide PTR2 that transports a broad spectrum of dipeptides and is involved in several pathways (Li et al., 2016a). GRMZM2G064467 (associated with PUE in LP_C) is involved in magnesium transmembrane transporter activity and responds to abiotic stresses (Li et al., 2016b). GRMZM2G455557 (associated with PHI in NP_C) encodes a plasma membrane H+-ATPase, creating electrochemical gradients for soil nutrient uptake by roots and is involved in additional solute xylem loading (Falhof et al., 2016). This gene has already been associated with N assimilation in maize (Plett et al., 2016), while other genes related to plasma membrane H+-ATPase have been identified in response to P deficiency (Yuan et al., 2017; Stein et al., 2019).

	Transferase activity. Transferases are enzymes that transfer functional groups from one molecule to another, catalyzing several reactions involving nutrient absorption, translocation, and storage. They also respond to abiotic stresses. Among the genes identified in this study, GRMZM2G104511 (associated with PUE in LP_18) encodes a protein from the O-fucosyltransferase family, physically interacting with proteins involved in cell division and responses to stress and hormones (Jia et al., 2013). This gene was differentially expressed in maize under water deficit (Zheng et al., 2020) and P conditions (Du et al., 2016). The GRMZM5G851405 gene (associated with PHI in NP_18) encodes a histone acetyltransferase whose function is to catalyze the acetylation of central histones by adding an acetyl group to the lysine residue in the terminal tail of histones. The regulation of histone acetyltransferases has already been associated with the phosphate starvation response in Arabidopsis thaliana (Wang et al., 2019b). As for GRMZM2G033767 (associated with PUtE in NP_G), it codes for a glycerol-3-phosphate acyltransferase, an enzyme that catalyzes an acyl group from an acyl donor to the sn-1 position of glycerol 3-phosphate and has great importance in regulating lipid biosynthesis (Murata and Tasaka, 1997). Finally, the GRMZM2G141810 gene (associated with PS in LP_19) encodes a tryptophan aminotransferase and is importantly related to nutrient storage functions in maize endosperm (Bernardi et al., 2012; Zhan et al., 2018).








Conclusion

Wide genetic variability was observed for PUE, and we confirmed its complex nature. On the other hand, we did not verify relevant correlations between traits evaluated in the greenhouse and field, indicating that early screening may not be efficient in selecting genotypes with higher PUE under field conditions. A total of 306 QTNs were associated with the 24 evaluated traits in the present study using different multi-locus GWAS models. From these QTNs, 186 potential candidates were identified, mainly involved with transcription regulators, transporters, and transference activities. Our study provides new insights into PUE genetic architecture and may serve as a basis for further functional investigation. In addition, the QTNs detected in this study can be used for pyramiding favorable alleles to develop maize varieties with higher PUE and, consequently, less dependent on phosphate fertilization.
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Organism  Inducing Function Upstream regulator or down- References
factor stream target
AtADF1 Arabidopsis Heat Negative regulator of heat tolerance Regulated by AtMYB30 Wang L. et al.,
2023
BrADFI1 Chinese Heat Negative regulator of heat tolerance NG Wang B. et al,,
cabbage 2023
AtADF5 Arabidopsis Cold Positive regulator of cold tolerance Regulated by CBF Zhang et al.,
2021
TaADF16 ~ Wheat Cold Positive regulator of cold tolerance Induces expression of cold-related genes Xu et al,, 2021
DaADF3 Antarctic Cold Positive regulator of cold tolerance NG Byun et al,,
hairgrass 2021
AtADF1 Arabidopsis Salt Positive regulator of salt tolerance Regulated by AtMYB73 Wang et al.,,
2021
SaADF2 Smooth Salt and drought Positive regulator of salt and drought NG Sengupta et al.,
cordgrass stress tolerance 2019
AtADF4 Arabidopsis Osmotic stress Negative regulator of osmotic tolerance Regulated by 14-3-3x Yao et al, 2022
AtADF7 Arabidopsis Osmotic stress Positive regulator of osmotic tolerance Inhibits expression of VLN1 Bi et al,, 2022
AtADF4 Arabidopsis Drought Positive regulator of drought tolerance Regulated by CKL2 Zhao et al,, 2016
AtADF5 Arabidopsis Drought Positive regulator of drought tolerance Regulated by DPBF3 Qian et al,, 2019
PeADF5 Populus Drought Positive regulator of drought tolerance Regulated by PeABF3 Yang et al., 2020
euphratica
OsADF3  Rice Drought Positive regulator of drought tolerance NG Huang et al,,

2012
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Parents F, population

DLS-161-1 DChBL-240 Minimum Maximum Skewness Kurtosis

Plant height (cm) 60 48.53 48.18 29.1 9.5 1.62 3.08
No of primary branches per plant 9.67 733 821 3 19 133 247
No of fruits per plant 180.33 15.00 78 22 470 4.6 29
Average fruit length (cm) 8.40 6.89 6.42 4.28 9.32 0.25 -0.17
Average fruit weight (g) 19.02 17.90 13.34 5.76 30.31 0.90 2.40
Fruit yield per plant (g) 269.06 49.87 88.26 13.85 377.6 2417 8.016
No of healthy seeds per fruit 65.33 75.00 57.07 19.67 104.7 0.210 2.258
100 seed weight (g) 033 0.30 0.33 0.1 0.49 <12 2.1
Leaf length (cm) 7.69 575 6.51 3.74 9.62 0.52 -0.33
Leaf width (cm) 2.10 1.60 224 1.62 343 0.68 1.03
Aspect ratio 0.28 0.28 0.35 0.23 0.5 0.30 0.46
Leaf area (cm?) 8.81 4.93 8.37 372 13.89 0.31 -0.95
Leaf perimeter (cm) 17.82 13.66 1547 9.08 22.99 0.37 -0.34
Fresh biomass (g) 490.67 36233 1763 38 977 3.119 14.73
Canopy temperature (°C) 33.09 3553 32.66 28.90 38.50 0.70 0.57
Canopy temperature depression (°C) 334 1.09 1.61 -1.90 6.30 0.29 -0.11
NDVI 0.84 0.76 0.69 0.34 0.8 -1.75 4.24
MSI (%) 65.99 55.67 59.18 22.14 76.69 -0.77 0.56
Stomatal density (number of stomata mm™?) 166.40 229.89 152.47 74.85 302.06 1 » 0.56
Pollen viability (%) 92.10 53.84 80.19 40.47 95.46 -131 1.91
Net photosynthetic rate (tmol CO,/m%/s) 20.73 1427 148 6.45 27.69 045 -0.44
Relative chlorophyll content (CCI) 46.47 34.90 58.88 23 115.6 0.77 0.12
Catalase activity (U/gm FW) 711.90 195.24 33242 50 1571.4 238 6.51
GPX activity (U/gm FW) 564.99 404.68 318.04 34.57 826.88 0.74 0.98

SOD activity (U/gm FW) 520.79 307.92 42528 11111 600 -1.05 3.10
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Plant system

Type of
WRKY

protein

Response to

salinity

Biochemical and physiological changes

References

Arabidopsis thaliana AtWRKY33 Enhances salinity Improved stress tolerance via increased seedling length, reduced oxidative Jiang and
tolerance in transgenic stress, as well as by preventing leaf chlorosis. Deyholos
Arabidopsis thaliana (2009)
Brassica campestris BcWRKY46 Enhanced salinity Enhanced stress tolerance by increasing seed germination, mediated signal =~ Wang et al.
tolerance in transgenic transduction, as well as by activating the expression of osmotic stress (2012a)
Nicotiana tabacum genes.
Dendronthemagrandiform = DgWRKY5 Improved salinity Improved stress tolerance via improvements to a number of growth Liang et al.
tolerance in transgenic characteristics, including root length, chlorophyll content, fresh weight, (2017)
Dendronthema and leaf gas exchange parameters as well as by reduced oxidative stress
grandiform. via upregulating the activity of antioxidant enzymes as well as the
expression of genes associated with stress.
Fagopyrumtataricum FtWRKY46 Enhanced salinity stress Enhanced stress tolerance by modulating the ROS clearance as well as the Ly et al. (2020)
tolerance in transgenic expression of stress-responsive genes.
Arabidopsis thaliana
Glycine max GmWRKY49 Improved salinity stress Enhanced stress tolerance by improving several growth parameters like Xu et al. (2018)
tolerance in transgenic germination rate, root length, survival rate, and rosette diameter by
Glycine max and reducing oxidative stress as well by regulating downstream stress-
Arabidopsis thaliana responsive genes.
Glycine max GmWRKY12 | Confers salt tolerance in | It confers salt stress tolerance by lowering oxidative stress, as evidenced Shi et al. (2018)
transgenic Glycine max by higher proline content and lower malondialdehyde (MDA) content in
transgenic lines
Glycine max GmWRKY54 | Improved salinity stress | Improved stress tolerance via regulated DREB2A and STZ/Zat10. Zhou et al.
tolerance in transgenic (2008)
Glycine max
Gossypium hirsutum GhWRKY68 Reduced salinity Sensitive to oxidative stress. Jia et al. (2015)
tolerance in transgenic
Gossypium hirsutum
Gossypium hirsutum GhWRKY17 Reduced salt tolerance The transgenic Nicotiana benthamiana overexpressing Gh WRKY17 Yan et al.
exhibited impaired stomatal closer and also modulate the antioxidant (2014)
defense mechanism.
Ipomoea batatas L. IbWRKY2 Increased salinity stress | Increased stress tolerance via reduced oxidative stress by increasing gene ~ Zhu et al.
tolerance in transgenic expression, associated with the ABA signaling pathway, proline (2020)
Arabidopsis thaliana biosynthesis, and ROS-scavenging system
Jatropha curca JeWRKY Improved salt stress Improved stress tolerance via improvement in several growth parameters Agarwal et al.
tolerance in transgenic such as increasing germination potential, membrane stability, as well as (2016)
Nicotianata tabacum L. by reducing oxidative stress via improved activity of antioxidant enzymes.
Malus baccata (L.) Borkh = MbWRKY5 Increases salinity Increased stress tolerance by reducing oxidative stress via improving Han et al.
tolerance in transgenic activity of antioxidant enzymes as well as increased expression of stress- (2018)
N. tabacum var. Xanthi responsive genes.
Malus domestica MdJWRKY30 Improved salinity stress Improved stress tolerance via transcriptional regulation of stress-related Dong et al.
tolerance in transgenic genes. (2020)
Arabidopsis thaliana.
Malus domestica MdWRKY100 | Enhances salinity Improved stress tolerance via reduced oxidative stress. Ma et al. (2021)
tolerance in transgenic
Malus domestica
Malus xiaojinensis MxWRKY55 Improved salinity It enhances tolerance to stress by increasing proline and chlorophyll Han et al.
tolerance in transgenic content. Improving the antioxidant defense system, which reduced (2020)
Arabidopsis thaliana malondialdehyde content
Oryza sativa OsWRKY72 Increased susceptibility Exogenous application of ABA and NaCl induced OsWRKY?72 expression Song et al.
to salinity stress in in rice under salinity stress and improved the salt tolerance in rice by (2010)
transgenic Arabidopsis upregulation of OsWRKY72
thaliana and salt
sensitivity in Oryza
sativa.
Pennisetum glaucum PgWRKY33/ It enhances salt tolerance | PgWRKY62 was significantly unregulated in salt-treated pearl millet Chanwala et al.
62 in pearl millet plants. Differential expression pattern in response to salinity stress in (2020)
various tissue such as leaf, stem, and root.
Phyllostachys edulis PeWRKY83 Enhanced salinity stress It improves stress tolerance by regulating the stress-induced synthesis of Wu et al.
tolerance in transgenic ABA. (2017)
Arabidopsis thaliana
Populus alba PagWRKY75 Negatively regulate salt PagWRKY75 reduces the ROS scavenging ability and proline Zhao et al.
stress in Populus alba accumulation under various stresses, and positively regulates the water (2019)
loss rate of leaves. Thus, PagWRKY75 can negatively regulate salt and
osmotic tolerance by altering various physiological processes.
Solanum lycopersicum L. | SIWRKYS Mediates salt stress Mediate salinity stress tolerance by reducing oxidative stress via increased  Gao ct al.
tolerance in transgenic S. | activity of antioxidant enzymes. (2020
lycopersicum L.
Triticum aestivum L. TaWRKY2/19 | Improved salinity Improved stress tolerance by regulating downstream stress-responsive Niu et al.
tolerance in transgenic genes. (2012)
wheat
Triticum aestivum L. TaWRKY93 Enhanced salinity stress It enhances salinity tolerance by enhancing osmotic adjustment, and Qin et al.
tolerance in transgenic regulates transcription of stress-responsive genes. (2015)
Arabidopsis thaliana
Vitis pseudoreticulata VpWRKY3 Improves salinity VpWRKY3 is involved in abscisic acid signal pathway. Zhu et al.
tolerance in transgenic (2012)
N. tabacum
Vitis vinifera VvYWRKY30 Improves salinity Controlling the scavenging of reactive oxygen species as well as Zhu et al.
tolerance in transgenic accumulating osmoprotectants. (2019)
Arabidopsis thaliana
Zea mays ZmWRKY17 Increased susceptibility Increased susceptibility to salinity stress via regulation of stress-responsive  Cai et al. (2017)

to salinity stress in
transgenic A. thaliana

genes.
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Continent Salt-affected area (mha)

Saline soils Sodic soils

Africa 1229 86.7 209.6
‘ Australasia 17.6 340.0 357.6
‘ Mexico/Central America 20 - 20
‘ North America 6.2 9.6 158
‘ North and Central Asia 91.5 120.2 2117
‘ South America 69.5 59.8 1293
‘ South Asia 823 18 84.1
‘ Southeast Asia 20.0 - 20.0

Total 412.0 618.1 1,030.1
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Plant systems Number of WRKY TFs Number of WRKYs in different subgroups Reference
(ungrouped WRKYs)

Group  Group Il Group Il
|
lla llb llc llla lllb

Actinidia deliciosa 97 25 4 8 25 10 13 12 Jing and Liu (2018)
(Actinidia spp.)

Arabidopsis thaliana 72 14 3 8 18 7 1 5 8 Li et al. (2014)

Arachis duranensis 75 16 4 10 18 7 7 13 Song et al. (2016)
Arachis ipaensis 77 14 1 0 18 7 9 15 Song et al. (2016)
Artemisia annua 122 (5) 26 8 10 18 16 10 29 De Paolis et al. (2020)

Beta vulgaris 58 11 3 7 15! 7 8 % Wu et al. (2019)
(Sugarbeet)
Brachypodium 86 (2) 15 3 6 21 6 10 23 Tripathi et al. (2012)
distachyon
Brassica napus 287 (5) 80 11 | 34 55 28 30 44 He et al. (2016b)
Camellia sinensis (Tea) 50 13 4 3 12 6 5 6 Wu et al. (2016)
Cicer arietinum 78 (4) 13 5 11 16 6 12 11 Kumar et al. (2016)
(Chickpea)
Coffea canephora 49 10 3 6 15 6 4 5 Dong et al. (2019)
Corchorus capsularis 43 9 2 7 7 6 6 6 Zhang et al. (2020)
(Jute)
Cucumis sativus 62 11 8 9 12 7 8 7 Govardhana and Kumudini
(Cucumber) (2020)
L
Dendrobium officinale 63 (11) 14 4 3 9 6 6 10 He et al. (2017)
(Orchid)
Glycine max (Soyabean) 188 32 14 33 42 21 20 26 Yu et al. (2016a)
Glycyrrhiza glabra 82 17 61 4 Goyal et al. (2020)
Glycyrrhiza uralensis 54 5 37 12 Goyal et al. (2020)
Gossypium aridum 109 17 7 15 30 15 13 12 Fan et al. (2015)
Hevea brasiliensis 81 16 6 11 17 9 8 12 2 Li et al. (2014)
(Rubber)
Hordeum vulgare 45 8 4 1 11 5 3 13 Mangelsen et al. (2008)
(Barley)
Ipomoea batatas (Sweet 79 16 5 10 | 21 7 10 10 Qin et al. (2020)
potato)
Malus domestica 127 (13) 23 8 27 13 13 16 14 Meng et al. (2016)
(Apple)
Manihot esculenta 85 17 5 14 20 8 9 12 Wei et al. (2016)
(Cassava)
Medicago sativa 107 20 5 13 27 8 16 18 Mao et al. (2020)
(Alfalfa)
Medicago truncatula 98 (7) 16 5 11 18 7 16 18 Kumar et al. (2016)
Morus notabilis 54 (1) 10 9 2 10 12 1 9 Baranwal et al. (2016)
Oryza sativa 98 17 4 8 16 /4 1 8 26 Li et al. (2014)
Pennisetum glaucum 97 12 3 8 20 5 16 33 Chanwala et al. (2020)
(Pearl millet)
Phaseolus vulgaris 90 (2) 16 5 14 22 7 11 13 Wang et al. (2016)
(Bean)
Populustrichocarpa 100 (1) 22 5 9 27 13 13 10 Jiang et al. (2014)
Prunuspersica (Peach) 58 10 3 8 15 7 7 8 Chen et al. (2016)
L
Ricinus communis 47 9 3 10 12 3 5 5 Li et al. (2012)
(Castor bean)

Saccharum spontaneum 154 (5) 17 6 12 40 11 12 51 Li et al, (2020b)
Salix suchowensis 85 19 4 8 23 13 11 7 Bi et al. (2016)
Solanum lycopersicum 81 (3) 15 5 8 16 6 17 11 Huang et al. (2012)

\
Solanum tuberosum 79 13 5 6 18 74 16 14 Zhang et al. (2017)
(Potato)
Sorghum bicolor 94 (2) 11 4 8 20 6 12 31 Baillo et al. (2020)
(Sorghum)
Theobroma cacao 61 (3) 10 3 8 17 6 6 8 Silva Monteiro de Almeida
et al. (2017)
Triticum aestivum 171 30 11 7 50 17 10 45 Ning et al. (2017)
Vitis vinifera 59 (2) 12 3 8 16 6 6 6 Wang et al. (2014)
(Grapevine)

Zea mays (Maize) 136 27 7 11 29 14 17 31 Wei et al. (2012)
Ziziphus jujuba 61 in Junzao variety 10 3 10 14 5 8 11 Chen et al. (2019)
(Chinese jujube)

52 in Dongzao variety 10 2 8 12 3 5 12






OPS/images/fpls.2023.1232800/table3.jpg
LG Name Number of polymorphic Map Length (cM) = Avg marker Distance* (cM) Gaps Largest gap (cM)

markers (=10cM)

LG 1 507 200.766 04 2 15.688
LG2 389 201132 052 0 . 8.187

LG3 437 221313 0.51 ‘ 3 22404
LG4 518 221277 043 2 36.246
LG5 408 170.653 042 1 12,569
LG 6 372 177.172 048 1 14.56

LG7 740 167.903 ‘ 023 0 5258

LG8 121 157.767 13 1 . 15128
LG9 652 168.781 026 0 5.095

LG 10 620 196.6 032 2 12,669
LG 11 540 191.795 036 0 6765

LG 12 502 220.113 044 1 11793
Total 5806 2295.272 0.395% 13

*Avetige marker distatice.
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QTL Chr. Position Left coordi- Right coordi-

st No. (cM) nates nates
Plant height qPH3.1 3 116 chr03:228825976 chr03:258426176 6.71 12.16 -9.07 -9.21
qPH4.1 4 106 chr04:153730463 chr04:211549203 3.30 6.70 -7.52 -7.00
qPH5.1 5 36 chr05:165020938 chr05:185659309 4.34 8.42 -8.62 -0.87
qPH6.1 6 100 chr06:127459366 chr06:145955564 4.11 5.08 -4.63 -5.02
No of primary branches per qPBI1.1 1 41 chr01:9097490 chr01:114137358 3.69 4.05 1.97 -1.82
Rl qPB8.1 8 49 chr08:128457406 chr08:138725903 3.63 5.57 -2.54 -2.83
qPB8.2 8 64 chr08:126532553 chr08:128457311 3.16 4.51 -2.04 -1.62
gqPBI11.1 11 15 chr11:29206884 chr11:29291625 5.23 4.98 -2.08 -2.13
No of fruits per plant gFNI.1 1 58 chr01:100691693 chr01:297159663 5.76 5.54 -87.00 -87.57
gFN2.1 2 134 chr02:123158018 chr02:154683272 4.97 5.56 135.36 -131.87
qFN3.1 3 157 chr03:227279262 chr03:267431659 6.24 6.21 104.98 -99.65
qFN4.1 4 197 chr04:226714713 chr04:239099000 4.91 6.55 123.36 -115.02
qFNI12.1 12 173 chr12:7371235 chr12:84519240 6.67 5.81 135.36 -122.75
Average fruit length qFL1.1 1 142 chr01:69060305 chr01:251074931 299 10.67 0.66 -0.36
qFL7.1 7 102 chr07:122455178 chr07:158228179 3.04 10.28 -0.69 0.20
qFL9.1 9 112 chr09:6159117 chr09:149488716 265 9.99 -0.69 -0.32
Average fruit weight qAFW4.1 4 110 chr04:207893071 chr04:227669497 2.53 13.25 0.70 -3.50
qAFW6.1 6 145 chr06:99129619 chr06:109077824 553 12.74 -0.75 -3.24
qAFWI2.1 12 165 chr12:5685432 chr12:250386325 3.16 9.55 -0.19 3.14
Fruit yield per plant qFYP2.1 2 0 chr02:842116 chr02:151061854 4.97 6.86 -3.70 40.13
qFYP4.1 4 36 chr04:9681251 chr04:195013303 6.46 9.09 -9.22 -42.34
qFYP4.2 4 69 chr04:28643047 chr04:30102234 1117 19.39 333 66.46
qFYP4.3 4 144 chr04:153731774 chr04:226583841 6.38 11.92 -40.09 -15.78
No of healthy seeds per fruit qNS$3.1 3 216 chr03:237685033 chr03:279265122 4.07 15.99 11.96 0.96
qNS§4.1 4 40 chr04:9214630 chr04:15638957 2.60 7.56 -6.13 7.82
100 seed weight qHSW8.1 8 84 chr08:31086 chr08:80486771 2.85 4.37 0.04 0.06
Leaf Length qLLL1 1 75 chr01:23311210 chr01:49327038 2.98 13.17 0.59 -1.06
qLL6.1 6 71 chr06:2951229 chr06:213065458 3.00 12.75 0.78 -0.82
Leaf Width qLW4.1 4 192 chr04:2403376 chr04:227029990 3.52 9.16 0.15 027
qLW6.1 6 71 chr06:2951229 [ chr06:213065458 3.21 9.33 0.17 -0.25
Aspect ratio qARL1 1 160 chr01:168440566 chr01:283920656 3.21 10.00 -0.02 -0.06
qAR7.1 7 159 chr07:2928161 chr07:240018043 2.73 7.00 0.01 0.04
Leaf area qLA3.1 3 138 chr03:204491094 chr03:272755446 6.94 14.84 0.04 235
qLA4.1 4 196 chr04:2403269 chr04:226714713 10.12 13.99 0.01 228
qLA10.1 10 116 chr10:25207950 chr10:208984690 8.08 11.21 0.53 201
Leaf Perimeter qLP6.1 6 71 chr06:2951229 chr06:213065458 3.09 13.86 1.69 -1.86
Fresh biomass qFBW9.1 9 137 chr09:13835832 chr09:268012359 7.03 13.11 -308.84 | -258.10
qFBWI12.1 12 173 chr12:7371235 chr12:84519240 2.57 9.95 217.87 -207.15
Canopy temperature qCT4.1 4 158 chr04:195179704 chr04:226029056 321 8.70 0.88 -1.67
qCT9.1 9 112 chr09:6159117 chr09:149488716 3.02 7.87 0.90 -1.93
Canopy temperature qCTD3.1 3 45 chr03:6738161 chr03:174835919 2.85 744 -0.35 -1.44
depression
qCTDI11.1 11 45 chr11:27469918 chr11:256631263 2.65 10.35 -0.71 132
qCTD11.2 11 104 chr11:10802420 chr11:129219296 2.54 10.30 0.56 -1.40
NDVI gNDVI2.1 2 182 chr02:116676608 chr02:134754524 4.32 9.66 0.10 0.12
gNDVI5.1 5 119 chr05:6752814 chr05:208589996 2.56 732 -0.05 0.08
qNDVI9.1 9 92 chr09:4935358 chr09:28634532 3.77 6.70 -0.06 0.04
MSI qMSI5.1 5 69 chr05:43636477 chr05:61406108 3.28 17.26 571 8.44
Stomatal density qSD1.1 1 103 chr01:124930456 chr01:197105757 4.54 8.78 -55.71 -37.12
qSD5.1 5 38 chr05:165020996 chr05:206873382 4.24 9.00 -33.33 -55.74
qSD9.1 9 147 chr09:251042337 chr09:257303964 6.84 12.03 32.80 -63.73
4SD10.1 10 84 chr10:63366443 chr10:82603097 2,51 7.77 -35.40 -40.71
qSD10.2 10 93 chr10:39682723 chr10:170921799 2.60 831 -41.95 -3291
Pollen viability qPV8.1 8 51 chr08:82857732 chr08:138725918 2.82 8.08 -4.08 4.52
qPV8.2 8 109 chr08:97300103 chr08:126527112 3.27 8.70 -0.31 8.19
Relative chlorophyll content qCCI1.1 11 4 chr11:29283054 chr11:52519047 4.88 10.48 -15.14 -24.31
Catalase activity qCAT2.1 2 173 chr02:123575456 chr02:154683149 7.03 5.26 357.17 -354.08
qCAT3.1 3 97 chr03:227563714 chr03:228825966 9.02 5.69 -473.71 | -500.14 ‘
qCAT4.1 4 208 chr04:1945828 chr04:231726301 9.39 6.83 -438.58 | -54591
qCATS5.1 5 22 chr05:2285820 chr05:204516579 5.09 6.56 471.87 -482.30
qCAT7.1 7 22 chr07:13825928 chr07:34340709 7.99 6.25 523.37 -476.75
GPX activity qGPX9.1 9 112 chr09:6159117 chr09:149488716 3.00 732 40.62 -159.99
qGPX10.1 10 80 chr10:161376186 chr10:233156545 2.54 8.67 53.57 -142.60
SOD activity 4SOD10.1 10 27 chr10:216833389 chr10:216895557 3.90 9.18 -5.48 64.81
4qS0D10.2 10 77 chr10:72470778 chr10:83955960 2.54 10.75 -42.39 40.57

QTLs in bold are major QTLs (R*>10%); CI, Confidence interval ; PVE, Phenotypic variance explained; AE, Additive effect; DE, Dominance effect.
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Left and Right  Left coordi-  Right coor- QTL Size

Traits :
cl (cM) nates dinates (Mb)
Plant height qPH3.1 3 1155-1165 chr03:228825976 | chr03:258426176 671 | 1216 907 | -921 29.60
gFLLI 1 1415-142.5 chr01:69060305  chr01251074931 299 | 10.67 066 | -036 18201
Average fruit length
gFL7.1 7 1015-1025 chr07:122455178 | chr07:158228179 304 | 1028 069 | 020 3577
qAFW4.1 4 10951105 chr04:207893071 | chr04:227669497 253 | 1325 070 | -3.50 1978
Average fruit weight
GAFWG.1 6 14451455 chr06:99129619  chr06:109077824 553 | 1274 -0.75 | -324 9.95
qFYP4.2 4 68.5-69.5 chr0428643047 | chr04:30102234 | 1117 | 1939 333 | 6646 146
Fruit yield per plant
qFYP4.3 4 14351445 chr04:153731774 | chr04:226583841 638 | 1192 -40.09 | -1578 7285
No of healthy seeds 0.96 4158
: qNS3.1 3 2115-221 chr03:237685033 | chr03:279265122 407 | 1599 1196
per fruit
qLLLI 1 745755 ch0123311210  chr01:49327038 298 | 1317 059 | -106 2602
Leaf Length
qLLG.1 6 705715 ch06:2951229 | chr06:213065458 300 | 1275 078 | -0.82 210,11
qLA3.1 3 13751385 chr03:204491094  chr03:272755446 694 | 1484 004 | 235 6826
Leaf area qLA4.1 4 195.5-196.5 042403269 | chr04:226714713 1012 | 1399 001 228 2431
qLA10.1 10 1155-1165 chrl0:25207950  chrl0208984690 808 | 1121 053 201 18378
Leaf perimeter qLP6.1 6 705715 chr06:2951229 | chr06:213065458 309 | 1386 169 | -1.86 210,11
Fresh biomass qFBWO.1 9 1365-137.5 chr09:13835832 | chr09268012359 | 7.03 | 1311 | -308.84 | 25810 25418
Canopy t tw 132 22016
AROPYIEmPEANE | yerpiel | mr 445455 chrl1:27469918 | chrl1256631263 = 265 | 1035 071
depression
¢CTDIL2 | 11 1025-104.5 chrl1:10802420  chrl1:129219296 254 | 1030 056 | -140 11842
MSI qMSI5.1 5 68.5-69.5 chi05:43636477 | chr05:61406108 328 | 17.26 571 844 17.77
Stomatal density qsD9.1 9 1465-147.5 chr09:251042337 | chr09:257303964 684 | 1203 3280 | -6373 626
Relative chlorophyll 2431 2324
ERENE CRORRS | woena 1 2545 chrl1:29283054  chrl1:52519047 | 488 | 1048 | -15.14
content
SOD activity gsop10.2 10 765775 chr10:72470778 | chrl0:83955960 | 254 | 1075 | 4239 | 4057 1149

Cl, Confidence interval; LOD, logarithm of the odds; PVE, Phenotypic variance explained; AE, Additive effect; DE, Dominance effect.





OPS/images/fpls.2023.1238507/crossmark.jpg
©

2

i

|





OPS/images/fpls.2023.1232800/table2.jpg
Number of Read length = Total data in

reads (bp) GB
P, (DLS-161- 2088138 151 0.631
1)

P, (DChBL- 1353044 151 0.409

240)

91 F, 219121675 151 66.175
population

Total ‘ 222.5629 million 67.215






OPS/images/fpls.2024.1382121/fpls-15-1382121-g002.jpg
A 50 uM

= 10 uM

e OpuM

OE-2

NHE

< (3] N - o
Am::m_av_ou:m_oicmo._"_






OPS/images/fpls.2024.1382121/fpls-15-1382121-g001.jpg
14 SAP domain 45

] :{VAIFRVKELKDILTQLGLSKQGKKQINL I DRI LIBIT,
X V&R IKELKDVLTQLGLSKQGKKQIL VDRI Ll |

114 PHD Bye1p SIZ1 like domain 165
RCLCGNSM © WO HVEICIAT T PlaiK PIGYD P PIgPIINF Y CEIC
SO C*ILPRP NP PP YCETIC

409

AtSIZ1

Ponceau S

The relative

NHE OE-1 OE-2 OE-3






OPS/images/fpls.2024.1382121/crossmark.jpg
©

2

i

|





OPS/images/fpls.2024.1324085/fpls-15-1324085-g012.jpg
Sugarcane aphids

]
g Cellmembrane ‘A m -/‘:,
2 cytoplasm mQA A
g / // \\
8o z 2
v Pis
R-genes f‘? p L,
Ce-NBs-LRR - 8 B

c
2 Chloroplast
t
3
T
w
c
4
s
]
c
o
g 1

v i !

Phenylalanine !

S PAL T
[} N —_—— —r——
g . - = ! ~ Quieus
2 SA - v ~
g S
'S 7

3 ([ Nors | WRKY | MYB || HD-zZip
&
']
[=}

Celldeath Cell wall strengthen





OPS/images/fpls.2024.1324085/fpls-15-1324085-g011.jpg
BTx623 +JA

vx2783+Control

<
%)
+
o
N
Nel
=
T,,,
aa)

800

s8uneu aSeweq

w < o~
o
oaH
©
©
o o o
o o o
o < ~N
unod piydy
Q
Qo
Qo

n (=] wn
Lal -

Jaguinu Ayljeyow jueld

JA SA Tx2783

BTx623

Control

SA Tx2783

JA

Control

BTx623





OPS/images/fpls.2024.1324085/fpls-15-1324085-g010.jpg
A oM Sobic005G190800 Sl -0 B
NLS  Sobic.004G019400 g .

NAD(P)H Sobic.004G185100 * = ;H s GST Sobic.009G043700 Sl -0
MDH  Sobic.004G303800 = || o 0 GST Sobic.005G212700 -
MDH  Sobic.001G043000 s 5 GST Sobic.003G426400 5
GGPS  Sobic.003G111500 . M 1 GST  Sobic.003G426200 T
gg;g ﬁ!c-ggggggg% [ T GST  Sobic.003G425850 ;l 5
GERD Sobi6007G034700 GST 1Sohlo. 0036254600 smo
GERD  Sobic.005G130100 — 5T Sobic.0036154500
GERD Sobic.001G173000 - GST  Sobic.002G361100 =
GA3ox Sobic.003G045900 GST Sobic.001G412700
GA20x  Sobic.009G196300 GST Sobic.001G319500 -

GA20x Sobic.009G053700 GST Sobic.001G318700 -
GA20x Sobic.003G300800 | GST Sobic.001G318500

GA200x Sobic.003G379500 GST Sobic.0016318200 ==
e-KS Sobic.006G211400 GST Sl 0016318000

DHODS  Sobic.002G298400 c.001G31800

DHDDS  Sobic.002G130000 GST Sobic.001G317600

4CL Sobic.004G272700 - GST Sobic.001G317200
4CL Sobic.001G189300 e GST Sobic.001G066000
4CL Sobic.001G187000 S oos el 120l 3001 Bonl el 124l
3dpi GGpaT X;d%pé 31241@ 3dpi ng_all_xsszdgx 12dpi Tx2783 BTx623
[WisTx623 JjTx2783
c D GERD (Sobic.001G173000) GERD (Sobic.009G009300)
4 a *k
MYB Sobic.008G131400 = Sl -0 *%
MYB ic.008G055700 8 5
MYB  Sobic.006G199800 s 0 S
MYB  Sobi I G, 2
MYB % I 10 E. 7
MYB g 32
MYB @
MYB 2
MYB g
MYB Sobic.001G027500
MBF1 ic.010G178500 1 I

MADS-box Sobic.010G261800 °
HSFF ic.004G101400 _ _ N
HSFF  Sobic.003G226800 -] 0 dpi 3 dpi 6 dpi
HSFF ] =]

HD-ZIP 010G078700
HoZiP sohcotoccsoioo] | NN EEN  EEEEEN ) 5 . MYB (Sobic.0016397900)
HDZIE: Sohie 0070152300 _?==1 4 . MYB (Sobic.002G423300) e
*
GBF Sobic.003G244100 L .

EREBP Sobic.007G077100
EREBP Sobic.007G077001

EREBP
EREBP - "
EREBP Sobic.001G473900 2 °
AP2 Sobic.010G202700
3dpi_6dpi9dpi 12dpi 3dpi 6dpi 9dpi 12dpi
Tx2783 BTx623
0

Odpi 3dpi  6dpi 3





OPS/images/fpls.2024.1324085/fpls-15-1324085-g009.jpg
A B

4-coumaroyl CoA + 3 malonyl CoA FLAVONOLS R —
ic.( oMl -0
KAEMPFEROL QUERCETIN Eil Sabie 004GH0TH0G El e
naringenin chalcone DFR Sobic.004G050200 i
Lo T- tas DFR  Sobic 0036230900 im s
F3H e — CHS Sobic.007G170400 )
naringenin——» dlhvdrokaemnferol ii—l———m&gmﬂ CHS Sobic.007G058900 7
CHS Sobic.005G137200
i i CHS Sobic.005G137000
PROANTHO- « '-i'i@%ﬁ'-@ﬂ’m eucocyanicin CHS  Sobic.0056136300
CYANIDINS ANS l ANS CHS Sobic.005G135800
pelargonin cyanidin CHS  Sobic.002G020100
l UFGT l UFGT ANR Sobic.006G227000
9dpi 12dpi 3dpi 6dpi 9dpi 12dpi
PELARGONIN CYANIDIN Tx2783 BTx623
3-GLUCOSIDE 3-GLUCOSIDE
ANTHOCYANINS
& [MisTx623 [ Tx2783
4 CHS (Sobic.005G136300) 6 , CHS (Sobic.007G170400) 4 , FLS (S0bic.004G310100) - 41 ANR (Sobic.006G227000)

* %k

*

Relative expression






OPS/images/fpls.2024.1324085/fpls-15-1324085-g008.jpg
p-coumarate = = = === = = = - =

| e

p-coumaroyl shikimate
C3H

v

_.Chorismate

coniferyldehyde - - ---—-—-_ » sinapaldehyde

coniferyl alcohol

| ===

Lo

sinapyl alcohol

==l

G lignin
(&
9
PAL (Sobic.004G220600)
[
2
a
g
o
3
s
k]
&
3
4
HCT (Sobic.010G066601)
*
[
L~
a
g
o
x
o
H
ki
Q
o«

S lignin

Peroxidase
Peroxidase
Peroxidase
Peroxidase
Peroxidase
Peroxidase
PAL

PAL

PAL

PAL

HCT

HCT

HCT

HCT

F5H

CM

CCR

CAD

CAD
ADT/PDT

Sobic.009G 144600

Sobic.004G105800
Sobic.003G152100
Sobic.003G 140700
Sobic.002G416600
Sobic.001G080300
Sobic.006G 148900
Sobic.004G220700
Sobic.004G220600
Sobic.004G075900
Sobic.010G066601
Sobic.007G 142200
Sobic.007G142100
Sobic.003G068300
Sobic.005G088400
Sobic.007G141500
Sobic.003G116800
Sobic.006G014700
Sobic.003G203600
Sobic.006G066200

PAL (Sobic.004G220700)

HCT (Sobic.007G142200)

3d,

-log2 fold change

i_6dpi 9dpi 12dpi 3dpi 6dpi 9dpi 12dpi
Tx2783 BTx623

[WieTx623 [l Tx2783

CAD (Sobic.006G014700)

Peroxidase (Sobic.009G144600)
*k

Swmwohd





OPS/images/fpls.2024.1382121/fpls-15-1382121-g004.jpg
-Leu-Trp-His 15mM 3-AT Input

AD+BD GFP-SpSIZ1 +  +

Myc-SpABI5 ]
SpSIz1-BD+AD ye-Sp *

-— D
BD+SpABI5-AD
SpSIz1-BD+ -
SpABI5-AD
D
)
Cc % "<J YFP Chloroplast Bright
SiZ1-nLUC nLUC ‘g-‘,?
cLUC-ABI5 cLUC-ABI5 oo
[T '
%%
< ¥
N
0o
5%
DI. o
w +
Tw
2
g a
Siz1-nLUC r a
cLuC s
%
fa
Ly
z%o

Low Hight





OPS/images/fpls.2024.1382121/fpls-15-1382121-g003.jpg
A e Oh A 24h B
* % %k

Relative expression

GFP Chloroplast Bright Merge

Root Stem Leaf Root Stem Leaf

D
¢ ® Root m Stem A Leaf e Stem/Root A Leaf/Root
Kok k P %k %k
80 o *ok ok & 15
* %k % *ok K =
] 5 % %k %k
260 S
_540 g ns
) * ©
o 0.5
* 20 = 3 * K
7] —
=
©
= 0

Yo
O‘(:e
OQ@
Yo
%
%





OPS/images/fpls.2023.1266699/fpls-14-1266699-g005.jpg





OPS/images/fpls.2024.1366173/table3.jpg
QTN Dataset® Chr Position (bp) QTN effect Dscore PVE (%) MAF Allele Method®
Greenhouse
S1_1159069 PULE NP_G 1 1159069 ~0.04 ~ -0.01 383 ~ 6232 038 ~348 | 0.042 2,4,5
I NP_G ~0.49 ~ -0.47 8.14~972 041 ~ 541 2,4,5
S1_151079747 | RB NP_G 1 151079747 1.87 ~ 1023 312 ~ 485 060 ~542 | 0215 1,3,4,5
8B NP_G 12,00 ~ 18.27 633 ~ 1243 3.05 ~ 7.08 2,4,5
S1_46130565  RSA LP_G 1 46130565 3.42 ~ 445 8.65 ~9.77 132~713 | 0450 1,2,4,5
NR LP_G 061 ~ 111 436 ~ 1261 233 ~7.52 2,4,5
RL LP_G 2063 ~ 3497 451 ~ 1095 254 ~ 415 14,5
$2_170934541 | SB LP_G 2 170934541 “1324~-1073  7.15~9.96 417 ~635 | 0.122 1,2,4,5
8B LP_G ~14.81 ~ -1391 627 ~7.32 1.8 ~ 451 2,4,5
$3.225847941 | RSA NP_G 3 225847941 ~6.70 ~ -4.63 488 ~9.39 273~573 | 0.118 2,4,5
TB NP_G -23.44 ~-1087 339 ~ 1204 157 ~ 7.30 2,4,5
$4_198262446 = PULE LP_G 4 198262446 ~0.10 ~ -0.04 6.86 ~ 28.04 093 ~593 | 0.070 2,4,5
RL LP_G -98.96 ~ -48.96 = 520 ~ 1643  3.79 ~ 1550 2,4,5
$5.212662145 | RB NP_G 5 212662145 -5.37 ~ -3.64 3.50 ~ 11.80 222~458 | 0.163 12,45
RSA NP_G 675 ~ -390 498 ~ 1009 250 ~ 7.51 1,2,4,5
$5_97898187 | RL LP_G 5 97898187 2035 ~ 2137 419 ~477 077 ~203 | 0.264 2,4,5
RSA LP_G 251 ~ 365 484 ~724 084 ~ 3.76 2,4,5
$9_11783675 | RL LP_G 9 11783675 ~5119~-3840 431~ 688 079 ~ 414 | 0.068 2,4,5
RSA LP_G -8.93 ~ -5.92 7.16 ~ 8.92 118 ~ 739 2,4,5
$10_119011145  PUE NP_G 10 119011145 ~1246 ~ -1023 354 ~673 379 ~563 | 0.189 15358
RB NP_G ~6.42 ~ -4.86 471 ~ 1212 444 ~7.75 2,4,5
B NP_G S1891~-925 | 421~1074 | 209 ~ 1388 1,2,4,5
TB NP_G ~17.08 ~ -10.96 491~ 620 231~ 562 12,5
[ Field
$1.259083391 | PG NP_18 1 259083391 -0.19 ~ -0.10 320 ~7.93 124 ~ 447 | 0.055 2,4,5
PH NP_18 341~ 539 382 ~5.12 134 ~ 335 2,4,5
$3_190210784  PUE LP_C 3 190210784 0.90 ~ 4.78 3.59 ~ 10.56 093~652 | 0.279 2,3,4,5
PUpE LP_C 0.00 ~ 0.00 313 ~ 6152 056 ~ 0.80 2,4,5
$5_10594899 | HI NP_C 5 10594899 -6.50 ~ -6.06 6.38 ~ 9.59 488 ~562 | 0.077 2,4,5
PUE NP_C ~0.97 ~ ~0.70 6.64 ~ 7.00 246 ~ 481 2,4,5
$7_7624808 ED NP_C 7 7624808 0.88 ~ 115 7.19 ~ 853 250 ~ 428 | 0.157 1,25
PUE NP_C 050 ~ 091 444 ~ 1044 229~ 7.83 2,4,5
$8_148017105 | HI LP_19 8 148017105 3.03 ~ 1042 352 ~6.12 097 ~529 | 0.484 23,5
PUE LP_19 1.30 ~ 4.12 499 ~ 6.34 056 ~ 655 28,5
$10_127834511 | HI NP_C 10 127834511 5.18 ~ 6.38 8.69 ~ 8.95 512~777 | 0.116 2,4,5
PUE NP_18 0.88 ~ 1.03 457 ~ 6.44 100 ~ 252 2,4,5

'Details about the traits are presented in Table 1.

22018 season under low P (LP_18), 2018 season in normal P (NP_18), 2019 season under low P (LP_19), 2019 season in high P (NP_19), the combination of 2018 and 2019 seasons in low P

(LP_C), the combination of 2018 and 2019 seasons in normal P (NP_C), greenhouse under low P (LP_G), and greenhouse under normal P (NP_G).

31 - mrMLM (Wang et al,, 2016), 2 - FASTmrMLM (Tamba and Zhang, 2018), 3 - FASTmrEMMA (Wen et al,, 2018), 4 - ISIS EM-BLASSO (Tamba et al., 2017), and 5 - pLARmEB

(Zhang et al,, 2017).
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Means + SD

LP NP GxS
Greenhouse
RD (mm) 0.38+005  040+003  -48 0.74 0.86 0.86 092 | % -
NR (n°) 100 £ 28 116 + 3.4 -138 0.69 077 083 091 *% L
RSA (em?) 275+ 11.1 37283 -26.0 0.74 075 0.86 092 | %
RL (cm) 2151+ 112 | 3112+87.3  -308 0.67 069 0381 090 | ** RE
RV (cm®) 0.35+0.04 | 046 0.12 I -238 0.55 0.72 074 | 086 | ** A
SB_g (g) 713224 | 881+113 | -190 0.56 0.64 075 086 | ** &
RB (g) 309 = 8.6 417 £92 -259 0.58 0.66 076 087 | ™ A%
TB (g) 1023 £307 | 1298+339  -2L1 0.61 0.63 0.78 088 | ** -
PS_g_(mgg") 074+0.12 | 2104 -65.0 0.71 079 084 091 " -
PUIE_g (mg mg™") 049 +0.15 | 0.180.04 1619 0.64 0.81 0.80 089  ** >
PUpE_g (mg mg™") 1493 £268 | 554 %112 1696 0.63 079 079 088 | ** ke
PUE_g (mg mg™") 7114 £2209 | 913+£232 | 6789 0.67 0.84 0.81 091 4 &
Field
PH (cm) 1293129 | 1366+149  -52 0.72 0381 084 090 | ** ns [ ns
EH (cm) 64195 691112  -72 0.68 0.82 0.82 091 - ns i *
SB_f (g) 1637 £ 464 | 1864+379  -122 0.61 074 078 086 * > ns
ED (mm) 307 £45 32450 -52 0.61 0.68 078 082 ns - -
EL (cm) 122£16 128+ 18 -48 0.66 073 0.81 085 e - *
PS_f (gkg™) 13%02 13£03 -52 0.51 058 071 076 | ** kb bl *
PG (gkg™) 19£02 31£03 -374 0.48 0.63 0.69 079 ns b ns
PHI (%) 0.19+003 | 031004  -375 045 0.61 0.67 082 | ns hid ns
HI (%) 365 = 16.1 407176  -103 0.44 059 0.66 077 | * " ki ki
PUtE_f (g g) 2109£356 | 1765+3L1 194 0.46 0.67 0.67 0.81 - - " -
PUPE_f (gg™") 0.102 £ 0.044 | 0031 £0013 2219 0.48 0.65 0.69 080 | ** ¥ L %
PUE_f(gg™") 193+32 5418 256.7 0.49 0.62 0.70 078 | * X% 3 28

ns, **, and * indicate non-significance, and significance at 1 and 5% probability by the chi-square test, respectively, for the random effects of genotypes (G) and their interactions with phosphorus
(P) levels and season (S). Traits are described in detail in Table 1.
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Traits Unity escription

Greenhouse evaluations

Shoot biomass (SB_g) mg Shoot biomass of samples oven-dried at 60°C for 72 h

Root biomass (RB) mg Root biomass of samples oven-dried at 60°C for 72 h

Total dry biomass (TB) mg Sum of dry shoot and root biomass

Root superficial area (RSA) om? Root superficial area measured by the GiaRoots software (Galkovskyi et al., 2012)
Root volume (RV) om® Root volume measured by the GiaRoots software (Galkovskyi et al, 2012)

Root average diameter (RD) mm Root average diameter measured by GiaRoots software (Galkovskyi et al., 2012)
Number of total roots (NR) number Root total number measured by the GiaRoots software (Galkovskyi et al,, 2012)
Root length (RL) cm Root total length by the GiaRoots software (Galkovskyi et al., 2012)

Phosphorus content in the shoot (PS_g) mgg’ Shoot phosphorus content

Phosphorus uptake efficiency (PUE_g) mg mg™! Ratio between plant total P total and P available for the plant (Mol et al,, 1952)
Phosphorus utilization efficiency (PUtE_g) mg mg* Ratio between shoot dry biomass and plant total P (Moll et al., 1982)
Phosphorus use efficiency (PUE_g) mg mg™ Ratio between shoot dry biomass and P available for the plant (Moll et al., 1982)

Field evaluations

Plant height cm Measured from the soil until the flag leaf insertion

Ear height (EH) cm Measured from the soil until the main ear insertion

Ear length (EL) cm Average ear length measured with a digital caliper

Ear diameter (ED) mm Average ear diameter measured with a digital caliper

Shoot biomass (SB_f) g Shoot biomass of samples oven-dried at 60°C for 72 h

Harvest index (HI) % Ratio between grain yield and shoot dry biomass

Phosphorus harvest index (PHI) % Ratio between grain phosphorus content and shoot phosphorus content
Phosphorus content in the grain (PG) gkg! Grain phosphorus content

Phosphorus content in the shoot (PS_f) gkg! Shoot phosphorus content

Phosphorus uptake efficiency (PUpE_f) gg’ Ratio between plant total P and P available for the plant (Moll et al, 1982)
Phosphorus utilization efficiency (PUtE_f) gg Ratio between grain yield and plant total P (Moll et al., 1982)
Phosphorus use efficiency (PUE_f) gg” Ratio between grain yield and P available for the plant (Moll et al., 1982)
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ath03040: Spliceosome 38 1.43E-14
ath04141: Ifrotelrn processing in 33 2.96E-09
endoplasmic reticulum
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Molecular function GO Term
p-value

Up regulated molecular functions

GO:0051082: unfolded protein binding 1.30E-13 ‘ 30
GO:0031072: heat shock protein binding 6.24E-13 17
GO:0051787: misfolded protein binding 2.66E-07 10
GO:0003723: RNA binding 9.03E-05 82
GO:0051879: Hsp90 protein binding 0.000295 6
GO:0051087: chaperone binding 0.00157 9
GO:0060590: ATPase regulator activity 0.003461 6
GO:0017069: snRNA binding 0.007737 7

Down regulated molecular functions

GO:0016773Phosphotransferase activity,

4.82E-07 108
alcohol group as acceptor
GO:0015291Secondary active transmembrane
o 2.08E-06 45
transporter activity
GO:0008509A1?1<‘)n transmembrane 4.86E-06 18
transporter activity
GO:0016740Transferase activity 2.02E-05 263
GO:0016301Kinase activity 5.67E-05 113
GO:0015293symporter activity 0.001052 23
) 14 i i
GO:00085 org.;a.nlc anion transmembrane 000126 2
transporter activity
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. 0.002719 46
transporter activity
GO:0022890inorganic cation transmembrane
s 0.002803 44
transporter activity
GO:0046943carboxylic acid transmembrane
s 0.003981 18
transporter activity
GO:000534Zor.ga‘mc acid transmembrane 003881 is
transporter activity
:1901505 hydrate derivati
GO:1901505carbohydrate Eer? .1ve G.006338 i
transmembrane transporter activity
GO:0016772transferase activity, transferring
sier 0.008135 120
phosphorus-containing groups
GO:0060089molecular transducer activity 0.010387 32
GO:0005524ATP binding 0.029816 150
GO0:0036094small molecule binding 0.030196 199
GO0:0015077: monovalent inorganic cation
= 0.035992 30
transmembrane transporter activity
G.O:00046_74%: protein serine/threonine 004211 8
kinase activity
GO:0005338: nucleotide-sugar transmembrane 0.044498 3

transporter activity
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Transcript ID . No.of = Mole.weight p! Inst.Index Aliphatic GRAVY Sub-

aa index cellul.

Loc.
TaNHX1 TraesCS1A02G102300.1 1A 98242495 98247975 546 59704.39 8.13 31.03 117.66 0.675 plas
TaNHX2 TraesCS1B02G112700.1 1B 130636812 130643984 1034 114574.21 592 44.44 100.93 0.074 plas
TaNHX3 TraesCS1D02G093900.1 1D 79434999 79440799 546 59718.42 8.13 31.26 117.84 0.679 plas
TaNHX4 TraesCS2A02G034700.1 2A 15185525 15223170 546 59712.37 8.14 31.01 117.66 0.68 plas
TaNHX5 TraesCS2A02G121000.1 2A 70876938 70881306 538 5911245 8.41 33.39 112.17 0.591 plas
TaNHX6 TraesCS2A02G133600.1 2A 80270608 80279857 760 84097.17 6.52 31.25 110.76 0.321 plas
TaNHX7 TraesCS2B02G141900.1 2B 108237682 108242312 598 66390.72 9.2 41.21 105.97 0.393 plas
TaNHX8 TraesCS$2D02G123000.1 2D 71767337 71771197 532 58542.8 8.13 32.62 11271 0.604 plas.
TaNHX9 TraesC$2D02G135600.1 2D 79692600 79701662 771 85272.1 6.56 33.29 110.45 0.337 plas
TaNHX10 | TraesCS3A02G023200.2 3A 12969505 12980909 | 1142 126220.06 6.87 43.19 104.84 0.113 plas
TaNHX11 | TraesCS3B02G021600.2 3B 9165564 9177438 1191 131426.28 8.52 45.66 103.16 0.085 plas
TaNHX12 | TraesCS3D02G022900.1 3D 7256680 7268617 1137 125621.34 6.87 4391 104.71 0.107 plas
TaNHX13 | TraesCS4A02G145300.1 4A 246708879 | 246714419 540 59245.5 8.52 34.99 111.22 0.549 vacu:
TaNHX14 | TraesCS4B02G125700.1 4B 156526868 156534017 416 45825.48 8.72 38.44 109.69 0438 plas
TaNHX15 | TraesCS4D02G147600.1 4D 139042047 139047298 477 52617.06 8.53 30.19 119.39 0.692 vacu /Plas
TaNHX16 = TraesCS5A02G176100.1 5A 370239620 370247353 374 40846.21 5.06 47.58 115.75 0.866 plas.
TaNHX17 | TraesCS5A02G260700.1 5A 474579384 474586850 532 58648.64 512 4541 103.42 0.409 plas
TaNHX18 TraesCS5B02G173800.2 5B 318992910 319002092 374 40862.21 5.06 48.09 115.48 0.859 plas/vac
TaNHX19 | TraesCS5B02G259100.1 5B 441532328 441539514 522 57654.52 5.1 45.1 104.1 0.443 plas
TaNHX20 = TraesCS5D02G180800.1 5D 281021983 281031600 534 58431.65 5.03 47.01 102.45 0.46 plas
TaNHX21 TraesCS5D02G268200.1 5D 371663980 371671626 532 58789.86 52 44.96 103.97 0.406 plas
TaNHX22 | TraesCS7A02G228400.1 7A 198804283 198808214 527 58011 8.61 3371 108.39 0.61 vacu
TaNHX23 | TraesCS7A02G242300.1 7A 217580011 217587424 542 59354.31 529 48.14 103.3 0.347 plas.
TaNHX24 | TraesCS7A02G397700.2 7A 576440908 = 576454559 998 109881.16 577 34.71 105.64 0.207 plas
TaNHX25 = TraesCS7A02G462000.1 7A 658637042 | 658651135 991 109173.5 59 36.22 107.37 0219 plas
TaNHX26 | TraesCS7B02G149100.2 7B 196868440 196874596 537 58832.88 5.37 46.55 105.53 0429 plas
TaNHX27 | TraesCS7B02G191300.1 7B 329030544 329034430 527 58145.11 8.76 34.19 106.36 0.572 vacu
TaNHX28 = TraesCS7B02G475500.1 7B 731431027 | 731444592 1141 126185.71 6.25 4241 101.52 0.082 plas
TaNHX29 | TraesCS7D02G226200.1 7D 186316884 186320911 527 58058.03 8.61 33.95 107.1 0.593 vacu

TaNHX30 | TraesCS7D02G241200.1 7D 205547583 | 205554255 543 59569.54 531 49.17 104.18 0.352 plas
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fold 2.7E-09 6.5E-03 0.051 7.8E-07 0.018

FDR

Numbers in the parentheses are the no. of DEGs.
NA, not applicable; FDR, false discovery rate.
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Hormone
class

Auxin

GA

ABA

Ethylene

Gene name

Function

Acts as positive regulatory signals in early fruit development. After
fertilization, an auxin signal promotes GA synthesis in the ovule

Reference

Dorcey et al. (2009)

SIARE7 Solyc07g042260 Regulates the auxin accumulation during tomato fruit growth and negative = De Jong
regulates fruit set until pollination and fertilization occurred et al. (2009)
SITAA9 Solyc04g076850 Acts as negative regulator of the transition from flower to fruit ‘Wang et al. (2005)
SIPIN4 Solyc05¢008060 Acts altering the local distribution of auxin in the early stages of flower Mounet
bud development, thus affecting the fruit set et al. (2012)
PAD1 Solyc01g111450 Prevents overaccumulation of IAA in unpollinated ovary thus resulting in Matsuo
fruit set et al. (2020)
Acts as positive regulatory signals in early fruit development. GA is Dorcey et al. (2009)
transported to the pericarp to promote fruit set
SIDELLA Solyc11g011260 Negative regulator of GA signaling pathway Shinozaki et al.
(2018); Sun and
Gubler (2004)
SIGA200x1 Solyc03g006880 Promote accumulation of GA in the ovary upon pollination Serrani et al. (2008)
SIGA200x2 Solyc06g035530 Promote accumulation of GA in the ovary upon pollination Serrani et al. (2008)
SIGA200x3 Solyc11g072310 Promote accumulation of GA in the ovary upon pollination Serrani et al. (2008)
Induces leaf stomata closure, triggers the activation of several stress- Galpaz et al. (2008);
responsive genes and regulates the differentiation of floral organs and fruit Lata and Prasad
ripening. Following fertilization, it is repressed from auxin (2011); Zhang
et al. (2009)
SINCED1 Solyc03g121880 Overexpression of SINCEDI1 increases ABA level in the ovary and reduces Kai et al. (2019)

fruit-set rate

Controls floral organ senescence, abscission layer development and fruit
ripening. Following fertilization, it is repressed from auxin

Plays a key role in systemic acquired resistance and hypersensitive response
to HS, and contributes to basal and acquired thermotolerance. It regulates

physiological processes in plants such as growth, photosynthesis, and other

metabolic processes.

Kumar et al.
(2013); Shinozaki
et al. (2015)

Alsamir et al.
(2021); Dat et al.
(2000); Mohamed
et al. (2020)
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Group Construct Average percentage mapped to BPMV
RG Leaves EV 92.5
GmGLU1 855 1.0
GmRR4 81.0 14
RG 774 22
Roots EV 742 3.0
GmGLUI 63.6 73
GmRR4 58.8 13
RG 529 38
HG Leaves EV 922 17
GmbHLH38 74.2 132
GmGLUI 848 17
HG 724 128
Roots EV 777 4.0
GmbHLH38 55.5 45
GmGLUI 65.6 ‘ 17
HG 47.1 138

BPMYV, bean pod mottle virus; VIGS, virus-induced gene silencing; EV, empty vector.
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Genotype Solanum species (Acc. ID) Late blight incidence (AUDPC value) (% day)

2021 2022 Mean

L ACL38 Solanum acaule (CGN17938) 49.38 6125 5532 R
2: BER57 S. berthaultii (P1265857) 0.00 350 175 HR
3 CPH62 S. cardiophyllum (P1283062) 2.77 10.50 663 HR
4. CPH33 S. cardiophyllum (P1341233) 90.50 95.25 9288 R
5. CHC60 S. chacoense (P1197760) 24.17 28.50 2633 HR
6. 10P80 S. iopetalum (P1230480) 128.84 130.75 129.79 MR
% 10P59 S. iopetalum (P1230459) 0.00 0.00 000 HR
8. JAMO7 S. jamesii (P1498407) 0.00 250 125 HR
9. LES29 S lesteri (CGN24429) 138.34 152.75 14554 MR
10. MCD24 S. microdontum (P1218224) 12,00 18.00 15.00 HR
11 PNT44 S. pinnatisectum (CGN17444) 12.00 1375 1288 HR
12. PNT43 S. pinnatisectum (CGN17443) 850 18.50 13.50 HR
13. PIN45 S. pinnatisectum (CGN17445) 734 10.75 9.04 HR
14, PLD47 S. polyadenium (CGN17747) 0.00 1050 525 HR
15. PLD48 S. polyadenium (CGN17748) 18.67 24.75 2171 HR
16. PLT50 S. polytrichon (CGN22350) 0.00 0.00 000 HR
17. STO40 S. stoloniferum ($52740) 63.67 81.25 7246 R
18. TRE6S S. trifidum (P1255565) 0.00 7.50 375 HR
19. VEN30 S. vernei (P1320330) 64.17 72.75 68.46 R
20. Pl S. tuberosum (+) S. pinnatisectum 74.67 88.00 8133 R
21 P2 S. tuberosum (+) S. pinnatisectum 77.50 87.50 8250 R
22. P3 S. tuberosum (+) S. pinnatisectum 77.50 79.00 7825 R
23. P4 S. tuberosum (+) S. pinnatisectum 59.17 67.50 6333 R
24. P5 S. tuberosum (+) S. pinnatisectum 69.17 73.50 7133 R
25. P6 S. tuberosum (+) S. pinnatisectum 5234 72.00 6217 R
26. 7 S. tuberosum (+) S. pinnatisectum 47.84 55.50 5167 R
27. P8 S. tuberosum (+) S. pinnatisectum 57.50 68.75 63.13 R
28. P9 S. tuberosum (+) S. pinnatisectum 50.84 7025 6054 R
29. P10 S. tuberosum (+) S. pinnatisectum 31.34 43.75 3754 HR
30. P11 S. tuberosum (+) S. pinnatisectum 0.00 0.00 000 HR
3L P12 S. tuberosum (+) S. pinnatisectum 0.00 925 463 HR
32. P13 S. tuberosum (+) S. pinnatisectum 6.84 1425 1054 HR
33, P14 S. tuberosum (+) S. pinnatisectum 6.00 350 475 HR
34, Crd6 S. tuberosum (+) . cardiophyllum 0.00 550 275 HR
35. Crd10 S. tuberosum (+) S. cardiophyllum 217 7.00 458 HR
36. Crdl6 S. tuberosum (+) . cardiophyllum 117 3.00 208 HR
37. Crd23 S. tuberosum (+) . cardiophyllum 33.34 38.25 3579 HR
38. Kufri Jyoti S. tuberosum Gp. Tuberosum 156.34 178.75 167.54 s
39. Kufri Girdhari S. tuberosum Gp. Tuberosum 000 225 113 HR
40. Kufri Bahar S. tuberosum Gp. Tuberosum 196.67 218.00 20733 s
CD (p < 0.05) 868 955 1311

*Genotypes were classified based on the area under disease progressive curve (AUDPC) value: highly resistant (HR < 50), resistant (R = 50-100), moderately resistant (MR = 100-150), and
susceptible (S = 150).





OPS/images/fpls.2023.1212135/table2.jpg
Sr.No. Gene ID Gene description Gene expression*
(Log; FO)

i) PNT45

Upregulated

1. PGSC0003DMG400004458 | Chr_ST4.03¢h07:31603458-31605657  Light-harvesting complex I protein Lhca5 7.046

2. PGSC0003DMG400024281 Chr_ST4.03ch12:5776515-5780741 Gamma aminobutyrate transaminase isoform2 6.716

3. PGSC0003DMG400029934  Chr_ST4.03ch08:35730231-35732357 Sphingolipid delta-8 desaturase 6.602

4. PGSC0003DMG400006319 | Chr_ST4.03¢ch01:66544366-66552432 Beta-glucosidase 01 5.909

5. PGSC0003DMG400002173 | Chr_ST4.03¢h09:1075675-1079306 Rop guanine nucleotide exchange factor 5.751

6. PGSC0003DMG400016616 | Chr_ST4.03¢h09:60536375-60538029 Cytochrome P450 5.596

7. PGSC0003DMG400002880 | Chr_ST4.03ch12:2714288-2715753 Proline-rich protein 5.588

8. PGSC0003DMG402010883 | Chr_ST4.03¢ch06:5965435-5966610 MYB transcription factor MYB139 4.854

9. PGSC0003DMG400027722 | Chr_ST4.03¢h03:35562832-35565426  Ankyrin repeat-containing protein 4.834

10. PGSC0003DMG400022264 | Chr_ST4.03¢h07:55852619-55856340 LRR receptor-like serine/threonine-protein kinase 3.869

Downregulated

1. PGSC0003DMG400034790 | Chr_ST4.03¢h08:53642228-53644070 P69B protein -11.003

2. PGSC0003DMG402024140 | Chr_ST4.03¢h08:3167462-3169938 PAE -10.859

3. PGSC0003DMG400001598 | Chr_ST4.03¢h01:87145670-87146801 Snakin-2 -10.513

4. PGSC0003DMG402010991 Chr_ST4.03ch10:54538508-54540606 Cytochrome P450 hydroxylase -8.777

5 PGSC0003DMG400029830  Chr_ST4.03ch10:57993306-57994678 Glucan endo-1,3-beta-D-glucosidase ~8.706

6. PGSC0003DMG400000776 | Chr_ST4.03¢h04:59015346-59016839 Extensin (ext) -8.361

7. PGSC0003DMG400003531 | Chr_ST4.03¢h02:40090040-40090994 Dhnl protein ~7.903

8. PGSC0003DMG400017278 | Chr_ST4.03¢h07:50526967-50529430 Receptor-like kinase ~7.709

9. PGSC0003DMG400009530 | Chr_ST4.03¢h08:2364263-2365922 WRKY transcription factor 3 —6.442

10. PGSC0003DMG400001204 | Chr_ST4.03¢ch01:46348797-46349646 Ca2+-binding protein 1 -6.217

ii) CPH62

Upregulated

L. PGSC0003DMG400034882 | Chr_ST4.03¢h07:41317610-41319068 Glucosyltransferase 5.521

2. PGSC0003DMG402019255 | Chr_ST4.03¢h07:54348410-54350031 Pectinesterase 5.124

3. PGSC0003DMG400000493 | Chr_ST4.03¢h02:47048112-47051618 Carbonic anhydrase 4.996

4. PGSC0003DMG400022263 | Chr_ST4.03¢h07:55888668-55891111 Fructose-bisphosphate aldolase 4.720

5. PGSC0003DMG401021057 | Chr_ST4.03¢h00:36077457-36079291 Cytochrome P450 3.805

6. PGSC0003DMG400001599  Chr_ST4.03ch01:87104707-87119208 Pentatricopeptide repeat-containing protein 3771

7. PGSC0003DMG400027276  Chr_ST4.03ch04:10137639-10143624 Mg protoporphyrin IX chelatase 3.567

8. PGSC0003DMG400010223 | Chr_ST4.03¢h02:32419588-32421499 Phytophthora-inhibited protease 1 3.532

9. PGSC0003DMG401018223 | Chr_ST4.03¢h01:79287173-79291540 Ferric-chelate reductase 3459

10. PGSC0003DMG400002172 | Chr_ST4.03¢h09:1002479-1004024 Glutathione S-transferase T2 3395

Downregulated

1. PGSC0003DMG400020017  Chr_ST4.03ch01:45137501-45139268 Lichenase —6.482

2. PGSC0003DMG400001948 | Chr_ST4.03¢h08:46916743-46925962 Copalyl diphosphate synthase -6.114

3. PGSC0003DMG400003057 | Chr_ST4.03¢h08:54294866-54295826 Osmotin =5.930

4. PGSC0003DMG400022430 | Chr_ST4.03¢h02:34338338-34340696 Polyphenoloxidase —=5.708

5. PGSC0003DMG400031457 | Chr_ST4.03¢h03:17248039-17249552  Phenylalanine ammonia-lyase 1 —5.487

6. PGSC0003DMG400029830 | Chr_ST4.03¢ch10:57993306-57994678 Glucan endo-1,3-beta-D-glucosidase —4.888

7 PGSC0003DMG400006393  Chr_ST4.03ch04:65678794-65684380 Aux/TAA protein —4.849

8. PGSC0003DMG400006814 | Chr_ST4.03¢h01:66086407-66087912 AN1-like transcription factor -4.811

9. PGSC0003DMG400015219 | Chr_ST4.03¢h03:50225872-50226839 Miraculin ~4.811

10. PGSC0003DMG400021508 | Chr_ST4.03¢h04:67179445-67180400 C2H2-type zinc finger protein -4.778

iii) JAMO7

Upregulated

1 PGSC0003DMG400014836 | Chr_ST4.03¢ch08: 18104826- Steroid binding protein 12.36
18105445

2. PGSC0003DMG400027289 | Chr_ST4.03ch04: 10645186- Glucosyltransferase 12.02
10647010

3. PGSC0003DMG400004008  Chr_ST4.03ch02: 43561825- PHCLF2 11.75
43570544

4. PGSC0003DMG400027888 | Chr_ST4.03¢ch07: 38959941- Cysteine proteinase 3 11.57
38964852

5. PGSC0003DMG400028702 | Chr_ST4.03ch04: 46543274~ Cycloartenol synthase 11.12
46551909

6. PGSC0003DMG400008794 | Chr_ST4.03¢ch06: 55652701- Major latex 10.25
55654197

7. PGSC0003DMG400024062 | Chr_ST4.03ch03: 2723057-2725494 Expansin 10.05

8. PGSC0003DMG400046796 | Chr_ST4.03ch10: 33569084- Protein kinase atmrkl 9.97
33572658

9. PGSC0003DMG400027947 | Chr_ST4.03¢ch09: 31126980- RING finger protein 9.90
31130371

10. PGSC0003DMG400008212 | Chr_ST4.03ch08: 34753042~ Abscisic insensitive 1B 9.87
34753447

Downregulated

1. PGSC0003DMG400015318 | Chr_ST4.03ch12: 609681-611652 Metallothionein -15.31

2. PGSC0003DMG400034790 | Chr_ST4.03ch08: 53642229- P69B protein -14.73
53644070

3. PGSC0003DMG400023922 | Chr_ST4.03¢ch09: 7127519-7128055 Cytoplasmic small heat shock protein class I -14.05

4. PGSC0003DMG400016623 | Chr_ST4.03¢ch09: 60489530- Cytochrome P450 -13.94
60491348

5 PGSC0003DMG400015804 | Chr_ST4.03ch09: 45371785- 26S proteasome subunit 4 —-13.54
45378871

6. PGSC0003DMG400008419 | Chr_ST4.03ch11: 17970826- LRR receptor-like serine/threonine-protein kinase -13.07
17973912

7. PGSC0003DMG400017127 | Chr_ST4.03¢ch07: 17631058- Cyclin-dependent protein kinase -12.88
17636043

8. PGSC0003DMG400024232 | Chr_ST4.03ch04: 22066979- Spermidine synthase 1 -12.75
22070659

9. PGSC0003DMG400002028 | Chr_ST4.03ch09: 7119128-7119829 Cytoplasmic small heat shock protein class I -12.52

10. PGSC0003DMG400031523 | Chr_ST4.03¢h09: 60113112- Glycine-rich cell wall structural protein 1.8 -12.45
60115182

iv) MCD24

Upregulated

1. PGSC0003DMG400035689 | Chr_ST4.03ch06: 53529488- Flavonoid glucoyltransferase UGT73N1 1238
53530984

2. PGSC0003DMG400024690 | Chr_ST4.03ch01: 76972977- Lipoxygenase 10.98
76976319

3; PGSC0003DMG402028957  Chr_ST4.03¢ch07: 46804099- Glycine-rich cell wall structural protein 1 10.91
46805487

4. PGSC0003DMG400007701  Chr_ST4.03ch10: 26029370- Lactose permease 10.77
26033562

S PGSC0003DMG400027947  Chr_ST4.03¢ch09: 31126980- RING finger protein 10.65
31130371

6. PGSC0003DMG400013439  Chr_ST4.03¢ch03: 343737-347232 Aspartic proteinase oryzasin-1 10.52

7 PGSC0003DMG400006021  Chr_ST4.03ch11: 8463730-8466858 Amino acid transporter 10.45

8. PGSC0003DMG400034893  Chr_ST4.03ch01: 27844087- Transposon protein, CACTA, En/Spm sub-class 10.45
27844772

9. PGSC0003DMG400004008  Chr_ST4.03ch02: 43561825- PHCLF2 10.39
43570544

10. PGSC0003DMG400003097  Chr_ST4.03¢ch02: 30665412- Flavonol synthase/flavanone 3-hydroxylase 10.36
30669175

Downregulated

1. PGSC0003DMG400020341  Chr_ST4.03¢ch09: 829873-831558 17.5 kDa class I heat shock protein -14.20

2. PGSC0003DMG402021713  Chr_ST4.03ch02: 35575960- (-)-a-terpineol synthase -13.09
35576825

3. PGSC0003DMG400023086  Chr_ST4.03ch03: 13287247~ Superoxide dismutase [Cu-Zn] -12.82
13292137

4. PGSC0003DMG400000978  Chr_ST4.03¢ch03: 15753246- Acyl-[acyl-carrier-protein] desaturase, chloroplastic -12.26
15758049

5: PGSC0003DMG400031360  Chr_ST4.03ch10: 51857269- UDP-glucoronosyl/UDP-glucosyl transferase family -11.96
51859786 protein

6. PGSC0003DMG400020255  Chr_ST4.03ch02: 47983144- Mitochondrial import receptor subunit TOM20 -11.93
47987190

7. PGSC0003DMG400029380  Chr_ST4.03ch12: 57950911- Tryptophan synthase beta chain -11.93
57954167

8. PGSC0003DMG400033662  Chr_ST4.03ch04: 15290482- Hydrolase/protein serine/threonine phosphatase -11.87
15295203

9. PGSC0003DMG400018671  Chr_ST4.03¢ch03: 3142976-3146980 Heterogeneous nuclear ribonucleoprotein -11.78

10. PGSC0003DMG400011235  Chr_ST4.03ch10: 745671-746196 Steroid binding protein -11.64

v) PLD-47

Upregulated

L. PGSC0003DMG400027888  Chr_ST4.03ch07: 38959941- Cysteine proteinase 3 12.24
38964852

2. PGSC0003DMG400010129  Chr_ST4.03¢ch03: 43950496~ Aspartic protease inhibitor 10 12.17
43951544

3. PGSC0003DMG400013830  Chr_ST4.03¢ch08: 37019719- Major latex protein 11.65
37023974

4. PGSC0003DMG400006956  Chr_ST4.03ch02: 26445716~ Carbonic anhydrase 11.29
26447338

5. PGSC0003DMG400046796  Chr_ST4.03ch10: 33569084- Protein kinase atmrk1 11.23
33572658

6. PGSC0003DMG400009267  Chr_ST4.03ch11: 14382374- Proteinase inhibitor 10.85
14383072

7 PGSC0003DMG400014836 | Chr_ST4.03ch08: 18104826- Steroid binding protein 10.83
18105445

8. PGSC0003DMG400020375 | Chr_ST4.03ch12: 12183735- Endonuclease/exonuclease/phosphatase family protein 10.55
12190583

9. PGSC0003DMG400028702 | Chr_ST4.03ch04: 46543274- Cycloartenol synthase 10.18
46551909

10. PGSC0003DMG400027947 | Chr_ST4.03¢h09: 31126980- RING finger protein 10.11
31130371

Downregulated

1 PGSC0003DMG400006368  Chr_ST4.03ch04: 60659933- Cytochrome P450 92B1 -14.01
60661295

2. PGSC0003DMG400023922 | Chr_ST4.03¢ch09: 7127519-7128055 Cytoplasmic small heat shock protein class I -13.66

3. PGSC0003DMG400016623 | Chr_ST4.03¢ch09: 60489530- Cytochrome P450 -13.55
60491348

4. PGSC0003DMG401004840 | Chr_ST4.03ch06: 48841901- Phosphatase -13.33
48846236

5. PGSC0003DMG400014007  Chr_ST4.03ch05: 19928205- Protein disulfide isomerase -13.23
19934931

6. PGSC0003DMG400015804  Chr_ST4.03ch09: 45371785- 26S proteasome subunit 4 -13.15
45378871

7. PGSC0003DMG402031759 | Chr_ST4.03¢ch02: 32994672- Phospholipase Al -13.07
32997447

8. PGSC0003DMG400030165  Chr_ST4.03ch04: 9478743 - 9479260 Avr9/Cf-9 rapidly elicited protein 180 -12.67

9. PGSC0003DMG400020377 | Chr_ST4.03ch12: 12139743 70 kDa subunit of replication protein A -12.67
12145702

10. PGSC0003DMG402021713  Chr_ST4.03ch02: 35575960- (-)-a-terpineol synthase -12.43

*DEGs analysis was performed using Kufri Bahar (KB) as control between wild species, viz., PIN45 (Solanum pinnatisectum, CGN 17745), CPH62 (S. cardiophyllum, P1 283062), JAMO7

35576825

(S. jamesii, P1 498407), MCD24 (S. microdontum, PI 218224), and PLD47 (S. polyadenium, CGN 17747). Gene expression is expressed in term of log, fold change value.
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Name D pl Inl Al
GmADFI Glyma.01G218900 137 15.92 541 36.78 6693 -0.469
GmADF2 Glyma.03G162900 146 16.90 777 41.49 6144 -0.671
GmADF3 Glyma.04G004250 143 1632 5.84 29.79 70.98 -0.276
GmADF4 Glyma.05G206500 137 15.80 549 42.98 64.09 -0.430
GmADF5 Glyma.06G003900 143 1632 5.84 29.79 70.98 -0.276
GmADF6 Glyma.08G013400 137 15.84 5.49 44.39 64.74 -0.431
GmADF7 Glyma.09G019200 139 16.01 6.15 47.82 72.30 -0.502
GmADFS8 Glyma.10G044000 139 15.98 592 48.19 71.65 0475
GmADF9 Glyma.10G180700 148 16.81 6.84 41.88 69.19 -0.467
GmADF10 Glyma.10G235500 137 1574 513 39.45 74.82 -0.327
GmADFI11 Glyma.11G024500 137 15.83 521 38.26 64.82 -0.480
GmADF12 Glyma.11G106600 143 1630 7.65 26.49 66.85 -0.297
GmADFI13 Glyma.12G031700 143 1626 7.65 26.49 67.55 0.279
GmADF14 Glyma.13G131700 139 16.00 591 47.57 7165 -0.465
GmADF15 Glyma.15G125300 139 15.98 6.15 47.82 73.02 -0.484
GmADF16 Glyma.19G164400 146 16.97 691 41.15 6212 -0.696
GmADF17 Glyma.20G158900 137 15.74 5.13 39.45 74.82 -0.327
GmADFI8 Glyma.20G209800 148 16.84 684 40.74 69.19 -0.485
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Trait Vg Ve H?

LMS 15.69 92.59 0.61

NR 1.22 8.11 0.57

NHL 0.54 0.93 0.84

NCL 4.98 84.48 0.35

NCNL 5.83 49.99 0.51

AFW V 1.88 129 0.56

ADW 0.16 1.45 0.51
Length of medium stem (LMS, cm), number of ramification (NR), number of healthy leaves
(NHL), number of chlorotic leaves (NCL), number of chlorotic necrotic leaves (NCNL), aerial

fresh weight (AFW, g), and aerial dry weight (ADW, g).
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Genotype Genotype x Block

3 P F P

LMS 4727 128 252 <0.0001 319 0.041 171 0.000 2201
NR 8.093 128 | 235 <0.0001 43.49 <0.0001 | 2.11 <0.0001 3772
NHL 16.64 128 154 0.001 4.44 0.012 121 0.098 50.48
NCL 17.94 128 153 0.001 25.84 <0.0001 1.03 0.405 52.78
NCNL 16.49 128 2.05 <0.0001 16.75 <0.0001 1.62 0.001 4531
AFW 745 128 231 <0.0001 14.37 <0.0001 1.83 <0.0001 51.53
ADW 229 128 203 <0.0001 6.29 0.002 23 <0.0001 5543

Fis the coefficient of Snedecor-Fisher with significance at P < 0.05. Length of medium stem (LMS, cm), number of ramification (NR), number of healthy leaves (NHL), number of chlorotic leaves
(NCL), number of chlorotic necrotic leaves (NCNL), aerial fresh weight (AFW, g), and aerial dry weight (ADW, g). CV, Coefficient of variation
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Expressed only in control RAJ3765
FL (PSUSFL1)

tae-miR396-5p, tae-miR9670-3p
Expressed only in control RAJ3765
developing seed (PSUSDA1)
tae-miR398, tae-miR1136, tae-
miR9672b, tae-miR9670-3p, tae-
miR9654a-3p, tae-miR9664-3p, tae-
miR167c-5p, tae-miR408, tae-miR164,
tae-miR399, tae-miR531, tae-
miR9657b-3p, tae-miR5384-3p
Expressed only in control HUW510
FL (PSUSFL2)

tae-miR1122a, tae-miR9772, tae-
miR1121, tae-miR9679-5p,tae-
miR1136, tae-miR1120b-3p
Expressed only in control HUW510
developing seed (PSUSDA2)
tae-miR9657a-3p, tae-miR396-5p, tae-
miR1125, tae-miR7757-5p, tae-
miR9668-5p, tae-miR9674b-5p, tae-
miR9666b-5p, tae-miR9774,
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Expressed only in stressed RAJ3765
FL (PSTCPFL1)

tae-miR9775, tae-miR9662b-3p, tae-
miR1120a,
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miR7757-5p, tae-miR5085

Expressed only in stressed RAJ3765
developing seed (PSTCPDA1)
tae-miR1118, tae-miR1130a, tae-
miR9678-3p, tae-miR9775, tae-
miR7757-5p,tae-miR9668-5p, tae-
miR5050, tae-miR9652-5p, tae-
miR9679-5p

Expressed only in stressed HUW510
FL (PSTCPFL2)

tae-miR9664-3p, tae-miR9664-3p,
tae-miR408, tae-miR530, tae-
miR1135, tae-miR9666a-3p, tae-
miR9779, tae-miR9676-5p, tae-
miR9660-5p, tae-miR6201, tae-
miR9673-5p, tae-miR6197-5p
Expressed only in stressed HUW510
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tae-miR2275-3p, tae-miR5084, tae-
miR9779, tae-miR1135, tae-miR1847-
5p, tae-miR160, tae-miR9666b-3p






OPS/images/fpls.2022.947312/im1.jpg
O;





OPS/images/fpls.2024.1348168/table4.jpg
Mark

NR S1.4_36648588
LMS $3.4_52698587
NHL $8.1_25315112
NHL $8.1_12523990
NCL $8.1_12523990
NCL $1.4_13820962
NCL $2.4_8188471
NCL $4.2_56239116
NCL $8.1_2278244
NCNL §2.4_32322717
NCNL $4.2_23118171
NCNL $8.1_33883534
AFW $1.4_22091088
AFW S2.4_8188471
AFW $3.4_55239203
AFW $4.2_21507154
AFW §7.4_25562519
AFW $8.1_25579961
ADW §1.4_22091088
ADW $2.4_8188471
ADW $3.4_55239203
ADW $4.2_21507154
ADW $6.2_84793
ADW $6.2_4127328
ADW §7.4_8552758
ADW §7.4_25562519
ADW $8.1_44690997

Ge

MTR_14082440
MTR_3g112450
[ MTR_8¢469580
MTR_8¢032640
MTR_8¢032640
MTR_1g037460
MTR_2g023280
MTR_4g134340
MTR_8¢009590
MTR_20078010
MTR_44062300
MTR_8g079365
MTR_Ig053065
MTR_2g023280
MTR_3g118040
MTR_4g058015
MTR_74069430
MTR_8¢470000
MTR_Ig053065
MTR_20023280
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Annotation

Na+/H+ exchanger 1

Peptide transporter

Putative plant transposon protein domain-containing protein
Glycosyl hydrolase family 16 xyloglucan endotransglycosylase
Glycosyl hydrolase family 16 xyloglucan endotransglycosylase
Enhancer OF AG-4-like protein, putative

DUO pollen-like protein, putative

snRNA activating complex family protein

Fatty acid hydroxylase superfamily protein
Ubiquitin-conjugating enzyme E2 35

Hypothetical protein

LRR and NB-ARC domain disease resistance protein
Transcription initiation factor IIB

DUO pollen-like protein, putative
Armadillo/beta-catenin-like repeat protein

Electron transporter, putative

Ribosomal RNA processing brix domain protein

LRR receptor-like kinase family protein

Transcription initiation factor IIB

DUO pollen-like protein, putative
Armadillo/beta-catenin-like repeat protein

Electron transporter, putative

katanin p80 WDA40 repeat subunit Bl-like protein
Transmembrane protein, putative

F-box/RNI superfamily protein, putative

Ribosomal RNA processing brix domain protein

DUF241 domain protein

Length of medium stem (LMS, cm), number of ramification (NR), number of healthy leaves (NHL), number of chlorotic leaves (NCL), number of chlorotic necrotic leaves (NCNL), aerial fresh

weight (AFW, g), and aerial dry weight (ADW, g).
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MS NR NHL AFW ADW
LMS 1.000
NR 0.038 1.000
NHL 0364 0336 " Looo
NCL 0323 0303 0612% 1.000
NCNL 0415* 0.350" 0.668* 0.576* 1.000
AFW 0.465* 0.393* 0757* 0.623* 0.827* 1.000
ADW 0535 0.349" 0.693* 0.569* 0772% 0.879* 1.000

**Significant at P < 0.01. Length of medium stem (LMS, cm), number of ramification (NR), number of healthy leaves (NHL), number of chlorotic leaves (NCL), number of chlorotic necrotic
leaves (NCNL), aerial fresh weight (AFW, g), and aerial dry weight (ADW, g).
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PGSCO003DMG400008564 Chiorophyll a/b binding protein
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PGSCO003DMG400011751 2-oxoglutarate-dependent dioxygenase

PGSCO003DMG400008804 chlorophyll a/b binding protein
PGSCO0O3DMGA00029406 Glyceraldehyde-3-phosphate dehydrogenase B subunit
PGSCO0O3DMGA00022538 Conserved gene of unknown function
PGSCO003DMGA401026390 PeptidyltRNA hydrolase

PGSCO003DMG400006661 AsR4

PGSCO003DMG401021057 Cytochrome Pdso
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PGSCO003DMG400033037 Ribulose bisphosphate carboxylase large chain
PGSCO003DMG400007188 Desaturase

PGSCO003DMG400018565 Alcoholdehydrogenase
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PGSCO003DMG400019578 conserved gene of unknown function
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