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Editorial on the Research Topic

Physiological and molecular mechanisms of important agronomic traits
in plants under various abiotic factors

The effects of abiotic stress on plant growth, yield, and quality have become increasingly
significant in light of global climate change. In this Research Topic, we explore the
physiological and molecular mechanisms by which plants respond to various
environmental stressors, such as drought, temperature extremes, salinity, metal,
chemical, and pollutant exposure. It compiles ten original research articles that provide
new insights into how plants adapt and maintain critical agronomic traits in the face of
adverse environmental conditions.

Understanding plant responses to abiotic stresses

Plants face an array of environmental challenges, including extreme temperatures,
water scarcity, high salinity, and more, all of which negatively impact productivity. These
abiotic stresses disrupt cellular homeostasis and alter metabolic pathways, leading to
reduced growth, development, and yield. In response, plants have evolved various
physiological mechanisms to mitigate these effects. Understanding and evaluating these
physiological changes provide critical phenotypic data for investigating genetic
mechanisms, which can ultimately aid in molecular breeding efforts.
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Wang et al.

Two original research studies in this Research Topic focus on
plant responses to abiotic stress. Wang et al. explore the response of
alfalfa (Medicago sativa L.) root systems using a metabolomics
approach. They identify amino acids, organic acids, sugars, and
alkaloids as key metabolites essential for alfalfa’s resistance to
drought, including compounds such as 6-gingerol, salicylic acid
(SA), indole-3-acetic acid (IAA), gibberellin A4 (GA4), abscisic acid
(ABA), trans-cinnamic acid, sucrose, L-phenylalanine, L-tyrosine,
succinic acid, and nicotinic acid.

Davoudi et al. investigate the effects of elevated CO, levels on
the physiology of strawberries and tomatoes. With atmospheric
CO, levels having increased by more than 20% in the past four
decades, this research is highly significant. They found that a three-
month exposure to 800 ppm CO, increased yields in both
strawberry and tomato. Additionally, while both species
prioritized fruit development over other sink organs, they were
limited by carbon export at elevated CO, levels, as new
photoassimilates were evenly distributed across various sinks,
regardless of CO, conditions.

Advances in molecular biology,
genetics, and genomics related to
abiotic stress adaptation

With food security becoming an increasingly pressing concern,
breeding stress-resistant crops has emerged as a critical focus in
modern agriculture. This effort is bolstered by advancements in our
understanding of the molecular mechanisms and genetic
components involved in signaling cascades, transcriptional
networks, structural modifications, and biochemical pathways.
This Research Topic presents groundbreaking studies that
advance molecular biology, genetics, and genomics associated
with abiotic stress tolerance, enhancing our ability to dissect plant
stress responses.

Tian et al. cloned the CabHLHIS8 gene, a specific bHLH
transcription factor, from a waterlogging-tolerant pepper cultivar,
ZHC?2’. Compared with wild-type (WT) plants, pepper plants
overexpressing CabHLH18 showed greater water content, amino
acid, proline, soluble sugar levels, root viability, and superoxide
dismutase activity, while exhibiting lower malondialdehyde content
under waterlogging conditions. After 24 hours of waterlogging
stress, the fresh weight, amino acid, proline, and soluble sugar
levels of the overexpression lines were higher than those of the WT
plants. Hence, CabHLH18 is a promising candidate for breeding
waterlogging-tolerant hot pepper varieties.

Liu et al. investigated respiratory burst oxidase homologs
(RBOHs), a key enzyme family regulating superoxide production
and playing a central role in plant stress responses. Seven PsSRBOH
genes were identified in the pea genome, with tissue-specific
expression patterns and functional diversity during growth and
stress responses. PSRBOH4 emerged as a key responsive gene, as its
expression was significantly induced under heat, cold, cadmium,
drought, and low boron stresses, while PsRBOHI primarily
responded to salt stress. This study provides valuable insights into
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the functional roles of pea RBOH genes in plant adaptation to
climate-related challenges.

Aluminum (Al) toxicity in acidic soils is a major limiting factor
affecting crop yield, inhibiting root growth, reducing nutrient and
water absorption, and ultimately impairing photosynthesis. Zhang
et al. studied potato aluminum-activated malate transporters
(ALMTs), which play important roles in responding to Al
toxicity, maintaining ion homeostasis, and supporting mineral
nutrient distribution. Fourteen StALMT genes were identified in
the potato genome, unevenly distributed across seven
chromosomes. Specific StALMT genes were significantly up-

regulated in response to AI’*

and overexpression of these genes
conferred enhanced growth resistance to Al toxicity, highlighting
the pivotal role of these genes in combating AI’* toxicity in plants.

Khassanova et al. identified two chickpea zinc finger knuckle
genes, Ca04468 and Ca07571, as key candidates in plant responses
to drought and dehydration. Various methods, including Sanger
sequencing, DArT (Diversity Array Technology) for plant
genotyping, molecular marker and gene expression analyses, and
field trials, were used to characterize these genes. Associations with
100-seed weight and seed weight per plant were examined, and two
SNP molecular markers for both genes were developed and verified.
These markers hold potential for marker-assisted selection to
improve drought and dehydration tolerance in chickpea, paving
the way for the development of novel chickpea cultivars in
the future.

These studies collectively highlight the critical advancements in
understanding the molecular, genetic, and genomic bases of abiotic
stress resistance, providing invaluable tools and knowledge for
breeding climate-resilient crop varieties.

Cross-talk between stress responses
pinpoints key genetic regulators that
serve as central hubs for conferring
multiple stress resistance

Under changing climatic conditions, crop plants are
increasingly affected by combinations of multiple abiotic stresses
rather than individual stress factors. Studies in this Research Topic
explore the concept of cross-talk between different abiotic stress
responses. Samarina et al. investigate the role of specific
transcription factors in regulating stress-responsive genes in tea
plants under drought and cold conditions, as well as gene models
related to cell wall remodeling. The highlighted key signaling
pathways suggest that plants employ shared mechanisms to cope
with multiple stressors, providing a molecular basis for breeding tea
plants with enhanced tolerance to interactive abiotic stresses.

The frequent co-occurrence of various abiotic stresses
highlights the need to identify potential donors resistant to
multiple stressors for developing climate-resilient crop varieties.
In this context, Kumar et al. screened 41 rice germplasm accessions,
including landraces and elite cultivars, for tolerance to drought,
salinity, and submergence at the 21-day-old seedling stage over a
10-day period. Specific genotypes were identified as promising

frontiersin.org
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donors for multiple abiotic stress tolerance. Additionally, a set of 30
SSR markers linked to drought, salinity, and submergence QTLs
were used to characterize these accessions, providing valuable
genomic tools for future breeding efforts.

New insights into interactions
between plants and atypical
abiotic stress

Continuous agricultural production can also introduce atypical
abiotic stress to plants. Zhou et al. reported that continuous cropping
of tobacco results in the accumulation of allelopathic compounds in
the rhizosphere. Redundancy analysis (RDA) identified eight
compounds with autotoxic effects on tobacco growth. These
compounds contributed to yield reductions, outbreaks of tobacco
black shank, and a decline in beneficial soil flora.

Expanding industrialization and other human activities lead to an
increase in the occurrence of sudden environmental pollution accidents
(SEPAs), an atypical form of abiotic stress. Developing methods to
promptly eliminate pollutants at their source and address the resulting
environmental issues is crucial for global ecological health and
sustainable human development. Phytoremediation, a biological
approach, offers advantages such as simplicity, cost-effectiveness, and
the reduction of secondary pollution compared to traditional methods.
Li et al. developed a 3D-QSAR pharmacophore model to predict
plant resistance and the phytodegradation of polychlorinated
biphenyls (PCBs), a class of organic pollutants regulated under
the Stockholm Convention due to their persistence, high toxicity,
bioaccumulation, and long-range environmental transport. This
study provides theoretical support for the application of
transgenic plant-based emergency phytoremediation technology.

Future perspectives

As the global climate continues to change, the frequency and
intensity of abiotic stresses will likely increase, further challenging

Frontiers in Plant Science

10.3389/fpls.2024.1502061

global food production systems. This Research Topic provides a
foundation for developing stress-tolerant crops that can thrive in
adverse conditions. Future work should focus on validating the
newly identified molecular mechanisms underlying the
physiological responses, integrating these insights into breeding
programs and agricultural practices, ensuring that crop yield and
quality can be maintained in the face of environmental
uncertainties. This Research Topic represents a significant step
toward understanding the intricate mechanisms that govern plant
stress responses and offers promising avenues for improving crop
resilience through innovative biotechnological approaches.
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Long-term cold, freezing
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mechanisms and signal
transduction in tea plant
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Lidiia Samarina™**, Songbo Wang*, Lyudmila Malyukova®,
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Resources (VIR), Saint Petersburg, Russia

Introduction: Low temperatures and drought are two main environmental
constraints reducing the yield and geographical distribution of horticultural
crops worldwide. Understanding the genetic crosstalk between stress
responses has potential importance for crop improvement.

Methods: In this study, lllumina RNA-seq and Pac-Bio genome resequencing
were used to annotate genes and analyze transcriptome dynamics in tea plants
under long-term cold, freezing, and drought.

Results: The highest number of differentially expressed genes (DEGs) was
identified under long-term cold (7,896) and freezing (7,915), with 3,532 and
3,780 upregulated genes, respectively. The lowest number of DEGs was
observed under 3-day drought (47) and 9-day drought (220), with five and 112
genes upregulated, respectively. The recovery after the cold had 6.5 times
greater DEG numbers as compared to the drought recovery. Only 17.9% of
cold-induced genes were upregulated by drought. In total, 1,492 transcription
factor genes related to 57 families were identified. However, only 20 transcription
factor genes were commonly upregulated by cold, freezing, and drought.
Among the 232 common upregulated DEGs, most were related to signal
transduction, cell wall remodeling, and lipid metabolism. Co-expression
analysis and network reconstruction showed 19 genes with the highest co-
expression connectivity: seven genes are related to cell wall remodeling (GATLZ,
UXS4, PRP-F1, 4CL, UEL-1, UDP-Arap, and TBL32), four genes are related to
calcium-signaling (PXL1, Strap, CRT, and CIPK6), three genes are related to
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photo-perception (GIL1, CHUP1, and DnaJ11), two genes are related to hormone
signaling (TTL3 and GID1C-like), two genes are involved in ROS signaling (ERO1
and CXE11), and one gene is related to the phenylpropanoid pathway (GALT6).

Discussion: Based on our results, several important overlapping mechanisms of
long-term stress responses include cell wall remodeling through lignin
biosynthesis, o-acetylation of polysaccharides, pectin biosynthesis and
branching, and xyloglucan and arabinogalactan biosynthesis. This study
provides new insight into long-term stress responses in woody crops, and a
set of new target candidate genes were identified for molecular breeding aimed
at tolerance to abiotic stresses.
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1 Introduction

Low temperatures and drought can lead to decreased water
potential of plant tissues and induce reactive oxygen species
accumulation, which causes severe damage to various cellular
components (Chaves et al., 2003; Minhas et al, 2017). Lately,
significant progress has been made in the identification of stress-
inducible genes and components of signaling pathways involved in
a variety of abiotic stresses. Thousands of genes are involved in
response to each stressor, and the relationships among genes
remain largely unknown (Hao et al., 2018; Xia et al., 2019).

In nature, plants often face several abiotic stresses rather than a
particular one at the same time (Ahuja et al., 2010). Cold, freezing, and
drought induce common and specific sets of signaling pathways and
regulatory mechanisms following biochemical responses affecting plant
phenotype (Zhou et al, 2019). Consequently, cold tolerance also
promotes drought tolerance in plants, which is consistent with an
increase in osmo-regulatory compounds and antioxidant enzyme
activities (Li et al,, 2019). Thus, it is necessary to better understand
the cross-talk genetic mechanisms for the development of cultivars that
are tolerant to both environmental factors that can largely contribute to
the enhancement of crop productivity under changing climates
worldwide (Minhas et al., 2017). Additionally, comparison of the
molecular profiles of an organism under different stresses would
allow us to identify conserved stress mechanisms in woody crops
(Amrine et al, 2015; Muthuramalingam et al., 2017; Chamani
Mohasses et al., 2020).

The cross-talk transcriptomic responses between cold and
drought have been reported in a few studies. Among them, much
more DEGs were upregulated under cold conditions rather than
drought in tea plants (Zheng et al., 2015), apples (Li et al., 2019),
and maize (Lu et al., 2017). However, a significant number of DEGs
were upregulated during drought as compared to cold in cassava (Li
et al, 2017). In total, 56% of common genes expressed under
drought and cold stresses were related to 43 transcription factor
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families (primarily WRKY, NAC, MYB, AP2/ERF, and bZIP) in
Arabidopsis (Sharma et al.,, 2018). Many transcription factors and
metabolite-related genes have been shown to be involved in both
the cold and drought responses of tree species (Wang et al., 2012;
Ban et al., 2017). ABRE-binding proteins and ABRE-binding factor
TFs control gene expression in an ABA-dependent manner. SNFI-
related protein kinases2, group A2C-type protein phosphatases, and
ABA receptors were shown to control the ABA signaling pathway.
ABA-independent signaling pathways such as DREB and NAC TFs
are also involved in stress responses, including drought, heat, and
cold (Nakashima et al., 2014; Pareek et al. 2017). In contrast to
Arabidopsis (Matsui et al., 2008; Sham et al., 2014), maize (Shan
et al,, 2013), and rice (Rabbani et al., 2003). In woody crops, little
has been reported about transcriptome dynamics and crosstalk
responses to drought, cold, and freezing. Moreover, available data
were obtained for short-term stress treatments, but long-term stress
and recovery were not sufficiently studied.

Among tree crops, the tea plant (Camellia sinensis L.) is one of
the most important commercial crops in China, India, Sri Lanka,
Kenya, and certain Caucasian and Middle Eastern countries
(Turkey, Georgia, Russia, and Azerbaijan). This perennial
evergreen crop is grown in more than 60 countries on five
continents, from 49°N in Ukraine to 33°S in South Africa
(Turkozu and Sanlier, 2017). In the most tea-producing countries,
plantations are affected by drought and cold stress, which
significantly reduce the yield and decrease the distribution of the
crop in colder areas. The available studies on tea plants confirmed
that the key cold regulators ICE, CBF, and DHN are related to an
ABA-independent responsive pathway and participate in both cold
and drought stress and in other abiotic stress responses (Liu et al.,
2015; Singh, and Laxmi 2015; Ban et al., 2017; Hu et al., 2020). In
addition, several transcription factor families (AP2/EREBP, WRKY,
bHLH, NAC, MYB, HSP, LEA, CML, bZIP, HD-ZIP, HSF, SCL,
ARR, and SPL) have been shown to be activated in tea plants in
response to cold and drought (Chen et al., 2014; Cao et al,, 2015;
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Zheng et al., 2015; Wang et al., 2016; Cui et al., 2018; Li et al., 2019;
Ma et al,, 2019; Zhang et al. 2019a). Additionally, signal
transduction pathways are the link between the sensing
mechanism and the genetic response, and plants can have
multiple stress perception and signal transduction pathways,
which may cross-talk at various steps in the pathways (IHuang
et al., 2012). The pathway analysis indicated that “plant hormone
signal transduction,” “starch and sucrose metabolism,”
“peroxisomes,” and “photosynthesis” might play a vital role in
low temperature responses in tree crops (Zhou et al., 2021).

Due to out-breeding and its long gestation period, the tea plant
requires next-generation breeding strategies to improve its drought
and cold tolerance through a deeper understanding of key
regulators and their variants for precision introgressions to have
better yield and quality under stress conditions. Therefore, efforts
are needed to elucidate the global transcriptomic dynamics of
multiple tea genotypes under drought and cold stress to critically
discern key molecular players (Parmar et al, 2019). The North
Caucasus’ tea germplasm collection is in the border region (44°36’
40" N, 40°06'40” E) of the possible global tea production and can be
the source of the most tolerant cultivars; some genotypes of the
collection can survive below —20°C, providing a good yield
(Samarina et al.,, 2022). Resequencing of new germplasm outside
of the global producing regions can help to discover novel
molecular mechanisms of acclimation and domestication of tree
crops in the extreme climatic zones. The third-generation
sequencing technology represented by PacBio has the advantage
of long read lengths (Sun et al, 2020a). PacBio and RNA-seq
sequencing technologies are highly complementary to each other.
To obtain an overall view of the molecular regulation during cold,
freezing, drought, and recovery, we combined PacBio genome
sequencing and RNA-Seq to investigate the transcriptome
dynamics of C. sinensis cv. Kolkhida. This study will provide new
data on overlapping and specific regulatory pathways, key
functional genes, and signal transduction components involved in

TABLE 1 Experimental treatments.

10.3389/fpls.2023.1145793

short- and long-term cold, freezing, drought, and recovery in
perennial tree crops.

2 Materials and methods
2.1 Plant material and stress induction

Three-year-old plants of the elite local tea cultivar Kolkhida (the
survival temperature of adult plants is about —10-12°C) obtained by
vegetative propagation at the Federal Research Centre, the
Subtropical Scientific Centre of the Russian Academy of Sciences
(FRC SSC RAS, Sochi, Russia), were used for experiments. Healthy
plants grown in 2-liter pots filled with brown forest acidic soil (pH =
5.0) were randomly selected for experiments; 9-15 plants per
treatment were replicated three times. The plants were
maintained for one month at the following control conditions:
temperature +22 * 2°C, light regime day/night 16/8, light intensity
of 3,000 lux, soil water content of 65 + 5%. To induce cold stress,
plants were placed in the cold chamber HF-506 (Liebherr,
Denmark) at a temperature of +4 + 2°C for 14 days. Freezing was
induced after 14 days of cold by the following decrease of the
temperature by —4°C for 7 days. Recovery was induced by a gradual
increase in temperature +10 + 2°C for 10 days. To induce drought
stress, the soil watering was gradually decreased to 15% within 14
days, with a 7-day recovery period. The light regime was day/night
16/8, the light intensity was 3,000 lux, and the soil water content was
65 + 5 for all treatments (Table 1).

2.2 Phenotypical evaluation of tea plants
under stress

For each assessed parameter (relative electrolyte leakage,
relative water content, caffeine, theanine, and catechin contents),

Treatment Temperature, °C Light/dark Soil water content, % Duration,Days
Control +22+2 16/8—3,000 lux 65+5 30
Cold12h (12 h) +4+2 16/8—3,000 lux 65+ 5 0.5
Cold3d (three days) +4 +2 16/8—3,000 lux 65+5 3
Cold14d (14 days) +4 £ 2 16/8—3,000 lux 65+5 14
Freezing3d (three days)* —4+2 16/8—3,000 lux 65+ 5 3
Freezing7d (seven days)* -4 %2 16/8—3,000 lux 65+ 5 7
RecoveryC (recovery after freezing) +10 £2 16/8—3,000 lux 65+5 10
Drought3d (three days) +22 +2 16/8—3,000 lux 45+ 5 3
Drought9d (nine days) +22 +2 16/8—3,000 lux 25+5 9
Droughtl4d (14 days) +22 +2 16/8—3,000 lux 15+5 14
RecoveryD (recovery after drought) +22£2 16/8—3,000 lux 65+5 7

*Freezing was followed by a 14-day cold.
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2"d, 3rd, and 4™ mature leaves from the top of the plant were used
for sampling.

Electrolyte leakage indicating the damage of leaf tissues was
measured using the conductivity meter ST300C (Ohaus): a leaf
sample was immersed in 150 ml of deionized water, and electrical
conductivity was evaluated 2 h later (L1) and after 2 h of boiling and
cooling (L2). The relative electrolyte leakage (EL, %) was calculated
as: EL = £L4100 (Bajji et al., 2002).

The relative water content (RWC) was determined as follows:
fresh leaves were first weighed (FW), then immersed in water
solution for 12 h (TW) and dried at 105°C for 5 h (DW). RWC
was calculated according to the formula: RWC = ( E}T:‘x:g% )%100 %
(Yamasaki and Dillenburg, 1999).

Caffeine, L-theanine, and catechins (gallocatechin (GC),

epigallocatechin (EGC), epicatechin (EC), epicatechin gallate
(ECQG), gallocatechin gallate (GCG), and epigallocatechin gallate
(EGCQG)) (mg g_1 dry leaf mass) were evaluated by HPLC using the
following extraction protocol: 130-175 mg of dried tea leaf were
poured into a 4.0-ml solution of 80% methanol, hermetically closed,
and incubated for one week at +4°C in the dark. After that, the
vessels with methanol leaf extracts were placed in a UV bath for
30 min and then centrifuged at 13,000 rpm for 10 min. Then, 1 ml
of supernatant was injected into the HPLC column. The Agilent
Technologies 1100 HPLC chromatographer, equipped with a flow-
through vacuum degasser G1379A, a 4th-channel low pressure
gradient channel pump G13111A, an automatic injector G1313A,
a column thermostat G13116A, and a diode array detector G1316A,
was used. The 2.1 x 150 mm column filled with octadecyl silyl
sorbent, with agrain size of 3.5 um, “ZORBAX-XDB C18,” was
applied. The acetonitrile solution was used for the gradient: the
initial composition of the mobile phase, consisting of 90% (v/v)
solvent A (0.1% H3PO4) and 10% of solvent B (90.0% acetonitrile),
was maintained for 8 min. After that, solvent A was decreased
linearly to 40% at 25 min, 0% at 90 min, and then increased to 100%
at 29.1 min to 34 min. The programming was then continued in
isocratic mode as follows: 40% A at 70.1 to 75.0 min; 7% A at 75.1 to
90.1 min (the flow rate is 0.30 ml/min, the column temperature is
40°C). The wavelengths for detection were 195 nm (for L-theanine)
and 273 nm for caffeine and catechins. Identification of the
substances was performed based on the time of holding the
standards for respective compounds.

2.3 Pac-Bio genome sequencing, assembly,
and annotation of cv. Kolkhida

For the PacBio Hifi sequencing, the 20 kb libraries with the
three cells of data were constructed following PacBio’s standard
protocol and sequenced using the Sequel II platform. For the short
reads, DNA samples were sequenced using the Illumina Hiseq
platform with 150-bp pair-end reads and an insert size of 350 bp.
All the raw sequencing reads were preprocessed to remove low-
quality bases, adaptor reads, duplications, and potential
contaminants before subsequent analyses. A total of 88.62 Gb
(~29-fold) of high-fidelity PacBio reads were sequenced for the
Kolkhida tea genome. We assembled reads by Hifiasm (Cheng et al.,
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2021), and because of the high heterozygosity and repeat sequence
number in the tea plant genome, redundant contigs were conducted
by Purge_Dups (Guan et al., 2020). To correct the SNP errors and
small indel variations, the Pilon tool (Walker et al., 2014) was
employed to polish the genome using Illumina short reads. Finally,
the assembled genome size was 3.11 Gb with a contig N50 of 4.32
Mb. The BUSCO (Manni et al.,, 2021) assessment showed 94.3%
completeness of core-orthologous genes. Otherwise, the Illumina
short reads were mapped to the genome with a 97.57%
mapping ratio.

2.4 RNA-sequencing and data analysis

The leaf sampling for the RNA extraction was performed
between 10 and 12 am (except for the treatment Cold12h, where
it was performed at 10 pm). A total of 48 RNA libraries were
constructed for sequencing (three to five biological replicates per
treatment, each replicate representing a separate plant) using
standard Illumina protocols, and RNA sequencing was performed
by Novogene Co., Ltd. (https://en.novogene.com/) using the
Mumina Hi-Seq platform. Read quality control was performed
using fastp (https://github.com/OpenGene/fastp). The RNA-Seq
reads were aligned to the reference genome using the HIS AT2
short read aligner tool (Kim et al, 2019). Intermediate file
processing of.sam to sorted.bam conversion was carried out using
the SAMTOOLS v.1.9 package (Danecek et al., 2021). Based on the
alignment BAM file, the RSEM (https://github.com/deweylab/
RSEM) (Li and Dewey, 2011) was employed to calculate
and quantify the gene expression using the default parameters.
Gene expression was normalized by reads per kilobase of exon per
million reads mapped. The differentially expressed genes (DEGs)
for each of the compared sample groups were identified by
the DEseq2 package (Love et al, 2014) with a P-value<0.05,
and those DEGs with |log2FC|>1, FDR<0.1 were defined
as having significantly different expression. The Venn diagrams

of the DEGs among the compared groups were created
by the Venn web tool (https://bioinformatics.psb.ugent.be/
webtools/Venn/). GO (http://www.geneontology.org/) and KEGG
(https://www.kegg.jp/) enrichment of the DEGs was conducted
by the Clusterprofiler (https://bioconductor.org/packages/

clusterProfiler/).

2.5 Gene prediction

We combined de novo, homology-based, and RNA-seq
methods to predict protein-coding genes in the tea plant cv.
Kolkhida genome. AUGUSTUS (Stanke et al., 2006) and
GENESCAN (Burge and Karlin, 1997) were conducted for de
novo prediction. First, the TE sequences were masked from the
genome. For the AUGUSTUS, we randomly selected 2,000 high
quality genes from the homology-based results as the training sets.
Arabidopsis parameters were used for Genescan.

For the homology prediction, the proteins derived from
Actinidia chinensis, Arabidopsis thaliana, Camellia oleifera,
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C. sinensis cv. TGY, Vitis vinifera, and uniprot_sprot_plants were
used as the inputs for TBLASTN (Altschul et al., 1997) with an E-
value threshold of 1e-06. Then the blast hits were linked to
candidate gene loci by solar (v.0.9.6) (Li et al, 2010) with
parameters “-a prot2genome2 -z”. Finally, the Genewise tool
(Birney et al., 2004) was employed to construct the intron-exon
boundary. Genes with a length of less than 150 bp or with
incomplete structures were removed.

For the RNAseq prediction, all the transcript sample data were
mapped to the genome using STAR (2.7.9a) (Dobin et al., 2013) and
then the alignments were assembled by String (v2.1.7) (Kovaka
et al,, 2019) with the following parameters: “-j 2 -f 0.01 -c 2 -m 200
-a 10”.

Finally, all pieces of evidence resulting from the above three
methods were integrated by the Maker tool (v.01.03v 3.01.03)
Pipeline (Cantarel et al., 2008), which can integrate predictions
based on homology proteins, de novo gene models, and
transcriptome assembly genes to better annotate protein-
coding genes.

2.6 Verification of the RNA-Seq results
by gRT-PCR

Total RNA was extracted from the third leaf from the top of the
plant in three biological replicates by the Trizol method, according to
the manufacturer’s protocol (Biolabmix, Russia; https://biolabmix.ru/).
The concentration and quality of RNA were evaluated using a Bio-drop
uLite (Biochrom, UK) spectrophotometer, and quality was assessed in a
1% agarose gel. The 1,000 ng RNA was treated with 1 ul DNAseI-Buffer
and 1 pl DNAsel (Biolabmix, Russia; https://biolabmix.ru/) for 30 min
at 37°C, with subsequent DNAse inhibition by heating to 65°C for
10 min. After that, 1,000 ng of RNA was used to prepare 20 pl of cDNA
using the M-MuLV-RH-kit (Biolabmix, Russia; https://biolabmix.ru/),
with the following quality evaluation by gel electrophoresis and qRT-
PCR using LightCycler 96 (Roche Life Sciences; https://
lifescience.roche.com/global_en.html). After cDNA preparation, all
samples were diluted to the same concentration of 700 ng pl™*
according to the standardization achieved by the expression of the
reference gene Actin (NCBI Gene ID: 114316878). To analyze gene
expression, the 15 pl of the qPCR-mix consisted of 7.5 ul of 2x
SybrBlue qRT-PCR-buffer with the hot-start polymerase (Biolabmix,
Russia; https://biolabmix.ru/), 0.2 ul of each primer (forward and
reverse), 1 pl cDNA, and the rest volume was PCR-water. The two-
step amplification program was applied: preheating for 5 min at 95°C,
40 cycles of amplification (10 s at 95°C, 30 s at 56-62°C), final
elongation for 5 min at 72°C, and melting for 3 min at 95°C. The
relative gene expression level was calculated by the statistical method of
Livak and Schmittgen (2001) using the following algorithm:
274C8 where:

AACq = (ngene of interest ~ CUinternal control)treatment — (ngene of

interest — quntemal control)control.
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2.7 Data analysis and availability

Statistical analyses of the data were carried out using XLSTAT
software (free trial version) (https://www.xlstat.com/). A one-way
ANOVA and Tukey's HSD were performed to determine significant
differences between the respective treatments. Additionally,
hierarchical clustering was performed, and dissimilarities were
calculated using the DICE coefficient, with agglomeration by
Ward’s method (Ward 1963). The data were analyzed by Pearson’s
(n) PCA type. The co-expression analysis was performed by
pairwise Pearson correlation coefficients using the function
pandas.DataFrame.corr (https://pandas.pydata.org/docs/reference/
api/pandas.DataFrame.corr.html). For calculations, we used log2-
values of expression changes in response to cold, freezing, and
drought. Pairs of co-expressed genes with a pairwise Pearson
coefficient >0.94 were selected for the gene network reconstruction.
The table with co-expression above the threshold was imported into
Cytoscape v. 3.9.1 for further layout and visualization (Shannon et al,,
2003). Additionally, the information about homologs in A. thaliana
was added to the gene network (Supplementary Tables S4, S5).

Raw data from the PacBio HiFi reads and the Illumina short
reads, as well as genome assemblies and annotation proteins (gff
and fasta) have been deposited in the China National GeneBank
Database (project accession number: CNP0004163).

3 Results
3.1 Phenotypical evaluation of stress effect

Cold resulted in increased electrolyte leakage (EL) in five of the
nine treatments as compared to control, namely Cold14d, Freezing3d,
Freezing7d, Droughtl4d, and RecoveryC (see Table 1 above for
abbreviation decoding). The highest EL (14.0%) was detected under
Freezing7d as compared to Control (1.6%). Three other treatments
(Cold14d, Freezing3d, and Droughtl4d) showed about a 3-fold
elevation in EL, indicating equal tissue damage in these treatments
(Figure 1A). The remarkable decrease in RWC was observed in four
treatments (Freezing3d, Freezingl4d, RecoveryC, and Drought14d)—
57.4%-75.1% as compared to Control, which was at 93.0%.
Interestingly, no significant decrease in RWC was detected in the
other treatments (Figure 1B). Additionally, RecoveryC showed lower
EL and lower RWC as compared to RecoveryD, indicating delayed
recovery after freezing as compared to drought.

Under the effects of cold and freezing, the contents of several
catechins, namely EGC, GCG, and EGCG, decreased by 30%
compared to the control (Figure 1C). The long-term drought has
not significantly affected tea quality; however, the short-term
drought resulted in a decrease in several catechin contents (EGC,
GCG, and EGCQG) in tea leaves (Figure 1D). Additionally, no
significant changes in GC, EGC, and EC were detected among
different drought treatments.
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freezing, and drought treatments. Small letters represent the significance of the differences at P<0.05 as compared to the control.

3.2 Transcriptome dynamics of tea
plants under cold, freezing, drought,
and recovery

3.2.1 Biological processes and differentially
expressed genes under cold, freezing, drought,
and recovery

Among the different treatments, the highest number of DEGs
was observed under Freezing7d (7915) and Cold14d (7896), with
3,780 and 3,532 genes upregulated, respectively. The lowest number
of DEGs was observed under Drought3d (47) and Drought9d (220),
with five and 112 genes upregulated, respectively (Table 2;
Supplementary Tables S1, S2). The RecoveryC samples indicated
about 6.5 times greater DEG numbers as compared to RecoveryD.

Based on the DEGs dissimilarity, two main significant clusters
were identified: the first cluster includes the following samples—
Control, Drought3d, Drought9d, and RecoveryD. The second
cluster combined all treatments with a pronounced stress
response: Cold14d, Droughtl4d, Freezing3d, Freezing7d, and
RecoveryC (Figure 2A). The correlation map corresponds with
Figure 2A, indicating three groups of correlated treatments: 1).
Control, Drought3d, Drought9d, Cold12h, and RecoveryD; 2).
Freezing3d, RecoveryC, and Droughtl4; and 3). Cold14D,
Freezing7D, and Cold3d (Figure 2B). These results correspond
with the physiological parameters, confirming the similar stress
severity in tea plants subjected to Cold14D, Freezing3d, and
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Droughtl4d. Thus, these three treatments were further used to
analyze overlapping and specific stress responses.

Analyzing the gene networks, a more pronounced response was
observed under Cold14d as compared to Freezing3d and
Droughtl4d (Figure 3). Interestingly, much more DEGs involved
in the biosynthesis of the secondary metabolites, carbon
metabolism, glyoxylate, and dicarboxylate metabolism were
observed under Cold14d, than under Freezing3d and Droughtl4d.

As for common responses, most of the genes involved in
photosynthesis and ribosome assembly were significantly
downregulated under Droughtl4d, Cold14d, and Freezing3d.
Most DEGs related to RNA polymerase, plant-pathogen
interaction, and metabolic pathways were downregulated under
Cold14d and Freezing3d. Many genes involved in the biosynthesis
of secondary metabolites were upregulated under Drought14d and
Cold14d. As for specific responses, most DEGs related to the
MAPK-signaling pathway were specifically downregulated under
Freezing3d. However, the big portion of DEGs related to nucleotide
excision repair, base excision repair, mismatch repair, DNA
replication, and RNA polymerase activity was specifically
downregulated under Droughtl4d. Additionally, many DEGs
related to galactose metabolism and metabolic pathways were
specifically upregulated under Drought14d.

Subsequently, we classified all upregulated genes into five
categories by the fold of elevation to control, where I—genes were
upregulated greater than 100 folds and V—genes were upregulated
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TABLE 2 The number of differentially expressed genes in each experimental group.

VS Upeegulated Downregulated Total
Control-VS-Cold12h.DEseq2 701 554 1,255
Control-VS-Cold03d.DEseq2 1,627 1,789 3,416
Control-VS-Cold14d.DEseq2 3,532 4,364 7,896
Control-VS-Frost03d.DEseq2 1,034 2,009 3,043
Control-VS-Frost07d.DEseq2 3,780 41,35 7,915
Control-VS-CRecovey.DEseq2 1,727 1,929 3,656
Control-VS-Drougth03d.DEseq2 5 42 47

Control-VS-Drougth09d.DEseq2 112 108 220

Control-VS-Drougth14d.DEseq2 1,258 667 1,925
Control-VS-DRecovey.DEseq2 130 434 564

by Droughtl4d, Freezing3D, and Cold14d (Figures 4C, D). For

up to 2.99 folds (Figure 4A). Interestingly, 45, 4, and 23 genes from
category I were induced by Drought14d, Cold14d, and Freezing3d,
respectively. However, three to four times greater numbers of genes
from categories IV and V were observed in Cold14d as compared to
Droughtl4d and Freezing3d. Among all upregulated DEGs, 12%,
10%, and 5% were overlapping for Cold-Freezing, Cold-Drought,
and Cold-Freezing-Drought, respectively (Figure 4B). Only 1% of
genes were common for drought and freezing. Remarkably, 72% of
genes were specifically upregulated by each treatment. Additionally,
many DEGs of certain biological processes were specifically induced

upregulated DEGs, GO terms related to stress and stimulus
responses were significantly enriched at all time points. Pathway
analysis indicated overlapping GO terms related to thylakoid
membranes, photosynthetic membranes, the response to Karrikin,
electron transport, and the cytochrome complex play a vital role in
tea responses (Figure 4D). Interestingly, GO-term enrichment
analysis indicates more specific biological processes detected in
the tea drought response as compared to the cold and
freezing responses.
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FIGURE 2

(A) UPGMA-clustering of tea transcriptome samples; (B) correlation heat map of tea plant stress responses based on transcriptome profiles.
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FIGURE 3

Gene networks affected by Cold14d, Freezing3d, and Droughtl4d: blue dots—downregulated genes, red dots—upregulated genes, purple cycles marked
with numbers—biological processes: (A) Cold14d: 1—Biosynthesis of secondary metabolites, 2—Metabolic pathways, 3—carbon metabolism, 4—Glyoxylate
and dicarboxylate metabolism, 5—Photosynthesis, 6—Photosynthesis antenna proteins, 7—Endocytosis, 8 —RNA-polymerase, 9—Ribosome, 10—Plant—
pathogen interaction; (B) Freezing3d: 11—Plant—pathogen interaction, 12—MAPK-signaling pathway, 13—RNA-polymerase, 14—Base excision repair, 15—
DNA-replication, 16—Mismatch repair, 17—Ribosome, 18—Photosynthesis, 19—Oxidative phosphorylation, 20—Metabolic pathways; (C) Droughtl4d: 21—
Galactose metabolism, 22—Metabolic pathways, 23—Biosynthesis of secondary metabolites, 24—Photosynthesis, 25—Ribosome, 26—Nucleotide excision
repair, 27—Base excision repair, 28—Mismatch repair, 29—DNA-replication, 30—RNA-polymerase.
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A The ratio and the number of upregulated DEGs
Gene range Cold14d Frost3d Drought14d
1 (more than 100 folds) 23 4 45
2 (elevated 50-99 times) 32 9 44
3 (elevated 10-49 folds) 395 77 188
4 (elevated 3.0-9.9 folds) 376 568
5 (elevated 2.0-2.9 folds) 568 413
TOTAL 3631 1034 1258

Droughti4d Drought14d

Frost3d Frost3d

FIGURE 4
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The classification of the significantly upregulated genes under Cold14d, Freezing3d, and Droughtl4d: (A) the ratio and the number of upregulated
DEGs, (B) the number of common and specific DEGs, (C, D) the number of common and specific DEGs related to certain biological processes.

Among specifically upregulated genes, 57 genes of categories I
and II (dramatically upregulated), were specifically induced by
Droughtl4d (Supplementary Table S3).

3.2.2 Classification of commonly upregulated
DEGs under cold, freezing, and drought

In total, 6.3% of overlapping (common) upregulated genes
present in 232 genes and appeared to be the core Cold-Drought-
Freezing-responsive genes. These genes clustered into four groups
(Clusters A, B, C, and D) according to their expression level
(Figure 5; Supplementary Table S3).

The group D combined 22 genes with expression increased by
50-100-fold as compared to control, namely, ELIPI, ECP63-like,
GRF1, UGT74B1, glucan endo-1,3-beta-glucosidase 11-like, 12-like,
phosphoprotein ECPP44, sugar transport protein 13-like, protein
NRT1/PTR FAMILY 1.2-like, F-box/kelch-repeat protein SKIP25-
like, ultraviolet-B receptor UVR8-like, 11S globulin seed storage
protein 2-like, EIDI-like F-box protein 3, =probable protein
phosphatase 2C 24, and seven more that showed no overlap with
any annotated genes and can represent novel protein-coding genes).
Similarly, the expression groups B and C combined 71 and 46 genes,
respectively, which were upregulated up to 49 folds. Additionally,
the most abundant expression group A combined 93 genes with a
moderate increase of up to 9 folds. Along with well-known
regulators of stress response (e.g., CBF and DHN), we identified
novel transcripts that were highly induced by cold, freezing, and
drought (e.g., ELIPI and GRFI-interacting factor 1).

Interestingly, most of the genes in categories IV and V were
related to the same category in Cold14d, Freezing3d, and
Droughtl4d, indicating their similar role and co-expression

Frontiers in Plant Science

16

character in the three stress treatments. In addition, transcription
factors and metabolism-related genes were observed in each of the
expression groups from 1 to 5. Among the 1,492 transcription factor
DEGs identified in all treatments, 20 were common in long-term
cold, freezing, and drought (Supplementary Table S3).

These 20 transcription factor genes correspond to CBF1, DHNI,
DHN2, DHN3, LEA, LEA14-A, LEA29, bHLH, WRKY22, ZATI0,
NAC, GIF1, AP2, ERF, PIP7a, GRAS, ECP63, HSP70, DUF567, and
COR413PM1-like, and most of them are known to be related to the
ABA-signaling pathway (Supplementary Table S3).

Remarkably, 36 genes related to hormone-, calcium-, and ROS-
signaling were revealed among these 232 DEGs. Additionally, 26 genes
were related to cell wall remodeling and biosynthesis: 19 DEGs were
related to lipid metabolism, 12 DEGs were related to the biosynthesis of
polyphenols and anthocyanidins, 11 DEGs were involved in sugar
metabolism and transport, nine DEGs were related to photosynthetic
activity and stomatal organization, and eight DEGs were related to
amino acid biosynthesis and transport. Also, several genes related to
signaling pathways, cell wall remodeling and biosynthesis, and amino
acid biosynthesis and transport were not functionally annotated. The
rest part of upregulated DEGs were related to protein ubiquitination
(UBC24, PUBI, PUBIY, PUBI4, PUB45, SKIP25, NPL4, ALT13, and
ATL51) and protein catabolism (CBP2, TIC20-V, RPN7, APF2, and
ASPG]I), inorganic ion transport (NRT2.7, NRT1, ZIP6, ZIP8, BOR5,
ACAI, FER3, FRO2, Atlg07590-like, and two Potassium ion
transporters), ABC-transport (ABCC5, ABCC3, ABCCI3, ABCCS,
and ABCFI), post transcriptional regulation of gene expression
(SNRPB, RCL, IWCI1, CDAI, and URTI), DNA-methylation and
chromatin modification (H3.3, H2B.1, and PELPI), and NAD-
metabolism (NDA1, NADSYN, and GIDS8) (Supplementary Table S3).
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FIGURE 5

Overlapping genes significantly upregulated in tea plants under Cold14d, Freezing3d, and Droughtl4d as compared to Control: (A) the UPGMAdendrogram
and the heat-map based on the level of upregulation according to RNAseq data (see Supplementary Table S3 for details); (B) the relative expression levels
of the several stress-inducible genes assessed by qRT-PCR (gray columns) and RNAseq (orange columns). Small letters represent the significance of the

differences at P<0.05 as compared to control.

Interestingly, 27 novel uncharacterized transcripts were found
among these 232 overlapping DEGs, which were highly induced by
cold, freezing, and drought and were not recognized and not
annotated by publicly available databases, namely TEAK032489,
TEAKO033550, TEAK006579, TEAK006919, TEAK029131,
TEAKO010562, TEAK012137, TEAKO013321, TEAK015517,
TEAKO016462, TEAK036810, etc. (Supplementary Table S3).

To validate the expression data obtained by RNA-Seq, we
performed qRT-PCR analysis of the expression of the set of
stress-inducible genes under long-term cold, freezing, and
drought (Figure 5). In general, both data sets were congruent.
The important regulators of the stress responses in tea showed
10-fold elevated expression during long stress treatments, namely
CBF1, DHNI1, DHN2, DHN3, ZAT12, GS-SPK, SBP18, and HSP70.
Several stress-inducible sugar-metabolism genes (GOLSI, GOLS3,
and RS2) were upregulated up to 10-fold. Two important
polyphenol biosynthesis transcripts (CHS and F3’H) were
upregulated 2-8 fold in all treatments as compared to control,
which is consistent with RNASeq data. However, GOLS1 and RS2
indicated inhibited expression under freezing.

To summarize overlapping stress responses and to propose new
candidate genes for molecular breeding, we performed co-
expression analysis and network reconstruction of the 58 key
upregulated DEGs related to signal transduction, light perception,
and cell wall remodeling. In total, 390 highly correlated pairs
(Pearson coefficient >0.94) were revealed for 54 genes. The KEGG
annotations of homologs in A. thaliana provided the co-expression
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gene network with corresponding enzyme annotations
(Supplementary Table S5). This network contains 56 genes and
415 edges, of which 390 are co-expressed and 25 are enzyme
associations (Figure 6). Among them, the central functional
cluster of 19 genes was revealed with the highest co-expression
connectivity (green color). Among these 19 genes, seven are related
to cell wall remodeling (GATL7, UXS4, PRP-F1, 4CL, UEL-1, UDP-
Arap, and TBL32), four are related to Ca2+—signaling (PXL1, Strap,
CRT, and CIPK®6), three are related to photo-perception (GILI,
CHUPI, and DnaJl1), two are related to hormone signaling (TTL3
and GIDIC-like), two are related to ROS signaling (EROI and
CXEII), and one is related to the phenylpropanoid pathway
(GALTS). This cluster also contains 41 of 79 most significant
edges (Pearson coefficient >0.997) that confirms the joint
regulation of this core sub-network. Among them, four genes
with six most significant neighbors were identified: GILI, Strap,
CRT, and CXEII. Additionally, five genes from this cluster are
characterized by the highest number of edges in the network: PXLI,
PRP-FI1, GATL7, CIPK6, and UEL-1 (Supplementary Table S6).

4 Discussion

Tea genetic diversity in the North-Western Caucasus can be
considered a useful reservoir of cold-tolerant germplasm useful for
the development of new tolerant cultivars. Kolkhida is the best
large-leaf local tea cultivar, characterized by high leaf quality for
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black and green tea production. In this study, we analyzed the
transcriptome dynamics of this cultivar in response to the cold,
freezing, drought, and recovery. Many previous studies focused on
the short-term stress response. However, the long-term response
and recovery mechanisms can be of critical importance for crop
hardening. In this study, the emphasis was placed on overlapping
genes and pathways because common mechanisms are important to
develop new cultivars tolerant to several stresses and showing
higher hardening potential. We identified a series of new
candidate genes related to different pathways. These genes can be
used as new genetic targets for gene editing and marker-
assisted selection.

Among the different treatments, the highest number of DEGs
was observed under freezing and cold conditions rather than
drought (Table 2). In addition, the RecoveryC samples indicated
about 6.5 times greater DEG numbers as compared to RecoveryD.
These results correspond with several studies that reported that cold
induced more DEGs than drought in tea plants (Zheng et al., 2015),
apples (Li et al., 2019), maize (Lu et al., 2017), and tomatoes (Zhou
et al, 2019). Furthermore, we observed that only 6.3% of
upregulated genes were common for Cold14d, Freezing3d, and
Droughtl4d, whereas 7.9% of upregulated DEGs were common
for cold and drought. Other studies showed that only 10% of the
drought-inducible genes were also induced by cold in Arabidopsis
and tomato (Seki et al,, 2002; Zhou et al.,, 2019). However, these
researchers evaluated the short-term responses while we focused on
the long-term response. Anyway, the percentage of the common
upregulated DEGs is not as high as it was expected, and most of the
DEGs were specific to a cold or drought response.

4.1 Overlapping biological processes upon
cold, freezing, and drought

Our results on pathway analysis are partly consistent with the
other studies, which indicated common GO terms of “thylakoid

Frontiers in Plant Science

18

membranes,” “photosynthetic membranes,” “response to Karrikin,”
“electron transport,” and “cytochrome complex” (Zhu et al., 2013;
Guo et al, 2021; Zhou et al,, 2021). We speculate that these pathways
play a vital role in tea responses to long-term drought, cold, and
freezing. According to some other studies, “plant hormone signal

» <«

transduction,” “starch and sucrose metabolism,” “peroxisomes,” and
“photosynthesis” might play a vital role in wild apple responses to
freezing stress (Zhou et al., 2021). Additionally, Zheng et al. (2015)
reported that “photosynthesis” and “photosynthesis-antenna
proteins” were important for the short-term cold response. In
cotton, treated with 10 d of drought and 2 d chilling of stress, most

» o«

of the DEGs were related to “carbohydrate metabolism,” “stress/

» o«

defense response,” “nucleic acid metabolism,” or “transcriptional
regulation” (Zhu et al,, 2013), which is consistent with our results
on the tea plant. Long-term downregulation of many photosynthesis
genes can involve different mechanisms in drought and cold (Hussain
et al,, 2018). The difference in GO results can be explained by the

different lengths of stress treatments used in the studies.

4.1.1 Phenylpropanoid pathway and cell wall
remodeling DEGs

Among common upregulated genes, several key genes were
related to the phenylpropanoid pathway (ALDH2C4 and homolog
At1g55270—regulator of the phenylpropanoid pathway) and the
polyphenol biosynthesis pathway (F3’H (two genes), F3°’5’H (two
genes), and CHSI). Interestingly, along with the increased
expression of CHSI, F3’'H, and F3’5’H, we observed inhibited
expression of their downstream genes (DFR and FLS), and these
results corresponded with the HPLC results (Figure 1C). Thus, it
can be suggested that the conversion of dehydroflavonols into the
final products is suppressed under long-term stress. Several other
transcriptomic studies indicated upregulation of the polyphenol-
related DEGs controlled by WD40-MYB-bHLH regulatory
complexes and could be an important mechanism of plant
defense against different abiotic stresses (Chezem and Clay, 20165
Xie et al., 2018; Qari and Tarbiyyah, 2021; Wang et al., 2021).
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The phenylpropanoid pathway serves as a rich source of
metabolites in plants. It is a starting point for the biosynthesis of
lignin, flavonoids, and coumarins (Fraser and Chapple, 2011; Hori
et al,, 2020; Oliveira et al., 2020). We identified many upregulated
genes related to cell wall remodeling and biosynthesis (UDP-Arap,
XTH30, AGPS1, BGLU, ENODL2, AXY4, UEL-1, PRP-F1, API,
PPME, GALT6, GATL7, UXS2, UXS4, TBL32, GIcATI14A, XUTI,
GAE3, 4CL, API, RRTI, rfbC, glucan endo-1,3-beta-glucosidase 7-
and 8-like, etc.), confirming the importance of these pathways for
the long-term cold, freezing, and drought responses in tea plants.
Recent studies showed upregulation of lignin biosynthesis genes
along with the downregulation of cellulose biosynthesis genes under
several osmotic stresses (Wildhagen et al., 2018; Chen et al., 2019;
Hori et al., 2020). Additionally, an increased level of xyloglucan
endotransglucosylase/hydrolase (XTH) and expansin proteins were
highlighted (Pefia et al., 2012; Gall et al., 2015). These proteins affect
the cell wall plasticity and reinforcement of the secondary wall with
hemicellulose and lignin to increase cell wall thickening. In our
study, the increased expression of beta-glucosidase (BGLU) and
several DEGs related to xyloglucan and pectin biosynthesis (RRT1,
PPME, XTH, UXS2, UXS4, GAE3, and XUT1) was observed. Among
them, RRTI is required for the synthesis of the RG-I major
structural domain of pectin, which is important for both cellular
adhesion and cell wall plasticity (Takenaka et al., 2018); PPME,
participates in apoplastic Ca**"homeostasis, controlling stomatal
movements, and regulating the flexibility of the guard cell wall (Wu
et al,, 2018). Also, the products of XTHs cut and re-join
hemicellulose chains in the plant cell wall, affecting cellulose
deposition (Wu et al., 2018). Additionally, there are UXS2, UXS4,
and GAE3, required for the biosynthesis of heteroxylans and
xyloglucans and for the side chains of pectin (Kuang et al., 2016;
Borg et al., 2021).

Plant cell walls contain hydroxyproline-rich O-glycoproteins
(HRGPs), a superfamily that is classified into extensins (EXTs),
arabinogalactan-proteins (AGPs), and Hyp/Pro-rich proteins (H/
PRPs) (Cassab and Varner, 1988; Basu et al., 2015; Ajayi et al.,
2021). According to our results, a set of genes involved in H/PRPs
and AGPs metabolism (AGPSI, UEL-1, API, GALT6, GATL?,
GIcATI14A, ENODL2, PRP-FI, etc.) were highly upregulated,
suggesting that glycosylation of HRGPs is an important
responsive mechanism under long-term stress. Additionally, some
genes (TBL32, TBL27) related to O-acetylation of polysaccharides
were upregulated under long-term stresses in the tea plant, which is
consistent with some earlier findings (Sun et al., 2020b). O-
acetylation of polysaccharides changes their physicochemical
properties, and acetyl substituents inhibit the enzymatic
degradation of wall polymers (Gall et al., 2015).

To summarize, several important mechanisms of long-term
stress responses can be suggested that are directed toward
increasing the cell wall’s plasticity, thickness, and hydrophobicity:
lignin biosynthesis, glycosylation of HRGPs, O-acetylation of
polysaccharides, pectin biosynthesis and branching, and
xyloglucan and arabinogalactan biosynthesis.
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4.1.2 Light-perception- and signal transduction
DEGs

According to the KEGG analysis, most of the common
biological processes in tea were related to membranes, electron
transport, and light perception. Previous studies also reported that
cold response is closely associated with light perception, particularly
the circadian clock, which affects the expression of CBF genes (Chen
et al.,, 2004; Gould et al., 2013; Wisniewski et al., 2014; Estravis-
Barcala et al., 2019; Kidokoro et al., 2021; Kidokoro et al., 2022). In
accordance with these findings, we revealed increased expression of
genes related to red-light perception (GILI), blue and UV-light
perception (CRY1, ELIPI, and UVRS), chloroplast relocation
(CHUPI), regulation of chlorophyll biosynthesis (clone Cs213
putative cold-inducible protein), stomatal movement (PGMI),
and PSII-associated light-harvesting complex II (FTSH).
Interestingly, among all upregulated DEGs, the highest expression
level was observed in ELIPI, which was upregulated 150-2,000 folds
above control under long-term cold, freezing, and drought. Early
light-inducible proteins (ELIPs) are present in the thylakoid
membranes. These proteins protect photosynthetic machinery
from various environmental stresses in higher plants and have
been suggested to participate in the phytochrome signaling pathway
(Rizza et al, 2011). The induction of ELIP1/2 expression is
mediated via CRYI in a blue light intensity-dependent manner
(Kleine et al., 2007; Yang et al., 2017). CRY1 participates in the high
temperature response in plants. However, an accumulation of CRY
transcripts has not been observed in response to short-term cold
stress in Arabidopsis (Gould et al., 2013; Ma et al,, 2016). Several
other genes related to the light perception were upregulated under
long-term cold, freezing, and drought. Among them, EIDI-like F-
box protein 3 is related to red-light perception and functions as a
negative regulator in phytochrome A (phyA)-specific light signaling
(Marrocco et al.,, 2006). DnaJ11 and dnaJ ERDJ3B-like encode co-
chaperone components, responsible for stabilizing the interaction of
Hsp70 with client proteins (Ohta and Takaiwa, 2014). Knockout of
these genes in A. thaliana causes a decrease in photosynthetic
efficiency and destabilization of PSII complexes (Chen et al., 2010).
Also, the FT-interacting protein 3 FTIP] is an essential regulator of
FT encoding florigen in plants (Liu et al., 2012). To summarize, it
can be suggested that the long-term overlapping stress responses
include the activation of several important genes of photo-
perception, which probably activate the phenylpropanoid pathway
leading to cell wall remodeling. An adjustment in the light
harvesting system and reaction centers to capture less light energy
for photosynthesis can be an important regulatory mechanism for
long-term stress, according to Zhou et al. (2021). We suppose that
several light receptor genes, such as CRY1, ELIPI, FTIPI, EIDI,
ERDJ3B, and dnajll, can be new target genes for molecular
breeding of the tea plant.

Calcium signaling. Under the long-term stresses, we observed
the elevated expression of several genes related to Ca**-dependent
signaling and protein phosphorylation. Among them are CNXI and
CRT, whose products act as molecular chaperones (Liu et al., 2017;
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Joshi et al., 2019); CIPK12 and CIPK6 products bind to CBLs—
which are regulators of Ca2+—signal transduction (Sardar et al., 2017;
Czolpinska and Rurek, 2018; Guo et al. 2018; Bai et al., 2022).
Additionally, several genes related to Ca®*-signaling were
upregulated (Strap, SAPK3, PXLI, INPP5A2, GRP, etc.),
indicating the important role of the membrane trafficking system
in response to long-term cold, freezing, and drought in tea plants.
Similarly, in Populus, calcium-dependent protein kinase 10
(CPK10) activates both drought- and frost-responsive genes to
induce stress tolerance (Chen et al, 2013). In apples, common
DEGs encoding protein phosphatases and serine/threonine protein
kinases were upregulated in response to different abiotic stresses (Li
et al, 2019). In addition, probable protein phosphatase 2C 24
(2g29380) was upregulated in tea plants. PP2C enzymes are key
players in plant signal transduction processes such as ABA signal
transduction (Rodriguez, 1998). These results confirmed that
activation of Ca**-signaling cascades is relevant for the long-term
stress responses in tea plants.

Hormone signaling. Several new DEGs involved in hormone
signaling were upregulated in tea plants under long-term stress
(GID1C-like, LOG3-like, ILRI-like6, TTLI, TTL3, and 2¢29380).
The product of GIDI can bind negative regulators of GA responses
called DELLA proteins (Hauvermale et al., 2014). LOG plays a
pivotal role in regulating cytokinin activity (Kuroha et al., 2009).
ILRI regulates the rates of amido-IAA hydrolysis, resulting in the
activation of auxin signaling (Sanchez Carranza et al., 2016). TTLI
regulates the transcript levels of several dehydration-responsive
genes, such as CBF2, ERDI (early response to dehydration 1),
ERD3, and COR15a (Rosado et al., 2006; Lakhssassi et al., 2012).
Our results indicate that jasmonic acid, brassinosteroid-, and the
ABA-signaling pathways are consistently upregulated during long-
term stress, which is partly consistent with recent studies on woody
plants (Wisniewski et al., 2014; Estravis-Barcala et al., 2019; He et al.
2019; Zheng et al, 2022). It is suggested that a highly variable
interaction between different hormone signal transduction
pathways takes place, leading to a complex transcriptional
landscape in response to abiotic stress.

ROS signaling. A well-known effect of abiotic stress in plants is
the production of ROS, which can eventually oxidize lipids,
proteins, and DNA and thereby trigger cell death (Akula and
Ravishankar, 2011; Bartwal et al., 2013; Estravis-Barcala et al.,
2019; He et al., 2019). We revealed several new upregulated DEGs
related to lipid metabolism. For example, SECI4 is an important
regulator of phospholipid metabolism (de Campos and Schaaf,
2017); EDR2 is a negative regulator of cell death and acts in
opposition to the SA pathway (Vorwerk et al., 2007); REM
encodes remorin-like proteins of lipid rafts and physically
interacts with receptor-like kinases and pathogen effectors (Cai
et al., 2020); HGPX encodes phospholipid hydroperoxide
(glutathione peroxidase), which participates in scavenging of lipid
hydroperoxide (Jain and Bhatla, 2014). Also, EROI encodes
endoplasmic reticulum oxidoreductin) that participates in protein
folding under oxidative stress (Matsusaki et al, 2019). CXEII
encodes carboxylesterase 11, which is involved in the catabolism
of volatile esters and activation of MeJA signaling (Cao et al., 2019).
Finally, two luminal-binding protein genes (BIP5-like) whose
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overexpression leads to an increase in anti-oxidative defenses
under water stress in transgenic tobacco and soybean (Valente
et al., 2009). These results suggest that lipid stabilization can be an
important mechanism of long-term stress responses in tea plants.

The co-expression analysis revealed the core functional module
of the network (Figure 6), which demonstrates the coordinated
regulation of pathways for photo-perception, phenylpropanoid,
calcium signaling, cell wall remodeling, ROS, and hormone
signaling. Having key knowledge about the presence of such
coordinated regulation and its targets opens a new horizon for
the discovery of major activators that play a key role in
transcriptional stress responses. In comparison to the core gene
network of A. thaliana in response to high light (Bobrovskikh et al.,
2022), our selected gene set includes four corresponding orthologs:
dna] ERDJ3B-like (TEAK028829/AT3G62600), ELIPI
(TEAK023638/AT3G22840), CRYI (TEAKO018624/AT4G08920),
and ALDH2C4 (TEAK002753/AT5G42020). However, these genes
are not included in the central co-expression cluster, indicating a
high specificity of the highlight stress response as well as different

genetic mechanisms involved in these responses.

4.1.3 Regulatory mechanisms

Only 19 transcription factor genes were commonly upregulated
(CBF1, DHNI, DHN2, DHN3, LEA, LEA14-A, LEA29, ECP63,
bHLH, WRKY22, ZATI10, NAC, AP2, ERF, GIF1, PIP7a, HSP70,
GRAS, DUF567, and COR413PM]-like), and most of them are
related to the ABA-signaling pathway. Among the well-known
genes, we found new COR genes upregulated under long-term
cold, freezing, and drought in tea plants. For example, a homolog of
COR413PM1 is a regulator of the ABA response in Arabidopsis, and
affects the ABA-induced transient Ca®" oscillation in the plasma
membrane (Hu et al., 2021). Additionally, DUF567 encodes a
protein of unknown function (Nabi et al., 2020), GRAS, and GIFI
(GIF1/2/3), which regulate root and shoot development (Tian et al,
2004; Zhang et al., 2018; Liu et al.,, 2020). Corresponding with our
results, cold and drought induce transcription factors of an ABA-
dependent response, such as members of the basic-domain leucine
zipper (bZIP) family, the MYB family, and the WRKY family (Li
et al,, 2019; Zhou et al,, 2019; Zheng et al., 2022).

4.2 Specific biological processes activated
by cold, freezing, and drought

In our experiment, freezing treatment was followed a 14-day
cold treatment, leading to the accumulation of the negative effects of
low-temperature stress. Most of the DEGs related to the MAPK-
signaling pathway were specifically downregulated under freezing,
indicating severe damage of the defense system. Mitogen-activated
protein kinase cascade (MAPK) is an evolutionarily conserved
signal transduction module involved in transducing extracellular
signals to the nucleus for appropriate cellular adjustment (Sinha
et al, 2011). In strawberries, the freezing stress response was
through several pathways: flavonoid biosynthesis, plant hormone
signal transduction, MAPK-signaling, starch and sucrose
metabolism, and circadian rhythm (Zhang et al., 2019b).
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Transcriptomic analysis of Magnolia wufengensis under cold stress
showed that the response mechanism was related to photosynthesis,
plant hormone signal transduction, and primary and secondary
metabolism pathways (Deng et al., 2019).

Several specific biological processes were indicated in the tea
plant under long-term drought. Interestingly, under long-term
drought, downregulation of many DEGs related to nucleotide
excision repair, base excision repair, mismatch repair, DNA
replication, and RNA polymerase activity was detected. DNA
repair mechanisms are important to eliminate errors in
replication and maintain genomic integrity of plants under
endogenous and exogenous DNA-damaging factors. Nucleotide
excision repair is a general repair mechanism employed by both
prokaryotic and eukaryotic cells to remove a variety of structurally
different DNA lesions (Manova and Gruszka, 2015). Base excision
repair is a critical DNA repair mechanism for the removal of
damaged bases arising from oxidation, alkylation, or deamination
(Krokan and Bjoras, 2013; Roldan-Arjona et al., 2019). The
mismatch repair (MMR) mechanism of correction of replication
errors (mismatches) or nucleotides accidentally inserted/deleted
during replication to prevent mutation accumulation (Belfield
et al,, 2018). Thus, downregulation of these genes can lead to the
accumulation of mutations in plant cells under long-term drought
stress. Additionally, many DEGs related to galactose metabolism
and metabolic pathways were specifically upregulated in
Droughtl4d, which is consistent with other studies on osmotic
stress (Seifert et al., 2002; Zhang et al., 2015; Zhang et al., 2019b).

5 Conclusion

To conclude, only 17.9% of the cold-induced genes were also
upregulated by drought, and only 6.3% of upregulated genes were
common for long-term cold, freezing, and drought. In total, 1,492
transcription factor genes were identified among all DEGs related to
57 families. However, only 20 transcription factor genes were
commonly upregulated by long-term cold, freezing, and drought
(CBFI1, DHN1, DHN2, DHN3, LEA, LEA14-A, LEA29, ECP63, bHLH,
WRKY22, ZATI0, NAC, AP2, ERF, GIF1, PIP7a, HSP70, GRAS,
DUF567, and COR413PM1-like). Coexpression analysis and
network reconstruction showed 19 genes with the highest co-
expression connectivity: seven genes are related to cell wall
remodeling (GATL7, UXS4, PRP-FI1, 4CL, UEL-1, UDP-Arap, and
TBL32); four genes are involved in Ca2+-signaling (PXLI, Strap,
CRT, and CIPK®6); three genes are related to photo-perception (GILI,
CHUPI, and Dnajll); two genes of hormone signaling (TTL3 and
GIDI1C-like); two genes of ROS signaling (EROI and CXE11); and one
gene of phenylpropanoid pathway (GALT6). These genes can be a
new target for molecular breeding of tea plants. Several important
mechanisms of long-term stress responses include cell wall
remodeling through lignin biosynthesis, o-acetylation of
polysaccharides, pectin biosynthesis and branching, and xyloglucan
and arabinogalactan biosynthesis. These results revealed the
important mechanisms of overlapping responses to cold, freezing,
and drought stresses and a set of new target candidate genes for the
molecular breeding of tea plants aimed at tolerance to abiotic stresses.
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Introduction: Aluminum (Al)-activated malate transporters (ALMTs) play an
important role in the response to Al toxicity, maintenance of ion homeostasis
balance, mineral nutrient distribution, and fruit quality development in plants.
However, the function of the StALMT gene family in potato remains unknown.

Methods and results: In this study, 14 StALMT genes were identified from the
potato genome, unevenly distributed on seven different chromosomes.
Collinearity and synteny analyses of ALMT genes showed that potatoes had 6
and 22 orthologous gene pairs with Arabidopsis and tomatoes, respectively, and
more than one syntenic gene pair was identified for some StALMT gene family
members. Real-time quantitative polymerase chain reaction (qPCR) results
showed differential expression levels of StALMT gene family members in
different tissues of the potato. Interestingly, StALMTI1, StALMT6, StALMTS,
StALMTI10, and StALMT12 had higher expression in the root of the potato
cultivar Qingshu No. 9. After being subjected to AI** stress for 24 h, the
expression of StALMT6 and StALMTI10 in roots was evidently increased,
displaying their decisive role in A" toxicity.

Discussion: In addition, overexpression of StALMT6 and StALMT10 in Arabidopsis
enhanced its tolerance to Al toxicity. These results indicate that StALMT6 and
StALMTI0 impart A resistance in the potato, establishing the foundation for
further studies of the biological functions of these genes.
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1 Introduction

Acidic soil accounts for 30%-40% of the world’s arable land,
and this proportion is even higher in subtropical regions, reaching
approximately 70% (Kochian et al., 2015). Previous studies have
shown that aluminum (Al) toxicity in acidic soils is an important
limiting factor affecting crop yield. It inhibits the growth of main
root crops, promotes lateral root growth, hinders the absorption of
water and other nutrients, reduces photosynthesis, and ultimately
leads to crop yield reduction (Zheng, 2010; Magalhaes et al., 2018;
Chen et al, 2022). The aluminum-activated malate transporter
(ALMT) is a class of membrane proteins present in plants that
plays a vital role in the plasma membrane transport of plant malic
acid. The ALMT gene family has been identified and depicted in
different plants and crops. For instance, 14 members of the
AtALMT gene family have been identified in the Arabidopsis
genome (Kovermann et al, 2007). In the soybean genome, 34
members of the GmALMT gene family have been identified, and
studies have demonstrated that GmALMTS5 is a plasma membrane
protein that mediates malate efflux from the roots (Peng et al,
2018). In sugarcane, 11 members of the ALMT gene family were
recognized, and six of these genes played a role in Al toxicity
(Ribeiro et al, 2021). Additionally, the ALMT gene family in
Chinese white pear and apple was identified, which plays a key
role in various physiological functions such as malate accumulation
and organic acid efflux (Lin et al, 2018; Ma et al, 2018). In
hydrangea (Hydrangea macrophylla [Thunb.] Ser.), 11 ALMT
gene family members were recognized based on transcriptome
data. Furthermore, the expression of three genes (HmALMTS5,
HmALMTY9, and HmALMTI1) in yeast increased tolerance to Al
toxicity (Qin Z. et al,, 2022).

The main functions of the ALMT family include tolerance to Al
toxicity, regulation of stomatal resistance, transportation of mineral
nutrition, microbial interactions, and seed development (Sharma
et al,, 2016). TAALMT was the first Al-activated malate transporter
gene discovered and identified in wheat (Triticum aestivum L.). The
main function of TaALMT1 is to enable the transport of malate to
bind with Al ions outside the cell, preventing Al ions from entering
the root-tip cells (Sasaki et al., 2004). Subsequently, AtALMT]
(Hoekenga et al.,, 2006), BsALMTI1 and BnALM?2 (Ligaba et al,
2006), SCALMT1I (Collins et al., 2008), ZmALMTI (Pineros et al.,
2008) and ZmALMT2 (Ligaba et al., 2012), GmALMTI and
HIALMTI1 (Chen et al.,, 2013), MSALMTI1 (Chen et al.,, 2013),
SIALMTY (Ye et al, 2017), and BoALMT1 (Zhang et al., 2018)
were also cloned. In Zea mays, ZmALMT]I plays a significant role in
mineral nutrition and ion homeostasis modes, rather than
controlling a distinctive Al-activated citrate excretion reaction in
the root (Pifieros et al., 2008). ZmALMT?2 is not related to Al stress
but plays a significant role in mineral nutrient absorption and
allocation (Ligaba et al., 2012). Interestingly, AtALMTI is
responsible for mediating Al-activated malate secretion and
responding to multiple signals indicating indole-3-acetic acid
(IAA), abscisic acid (ABA), low pH, and hydrogen peroxide
(Kobayashi et al., 2013). Furthermore, HYALMT1 has been shown
to be unrelated to Al resistance in barley (Hordeum vulgare) and
functions as an anion channel to promote organic anion
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transportation in stomatal function and expanding cells (Gruber
et al,, 2010). Other members of the ALMT gene families code for
anion channels, but the effects of substrate specificity, plasma
membrane presence, and the dynamic balance of different
functions including malic acid, osmotic regulation, and function
of guard cells have significant differences (Kovermann et al., 2007;
Xu et al., 2015).

There are 16 ALMT gene family members identified and
analyzed in the tomato plant, which belongs to the Solanaceae
family along with the potato. SSALMT4 and SIALMTS5 are localized
in the vascular bundles, and these two proteins secrete malate efflux
(Sasaki et al., 2016). SIALMT9 (Solyc06g072910-Solyc06g072920)
was included in a genome-wide association study with 272 tomato
accessions, demonstrating that tonoplast-localized was responsible
for deciding the malic acid content of the fruit (Ye et al., 2017).
Furthermore, the tomato-response Al toxicity and jasmonic acid
(JA)-regulated mechanism revealed that SIALMT3 is responsible for
the regulatory mechanism underlying the crosstalk between Al and
JA, and six SIWRKYs may act as upstream regulators of SSALMT3 in
this crosstalk response (Wang et al., 2020). In addition, ALMT
(Solyc01g096140.3) was reported to be negatively correlated with
the sugar/organic acid ratio in the tomato fruit (Li et al,, 2021).
Next, SIALMT15 was confirmed to be related to the stomatal density
of leaves and further affects photosynthesis and drought tolerance
in the tomato (Ye et al, 2021). Finally, SIALMTI1 expressed in
tomato leaf guard cells was associated with external malate-induced
stomatal closure, but not with abscisic acid (Sasaki et al., 2022).

The edible part of the potato is in direct contact with the soil,
and it is also the first contact site for high Al toxicity. High Al
toxicity on potato growth and yield refers to the negative impact of
excessive Al content in the soil on the growth and yield of potato
crops. Al ions in the soil can harm the root system and reduce the
uptake of essential nutrients by the potato plants. This stress can
lead to stunted growth, reduced tuber formation, and lower yields.
The function of the StALMT gene family in the potato remains
correspondingly unknown. In this study, we identified and analyzed
members of the StALMT gene family from the potato genome. Our
study focused on chromosome distribution, gene nomenclature,
physicochemical properties, subcellular localization, evolutionary
relationship, and analysis of cis-acting elements of the members of
the StALMT gene family. Additionally, we researched the
expression of the StALMT gene family, the response of the potato
cultivar to AI3™ toxicity, the relationship between malate secretion
in the potato and Al toxicity, and the role of StALMT6 and
StALMTI0 in response to Al toxicity.

2 Materials and methods

2.1 Plant materials and growth conditions
The potato cultivar ‘Qingshu No. 9" was used to analyze Al

toxicity. Qingshu No. 9 was obtained from the Institute of

Vegetables and Flowers, Chinese Academy of Agricultural

Sciences. After germinating at 22°C, pre-elite seeds were
transferred to 1/4 potato Murashige and Skoog (MS) basal salts
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with vitamins (Coolaber) non-buffered solutions at an initial pH of
5.5. The potatoes were grown at 25°C in growth chambers with a
12-h light/12-h dark photoperiod.

Arabidopsis thaliana Columbia-0 (Col-0) was obtained from
the School of Life Sciences, Nanjing University. For growth
experiments, Col-0 seeds were sterilized with 10% sodium
hypochlorite for 4 min, washed in double-distilled water four
times, and sown on MS or 1/4 MS medium containing 1%
sucrose (Aldrich-Sigma) and solidified with 1% agar (Aldrich-
Sigma). Our previous study specified the experimental methods
for Al-tolerant growth phenotypes in Arabidopsis [30]. The plates
were incubated at 4°C in darkness for 2 days and then positioned
vertically. On day 10 after germination, the seedlings were imaged
to measure primary root lengths using Image] (http://
rsb.info.nih.gov/ij/) or were collected to weigh the biomass.

2.2 ldentification and analysis of the
ALMT gene family

The protein sequence of the reference genome “PGSC DM v4.03”
was obtained from the Spud DB database (http://spuddb.uga.edu/).
Then, the members of the potato ATML gene family were identified
by gene annotation and BLASTp homology alignment. The MW and
pI values of the ALMT family proteins were predicted using the
ExPASy website (https://www.expasy.org/). Furthermore, the cis-
acting elements were predicted by PlantCARE online software
(https://bioinformatics.psb.ugent.be/webtools/plantcare/html/).
Subsequently, the structural features of all candidate ALMT genes,
i.e., protein motifs and cis-acting elements in the promoter region, are
displayed using TBtools. Subcellular localization prediction of the
StALMT family proteins was performed using WoLF PSORT
(https://wolfpsorthgc.jp/) (Horton et al., 2007). Both SOPMA
database (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/
NPSA/npsa_server.html) and Phyre2 (http://www.sbg.bio.ic.ac.uk/
phyre2/html/page.cgi?id=index) software were used to predict the
secondary and tertiary structures of the proteins, respectively
(Gasteiger et al., 2005; Kelley et al., 2015).

2.3 Phylogenetic analysis and
motif identification

All protein sequences were aligned using ClustalW in MEGA 7,
and then the neighbor-joining (NJ) phylogenetic tree was
constructed based on Poisson model with a bootstrap value of
1,000. All protein sequence motifs were predicted using MEME
(http://meme-suite.org/) (Lu et al., 2021).

2.4 Chromosomal distribution, gene
duplication, and synteny analysis

The location information of all gene family members is

obtained from the GFF file of reference genome v4.03, and then
the distribution of these genes on chromosomes is drawn based on
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the online web service of MG2C (http://mg2c.iask.in/mg2c_v2.1/).
Using the multicollinearity scanning function module built in the
TBtools software, gene duplication and collinearity analysis were
completed and visualized (An et al., 2022).

2.5 RT-PCR and gRT-PCR

Total RNA was extracted from potato and Arabidopsis roots
using TRIzol reagent (Invitrogen), followed by synthesis of poly
(dT) complementary DNA using M-MLV Reverse Transcriptase
(Promega). Reverse transcription-quantitative PCR (RT-qPCR)
was performed using the SYBR Green I Master kit (Roche
Diagnostics) according to the manufacturer’s instructions on a
CEX Connect Real-Time System (Bio-Rad). Primer Premier 5.0
was used to design RT-qPCR primers for 14 members of the
StALMT gene family, and Actin (PGSC0003DMT400047481) was
used as the internal reference gene in PCR analyses. All primers
used are listed in Supplementary Table S2. Three biological
replicates were performed for each sample, and differential
expression was calculated using the 2 [-Delta Delta C(T)] method
(Livak and Schmittgen, 2001).

2.6 Cloning of the full-length
CDS sequence of the StALMT6
and StALMT10 genes

The Qingshu No. 9 root was selected for the extraction of RNA
material, and total RNA was extracted using the extraction kit
[Tiangen Biochemical Technology (Beijing) Co., Ltd.].
Subsequently, cDNA was synthesized using reverse transcription.
PCR amplification was performed using the cDNA as a template.
The primers used were St-ALMT6-F1, St-ALMT6-R1, St-ALMT10-
F1, and S-tALMTI10-R1 (Supplementary Table S1). Amplified
products were separated by electrophoresis using 1% agarose gel.
The StALMT6 and StALMTIO fragments were tested for
concentration after recovery using DNA Gel Extraction Kit. The
recovered products were tailed with polyA using Taq enzyme and
then ligated to the pMD 19-T vector and transformed into
Escherichia coli DH 5 o competent cells. Growth and culture
were coated on screening medium containing antibiotics. Finally,
monoclonal colonies were picked for PCR, corrected and verified
by sequencing.

2.7 Overexpression vector construction
and Arabidopsis transformation

To construct expression vectors for the StALMT6 and StALMT10
transgenic expression vector, StALMT6 and StALMTI0 CDSs were
amplified from cDNA of Bishu No. 4 roots. For the Arabidopsis
transformation, S;ALMT6 and StALMTIO sequences were cloned
into the Ncol/Spel sites of the plant expression vector
pCAMBIA1302, and the plant overexpression vectors for
pCAMBIA1302-35S-StALMT6 and pCAMBIA1302-35S-StALMT10
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were obtained. The above obtained carriers were transferred into
Agrobacterium tumefaciens strain GV3101, and Arabidopsis Col-0
plants were transformed by the floral dip method (Clough and Bent,
1998). Seeds were sterilized and then sown on solid 1/2 MS medium
containing 35 g mL ™" kanamycin. After 4 days of cultivation at 4°C,
the seeds were transferred to a growth chamber with a light cycle of
16 h of light and 8 h of darkness at 25°C for 8 days. Subsequently, the
plants were transplanted into soil. Specific primers (Supplementary
Table S2) were designed for PCR identification of transgenic
Arabidopsis to screen for positive plants. Three overexpressing
homozygous T3 transgenic lines (OE strains) were obtained for
each gene, and the best expressing OE strain was selected for
subsequent Al toxicity experiments.

2.8 Morin fluorescence staining and
measurements of Al contents by ICP-MS

Morin is a naturally occurring flavonoid compound derived from
plants. It has the remarkable ability to form a fluorescent chelator
when combined with aluminum ions, making it an ideal tool for
aluminum ion fluorescence staining imaging. The method for morin
fluorescence assay was previously described in our research (Zhang
et al,, 2019). In short, 7-day-old seedlings were incubated in 1/2 MS
basal salts with vitamin solutions at pH 4.5, supplemented with 0 or
300 uM AL(SO,); for 6 h. They were then stained with 1/6 MS
solutions, without AI** (pH 4.5), containing 100 uM morin (Aldrich-
Sigma) for 30 min. After rinsing with water thrice, the root tips were
observed under a microscope (BX53, Olympus).

Three-week-old Arabidopsis seedlings were transferred onto 1/
6-strength MS solutions (pH 5.0) without or with 300 uM Al,
(SOy4);. After a 72-h treatment, Col-0, OE-StALMT6-#2, and OE-
StALMT10-#3 seedlings were collected and pooled into roots and
shoots. After washing with distilled water three times, the samples
were dried for 48 h at 100°C, milled to fine powder, weighed, and
digested with concentrated HNOj; (Aldrich-Sigma) in a digester
(DigiBlock ED16, LabTech). Ion concentration was measured by
inductively coupled plasma mass spectrometry (ICP-MS; NexION
300, Perkin-Elmer). Each sample was tested at least three times.

2.9 Measurements of malate content

Root malate exudation was detected as previously described
(Ding et al., 2013). Briefly, 3-week-old Col-0, OE-StALMT6-#2, and
OE-StALMT10-#3 seedlings were transferred onto 400 mL 1/6 MS
basal salts with vitamin solutions (pH 5.0) without or with 300 uM
Al (SO,);. After 3 days of incubation, the solutions were collected
and passed through cation and anion exchange columns filled with
8 g resin-001X and 5 g DOWEX 1 x 8 chloride form (100-200
mesh, Aldrich-Sigma). After eluting with 10 mL of 1 M
hydrochloric acid, the elate was concentrated in a rotary
evaporator at 40°C. The residue was redissolved in 1 mL
deionized ultrapure water and was used to detect malate and
citrate concentration by high-performance liquid chromatography
(HPLGC; Model 1200SL, Agilent Technologies).
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2.10 Statistical analysis

For all experiments in this paper, we performed at least three
independent replications. The data obtained were statistically
analyzed using the Student’s t-test (p < 0.05).

3 Results
3.1 Analysis of the StALMT family

A study showed that Arabidopsis has 14 members of the ALMT
family (Kovermann et al., 2007). The tomato and potato, which
belong to the Solanaceae family, have 16 members of the ALMT
protein family (Sasaki et al., 2016). In order to ascertain the number
of ALMT protein family members in the potato, we used the
information from the potato ALMT protein family in NCBI and
Spud DB databases to obtain the sequence of StALMT proteins and
related homologous proteins (Xu et al., 2011). A total of 14 ALMT
family member proteins were identified in the potato, which were
named StALMT1~14 based on their location on the chromosome
(Supplementary Table S1). StALMT proteins were found to be
310~665 amino acids long and contain 3-7 transmembrane
domains, and subcellular localization prediction showed that
StALMT proteins are well distributed in the plasma membrane
(Plas), endoplasmic reticulum (ER), cytolysosome (Cyto),
chloroplast (Chlo), vacuole (Vacu), Golgi complex (Golg), and
mitochondria (Mito). Interestingly, StALMT1I is localized on the
cytolysosome; StALMT?2, StALMT4, StALMT6, and StALMT9 are
localized on the plasma membrane; StALMTS3 is localized in the
vacuole; StALMT12 is localized in the chloroplast; StALMT?7,
StALMTS, and StALMTI11 are distributed in both the plasma
membrane and endoplasmic reticulum; StALMT10 and
StALMT14 are localized on both the plasma membrane and
vacuole. However, StALMTS5 is distributed across the
cytolysosome, endoplasmic reticulum, and mitochondria;
StALMT13 is distributed across the plasma membrane, Golgi
complex, and vacuole. Furthermore, as shown in Figure 1, these
proteins are unevenly distributed on seven different chromosomes.
Among them, chromosome 1 contains five StALMT members
(StALMT 1~5), while chromosomes 3 (StALMT 6, 7), 6 (StALMT
9, 10), and 11 (StALMT 13, 14) all contain two StALMT members.

3.2 Prediction and analysis of the spatial
structure of the StALMT protein
family members

To further investigate the StALMT protein family, we have
predicted its secondary structures. Secondary structure analysis of
StALMT proteins showed that all proteins comprised three
structural units: o-helix, random coil, and extended strand, but
the percentage and order distribution of these three structural units
in these proteins were different (Figure 2). The highest percentage of
o-helix was from 48.88% to 65.16%, followed by random coils from
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24.52% to 37.03%. The percentage of the extended chains in each
protein varied from 6.35% to 14.09%. Interestingly, the StALMT3
had the highest percentage of a-helices and the lowest percentage of
random coils among all of the StALMT proteins. StALMT9 had
exactly the opposite percentage of o-helices and random coils as
StALMT3. The highest percentage of the extended strand was in
StALMT? and the lowest was in StALMT5 (Figure 2A). In addition,
based on the publicly reported cryo-electron microscopy (cryo-EM)
structure of AtALMT1 (c7vq5B)and GmALMT12 (c7w6Ka) (Qin L.
etal., 2022; Wang et al., 2022), we predicted the tertiary structure of
the StALMT protein family by using Phyre2 online software. The
results showed that the tertiary structures of StALMT6, StALMT10,
and StALMT11 were similar to that of Arabidopsis AtALMT1 (ID:
c7v@5B) (Figures 3F, ], O). On the other hand, the tertiary structures
of StALMT?7 and StALMT13 were more similar to that of soybean
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GmALMT12 (c7w6kA) (Figures 3G, M, P). These predicted results
provide a basis for further studying the functions and mechanisms
of StALMT6 and StALMT10, and in the future, these predictions
can be validated through experiments to further elucidate the
relationship between their structure and function.

3.3 Phylogenetic and syntenic analysis of
the potato StALMT proteins

In the tomato, 16 SIALMT proteins can be classified into four
clades (Sasaki et al., 2016). To elucidate the functional and
evolutionary relationship of the StALMT family, we obtained a
phylogenetic tree of ALMT family proteins of the potato
(Supplementary Table S3), and 14 members of the StALMT family
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FIGURE 2

The secondary structure properties of the StALMT family members. (A) The proportion of the three protein secondary structure units in each StALMT
family member. (B) The distribution of the three protein secondary structure units in each StALMT family member. The blue line in the figure
indicates the alpha helix, the purple line indicates the random coil, and the red line indicates the extended chain.

can be classified into five clades (Figure 4A). The results showed that
the potato genome contains 14 ALMT genes with seven members in
clade II, including StALMT6, StALMT7, StALMTS, and StALMTI0.
Interestingly enough, StALMT6 (PGSC0003DMG400000543) and
StALMTIO0 (PGSC0003DMG400027029) are highly homologous in
clade II and should belong to the same group (Figure 4A).
Collinearity analysis in the genome revealed three collinear gene
pairs, namely, StALMTI/StALMTI12, StALMT6/StALMTI0, and
StALMTY/StALMT1I1 (Figure 4B).

3.4 Collinearity and phylogenetic analysis
of ALMT genes in the potato

To further study the syntenic relationship between the potato
StALMT gene and other plant genomes, two comparative syntenic
maps were constructed using the TBtools software. The results
showed that potatoes had 6 and 22 orthologous gene pairs with
Arabidopsis and tomatoes, respectively, and more than one syntenic
gene pair was identified for some of the StALMT family members.
For instance, StALMT7 and Arabidopsis AT3G18440.1 and
AT1G68600.1 were associated, while SEFALMTI13 was orthologous
with tomato Solyc01g007080, Solyc06g074100, Solyc10g081890, and
Solyc11g068970. This means that the evolutionary relationship
between the potato and tomato genomes is closer and has a wider
range of collinearity compared to Arabidopsis. We further examined
the evolutionary history of the StALMT family and its subfamily
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classification; we acquired a total of 30 ALMT protein sequences
from Arabidopsis and tomato for alignment (Figure 5A).

In the tomato, SIALMT4 and SIALMT5 genes are expressed mainly
in the vascular bundles of the fruit during development, and both
proteins possess malate efflux functions (Sasaki et al., 2016).
Furthermore, researchers performed a genome-wide association
study (GWAS) with 272 tomato accessions, revealing that tonoplast-
localized SIALMT?9 was involved in determining the malic acid content
of the fruit (Ye et al, 2017). To investigate the evolutionary
relationships of ALMT in different plants, the amino acid sequences
from the tomato (16 members of the ALMT protein family), the potato
(14 members of the ALMT protein family), and Arabidopsis (14
members of the ALMT protein family) were used to generate the
phylogenetic tree. The analysis showed that the 44 ALMT proteins can
be classified into five clades, with potato StALMT6 and StALMT10
proteins being highly homologous to tomato SIALMT4
(Solyc03g096820) and SIALMT9 (Solyc06g072920) proteins,
respectively (Figure 5B, Supplementary Figure SI).

3.5 Phylogenetic, conserved protein motif,
cis-regulatory element, and gene structure
analysis of the StALMT family

The phylogenetic tree constructed using the protein sequences
of 14 StALMT genes showed that these genes can be divided into
two categories (Figure 6A). Conservative motif analysis showed that
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the S,ALMT family contained 10 different types of motifs, among
which motif 6 and motif 9 were identified in all family members.
Unlike eight members in class I, the distance between motif 6 and
motif 9 of six members in class II is larger. Cis-acting elements can
interact with transcription factors to regulate the growth and
development of plants and play an important role in responding
to various biotic or abiotic stresses. Therefore, we extracted
sequences 2 kb upstream (5') of the 14 StALMT genes to identify
cis-acting elements using the PlantCARE web service. The results
showed that in addition to a large number of light-responsive core
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promoter element and common cis-acting elements, many
promoter regions of StALMT family members contained
numerous cis-acting originals of hormone response ( ).
At the same time, some genes contain cis-acting originals related to
stress responses such as drought. Interestingly, StALMTIO also
contains a cis-acting element, i.e., the MYB-binding site involved
in the regulation of flavonoid biosynthetic genes. Abundant
regulatory elements indicate the diversity of potential gene
functions. Furthermore, structural analysis shows that different
StALMT genes contain 4-6 CDS regions ( ).
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3.6 StALMT family expression analysis in
different tissues

To understand the different tissue expression patterns of the
ALMT family in the potato, the roots, stems, and leaves of potato
cultivar Qingshu No. 9 were analyzed by RT-qPCR. The results
showed that StALMTI1, StALMT6, StALMTS, StALMT10, and
StALMTI2 had higher expression in potato roots; StALMTS3,
StALMT4, StALMTI13, and StALMTI4 were highly expressed in
stems; SEALMT2, StALMTS, StALMTI0, StALMTI12, StALMT13,
and StALMTI4 had extremely low expression in leaves; and
StALMT3, StALMT4, StALMT7, StALMTS, and StALMTI11 were
highly expressed in flowers. The expression of StALMT6, StALMTS,
StALMTI10, and StALMT]I2 in leaves was lower than that in roots
(Figure 7). These results suggested that StALMT genes have
different functions in different tissues.

3.7 Expression analysis of StALMTs in the
potato in case of Al toxicity

In the current study, we found that StALMTI, StALMTS,
StALMTS, StALMTI10, and StALMTI2 had higher expression in
potato roots (Figure 7). In addition, phylogenetic analysis showed
that StALMT6 was highly homologous to SIALMT4, and
StALMT10 to SIALMTY (Figure 5B, Supplementary Figure SI).
Therefore, we assessed the expression patterns of StALMTI,
StALMT6, StALMTS, StALMTIO, and StALMTI2 due to Al
toxicity. The experimental results showed that under Al ion
stress, the expression levels of StALMT6 and StALMTIO genes
were significantly upregulated, while StALMTI, StALMTS, and
StALMTI2 genes did not show significant changes. Compared
with the control group, the relative expression level of StALMT6
increased 2-fold, and the relative expression level of StALMTI0
increased 1.5-fold. These findings indicate that potatoes respond to
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Al ion toxicity by upregulating the expression of StALMT6 and
StALMT10 genes under Al ion stress (Figure 8).

3.8 The growth of OE-StALMT6 and OE-
StALMT10 after A’ treatment

To explore whether SFALMT6 and StALMTIO respond to Al
toxicity, we overexpressed the StALMT6 and StALMTIO genes of
the potato in Arabidopsis (Col-0) by gene transformation and
subsequently screened the progeny for overexpression lines of
these genes (Supplementary Figure S3). The Col-0, OE-StALMT6-
#2, and OE-StALMTI10-#3 plants grew comparably on the normal
medium. Under higher AI** conditions (300 uM), StALMT6 and
StALMT10 overexpressors displayed longer primary roots than Col-
0 did, indicating that S,SALMT6 and StALMTIO0 are involved in Al
resistance in the potato (Figure 9A). The fresh weight
measurements show and are consistent with the degree of
difference in root length probably because the main toxic site of
Al toxicity is the root, so the difference between the two seedlings is
not obvious, and the shoots of seedlings account for a greater
proportion of the overall fresh weight (Figures 9B, C).

The fluorescent reagent morin can emit green fluorescence after
binding to small amounts of Al, which can be observed under a
fluorescence microscope; morin specifically binds Al in the plant
cytoplasm (Eggert, 1970; Oh et al,, 2014). To further clarify the role
of StALMT6 and StALMTI0 in Al resistance in the potato, we
examined Al accumulation in the roots of Col-0, OE-StALMT6-#2,
and OE-StALMT10-#3 using morin fluorescence analysis. Without
AP treatment, the Col-0, OE-StALMT6-#2, and OE-StALMT10-#3
roots have the same bright fluorescence intensity. However, after
being exposed to 300 uM AI’*, Col-0 has more fluorescence
intensity than OE-StALMT6-#2 and OE-StALMTI10-#3
(Figure 9D). These results suggest that StTALMT6-#2 and
StALMT10-#3 may play a role in Al resistance in the potato.
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3.9 Relationship between malate
secretion and Al toxicity

In the study of external rejection mechanism of plant resistance to
Al toxicity, the secretion of malate efflux from plant roots has been
considered to be one of the important mechanisms of resistance to Al
toxicity (Deng et al., 2022; Wang et al, 2023). In order to evaluate
whether there was a correlation between malate efflux and its Al
toxicity, we examined the malate content in Col-0, OE-StALMT6-#2,
and OE-StALMT10-#3 root exudates using HPLC. First, we obtained
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standard curves of malate (Figure 10A). In the absence of Al treatment,
Col-0, OE-StALMT6-#2, and OE-StALMTI10-#3 roots released the
same amount of malate. However, after being exposed to 300 uM
APP*, OE-StALMT6-#2 and OE-StALMT10-#3 roots secreted more
malate than Col-0 roots did (Figure 10B). These results indicate that
the AI’* toxicity growth phenotype OE-StALMT6-#2 and OE-
StALMTI0-#3 may be related to enough malate secretion.
In order to investigate the mechanism of Al resistance in plants
overexpressing StALMT6 and StALMT10, the Al content in the
difterent plant lines was measured using ICP-MS in this study. After
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treatment with 300 uM AI** for 3 days, the Al content in the roots of
both Col-0 and overexpression plants showed a significant increase.
However, the Al accumulation in the Col-0 plants was much higher
compared to the overexpression plants (Figure 10C). In contrast,

leaves of both Col-0 and overexpression plants, and the Al contents
were similar after treatment with the same concentration of AI**
(Figure 10C). These results suggest that the Al-resistant growth

phenotype observed in the OE-StALMT6-#2 and OE-StALMTI10-#3

there was no significant change in the Al content in the stems and  plants may be attributed to reduced AI** accumulation.
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Expression of the StALMT family members in different tissues. The expression of (A) StALMT1 and StALMT2, (B) StALMT3 and StALMT4, (C) StALMT5
and StALMTE, (D) StALMT7 and StALMTS, (E) StALMT9 and StALMT10, (F) StALMT11 and StALMT12, and (G) StALMT13 and StALMT14 in a 7-week-old
potato. Actin (PGSC0003DMT400047481) was used as an internal standard. Statistical data are presented as the mean + standard deviation of three

replicate experiments. Different letters indicate significant differences (p < 0.05).
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experiments. Different letters indicate significant differences (p < 0.05).

4 Discussion

A total of 14 potato genome StALMT family members are
consistent with corresponding members in the publicly reported
Arabidopsis (Kovermann et al., 2007). More than 12 ALMT family
members in peach and Chinese plum (Lin et al., 2018), 16 ALMT
family members in strawberry (Lin et al., 2018) and tomato (Sasaki
etal., 2016), 21 family members in apple (Lin et al., 2018), 25 family
members in European pear (Lin et al., 2018), 27 family members in
Chinese white pear (Lin et al, 2018), 30 family members in
common tobacco (Zhang et al., 2020), and 34 family members in
soybean have been identified (Peng et al., 2018). In our study, we
found 14 ALMT family members in the potato that are distributed
on seven different chromosomes (Figure 1); this is similar to the
findings reported on the chromosomal distribution of ALMT family
members in other species (Ma et al., 2018). The N-terminus of
potato ALMT family members contains 3-7 transmembrane
domains (Supplementary Table S1), which is consistent with
previous reports on apple (6-7 transmembrane domains) (Ma
et al,, 2018) and tobacco (4-6 transmembrane domains) (Zhang
et al., 2020).

The structure of proteins plays a crucial role in their function
and activity. The cryo-EM structure of AtALMT]1 bound to malate
under neutral or acidic pH conditions has been resolved in
Arabidopsis (Wang et al., 2022). By using bioinformatics online
tools to analyze and predict the amino acid sequences of StALMT6
and StALMT10, this study successfully obtained their tertiary
structure models (Figure 3). These predictive results provide
important clues for further understanding the functions and
regulatory mechanisms of these two genes. In addition, this study
also used a protein structure prediction software to predict the
secondary structure of the amino acid sequences of StALMT6 and
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StALMT10. The results showed that the secondary structure of
these two genes mainly consists of ct-helices and B-sheets (Figure 2).
This is consistent with the secondary structure features of many
studied transport proteins, indicating that StALMT6 and
StALMT10 may have similar structures and functions. These
predictive results provide valuable information for further
studying the functions and regulatory mechanisms of these two
genes. Future research can validate these predictive results through
experiments and further explore the relationship between the
structure and function of StALMT6 and StALMT10.

The tomato and potato belong to the Solanaceae family; a total
of 16 members of the SIALMT family have been identified, and two
genes (SIALMT4 and SIALMTY) function to generate the malate
efflux (Sasaki et al., 20165 Ye et al., 2017). We used bioinformatics to
perform collinearity and phylogenetic analysis on the ALMT genes
in the potato, the tomato, and Arabidopsis (Figure 2). The
phylogenetic evolutionary analysis of StALMT6 and StALMT10
proteins with the tomato ALMT family proteins revealed 98%
homology between StALMT6 and SIALMT4 (Sasaki et al., 2016),
and StALMT10 and SIALMTY (Ye et al, 2017) (Supplementary
Figure S1). Furthermore, qRT-PCR showed that StALMTI,
StALMT6, StALMTS, StALMTIO0, and StALMTI2 had higher
expression in potato roots (Figure 7). These results suggest that
StALMT6 and StALMT10 may play important roles in Al resistance
and malate secretion in the potato.

Upregulation of the AtALMTI gene promotes the efflux of
malate in Arabidopsis cells, thereby alleviating the toxic effects of Al
ions (Ding et al, 2013). In this study, we analyzed the gene
expression of potatoes under Al ion stress, with a particular focus
on the expression of the StALMT6 and StALMTIO genes. The
experimental results showed that the expression levels of the
StALMT6 and StALMTIO genes were significantly upregulated
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StALMT6-#2, and OE-StALMT10-#3 after 0 and 300 uM Al** treatment for 6 (h) Scale bar = 100 um.

under Al ion stress, while the StLALMT1, StALMTS, and StALMTI12
genes did not show significant changes (Figure 8). Compared to the
control group, the relative expression levels of the StALMT6 and
StALMTI0 genes increased more than 2-fold. These findings
indicate that potatoes respond to Al ion toxicity by upregulating
the expression of the SLALMT6 and StALMT10 genes.

This regulatory mechanism can minimize the damage of Al ions to
the plant root system, thus enhancing the plant’s resistance to Al
toxicity. Morin fluorescence happens through the reaction of the dye
with Al, and this method is usually used to evaluate whether the plants
are resistant to Al toxicity (Rincon and Gonzales, 1992; Eticha et al,
2005). In order to study the Al toxicity function of the StALMT6 and
StALMTIO0 genes, this study successfully transferred the SSALMT6 and
StALMTIO genes into A. thaliana plants, obtaining overexpression
lines. The presence of the StALMT6 and StALMTIO genes in the
transgenic plants was confirmed by RT-PCR technique, laying the
foundation for further research on the function of these two genes
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under Al toxicity conditions (Supplementary Figure S3). Furthermore,
this study compared the phenotypes of wild-type plants with transgenic
lines that overexpressed the SLALMT6 and StALMTI0 genes under Al
toxicity conditions. The experimental results clearly demonstrated that,
under identical Al toxicity conditions, the transgenic lines exhibited
significantly reduced root inhibition compared to the wild-type plants
(Figure 9A). However, the statistical analysis of root length and weight
aligned with the growth phenotype (Figures 9B, C), suggesting that
overexpression of the StALMT6 and StALMTI0 genes can effectively
alleviate the inhibitory effects of Al toxicity on the roots. In addition, by
measuring the fluorescence intensity of Al ions, it was found that the
accumulation of Al jons in the roots of the St ALMT6 and StALMTI0
gene overexpression lines under Al toxicity conditions was significantly
lower than that in wild-type plants (Figures 9D, 10C). This suggests
that the overexpression of the S;FALMT6 and StALMTI0 genes can
inhibit the accumulation of Al ions in plants, thereby reducing the
damage caused by Al toxicity.
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The overexpression plants excrete malate in response to Al toxicity. (A) Standard curves of malate detected by HPLC. (B) Malate exudate from the
3-week-old Col-0, OE-StALMT6-#2, and OE-StALMT10-#3 incubated in the normal solutions (Control) and solution containing 300 uM A** for 72 (h)
(C) Al contents in the root and shoot of Col-0, OE-StALMT6-#2, and OE-StALMT10-#3 on day 3 after transferring to the solutions without or with
300 uM AI**. Data are means + SD of three independent plant samples in three replicates. Different letters indicate significant differences (p < 0.05).

The secretion of organic acids (OAs), such as citrate, malate, and
oxalate, in response to Al toxicity is a well-documented mechanism
that helps plants resist Al toxicity (Yang et al., 2019; Ofoe et al., 2023)
We analyzed the malate content in root exudates of Col-0, OE-
StALMT6-#2, and OE-StALMT10-#3 using HPLC (Figures 10A, B).
In the absence of Al treatment, all three lines released similar
amounts of malate (Figure 10B). However, after exposure to 300
uM AP*, OB-StALMT6-#2 and OE-StALMTI0-#3 secreted more
malate than Col-0 did (Figure 10B). In addition, we conducted
ICP-MS analysis of Col-0, OE-StALMT6-#2, and OE-StALMT10-#3
to quantify the Al content in various tissues under Al-treated and
nontreated conditions. It found that the roots of OE-StALMT6-#2
and OE-StALMTI10-#3 contained lower levels of Al compared to
those of Col-0 after Al treatment, while no significant differences were
observed in the stems and leaves (Figure 10C). In conclusion, through
the study of heterologous overexpression lines of the StALMT6 and
StALMTI0 genes, it was found that the overexpression of these two
genes can significantly alleviate the inhibition of Al toxicity on plant
roots and reduce the accumulation of Al ions. The findings of the
study suggest that StALMT6 and StALMT10 do not function in
aluminum ion transport but instead regulate aluminum ion uptake by
promoting the excretion of organic acids. These results provide an
important theoretical basis for further research on the molecular
mechanisms of Al toxicity and breeding improvement.
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In summary, we have performed a systematic analysis and
functional validation of the potato ALMT family. A total of 14
StALMT genes were identified, which were unevenly distributed on
seven chromosomes. Phylogenetic analysis showed that the
StALMT family can be divided into two classes and five
subfamilies, among which StALMT6 and StALMTI0 are highly
homologous genetically to the tomato for evolutionary purposes.
Expression analysis showed that most StALMTs were expressed
mainly in the roots, where the expression changes of StALMT6 and
StALMTI10 were most pronounced under Al toxicity conditions.
Arabidopsis overexpression plants transgenic for StALMT6 and
StALMTI10 genes were found to display a growth phenotype
resistant to Al toxicity. These results not only provide useful
information for illuminating the functions of the ALMT gene
family in potato but also establish a basis for understanding the
molecular mechanisms involved in the response of some of their
members to abiotic stresses, especially Al toxicity.
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Genome-wide analysis of
respiratory burst oxidase
homolog gene family in
pea (Pisum sativum L.)
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Sergey Shabala™* and Min Yu™

!International Research Centre for Environmental Membrane Biology and Department of Horticulture,
Foshan University, Foshan, China, 2Guangdong Key Laboratory for New Technology Research of
Vegetables, Vegetable Research Institute, Guangdong Academy of Agricultural Sciences,

Guangzhou, China, *School of Biological Science, University of Western Australia, Crawley,

WA, Australia

Plant respiratory burst oxidase homologs (RBOHSs) are key enzymes regulating
superoxide production, which is important for plant development and responses
to biotic and abiotic stresses. This study aimed to characterize the RBOH gene
family in pea (Pisum sativum L.). Seven PsRBOH genes were identified in the pea
genome and were phylogenetically clustered into five groups. Collinearity
analyses of the RBOHs identified four pairs of orthologs between pea and
soybean. The gene structure analysis showed that the number of exons ranged
from 6 to 16. Amino acid sequence alignment, conserved domain, and conserved
motif analyses showed that all seven PsRBOHs had typical features of plant
RBOHs. The expression patterns of PsSRBOH genes in different tissues provided
suggested their roles in plant growth and organ development. In addition, the
expression levels of PsRBOH genes under different abiotic stresses were
analyzed via reverse transcription-quantitative polymerase chain reaction (RT-
gPCR). The results demonstrated that PsSRBOH genes exhibited unique stress-
response characteristics, which allowed for functional diversity in response to
different abiotic stresses. Furthermore, four PSRBOHs had a high probability of
localization in the plasma membrane, and PsRBOH6 was localized to the plasma
membrane and endoplasmic reticulum. The results of this study provide valuable
information for further functional analysis of pea RBOH genes and their role in
plant adaptation to climate-driven environmental constraints.

KEYWORDS

reactive oxygen species, abiotic stress, plasma membrane, drought, salinity,
cadmium, boron
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Introduction

Abiotic stress tolerance of major staple crops was significantly
weakened or even lost during their domestication (Palmgren et al,
2015; Rawat et al., 2022). Major abiotic stresses such as drought,
salinity, flooding, and extreme temperatures are increasing due to
the current climate changes driven by global warming (Liu et al,
2020). Therefore, improving abiotic stress tolerance in crops is
critical for future food security.

Despite different plants having different mechanisms for
adapting to abiotic stresses, these stresses increase superoxide
levels in all plants, and the superoxide is transformed into
reactive oxygen species (ROS) via different pathways in different
cellular compartments (Sandalio et al., 2021). ROS were initially
considered toxic byproducts of aerobic metabolism and deemed
harmful to plants; however, their central role in complex adaptive
signaling networks has been recently reported (Mittler et al., 2011).
While excessive ROS accumulation is toxic, causing DNA backbone
damage, protein and lipid oxidation, and inducing apoptosis (Patel
et al,, 2018; Wang et al.,, 2020), transient stress-induced ROS spikes
are considered central to systemic signaling and adaptation in
plants (Bostock et al., 2014; Zhang et al., 2022).

Superoxide can be produced in various cellular compartments,
including cytosolic and apoplastic compartments. Respiratory Burst
Oxidase Homologues (RBOH) play a key role in apoplastic
superoxide production (Suzuki et al, 2011; Zhang et al.,, 2022).
The first identified plant RBOH gene was OsRBOHA in rice (Groom
et al,, 1996). With the recent increase in whole-genome sequencing
of more plant species, RBOH genes have been functionally
characterized in various plant species. These plants include
Arabidopsis thaliana (Torres et al,, 1998; Torres et al, 2002),
Lycopersicon esculentum (Sagi et al., 2004), Olea europaea
(Jimenez-Quesada et al., 2019), Glycine max (Liu et al, 2019),
Brassica rapa (Li et al., 2019), Capsicum annuum (Zhang et al,
2021), Pyropia yezoensis (Gui et al., 2022), and Solanum melongena
(Du et al., 2023).

Previous studies showed that many plants have multiple RBOH
members, and different members exhibit different expression
profiles with distinct functions. For example, there are ten
RBOHs in Arabidopsis (AtRBOHA-]) (Sagi and Fluhr, 2006) and
nine in rice (OsNox1-9) (Wang et al., 2013). Additional studies
showed that AtRBOHD and AtRBOHF were expressed throughout
the plant, while AfRBOHA-C, AtRBOHG and AtRBOHI were
specifically expressed in the roots. Moreover, AtrbohH and
Atrboh] were specifically expressed in pollens and are thus
required for normal pollen tube growth (Sagi and Fluhr, 2006;
Kaya et al., 2014). OsNoxI-2, OsNox5-6, and OsNox9 were
ubiquitously expressed, while OsNox3, OsNox4, OsNox7, and
OsNox8 showed tissue-specific expression in rice (Wang et al,
2013). Moreover, OsNox9 were associated with root development
(Takeda et al., 2008; Yamauchi et al., 2017).

These studies also provided evidence for the involvement of
RBOHs in plant signal transduction during abiotic stress responses
and development. Plant RBOHs are involved in several signaling
pathways, including Ca®*-dependent protein kinases (CDPKs)
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(Dubiella et al., 2013), mitogen-activated protein kinases
(MAPKSs) (Asai et al., 2008), receptor-activated C-kinases
(RACKs) (Nakashima et al., 2008), phosphatidylinositol,
phospholipase Dolland phosphatidic acid (Zhang et al., 2009),
nitric oxide (NO) (Delledonne et al., 2002), cGMP (Li et al,
2011), extracellular ATP-mediated signaling pathways (Song
et al., 2006), and hormonal signaling networks (abscisic acid,
salicylic acid, jasmonic acid, and ethylene) (Overmyer et al,
2003). AtRBOHD and AtRBOHF regulate ABA-mediated
stomatal closure (Kwak et al., 2003) and salt stress tolerance in
Arabidopsis (Chung et al., 2008; Xie et al,, 2011).

As a classic model plant and the second most important grain
legume, pea (Pisum sativum L., 2n = 14) has been widely used in
genetics and developmental biology studies since Mendel (Kreplak
et al.,, 2019; Chen et al., 2022; Chen et al., 2023; Li et al., 2023). Pea
has become an important legume crop and green vegetable favored
by many people worldwide. Fresh pea is rich in soluble protein,
starch, carotenoid, and flavonoids (Yang et al., 2022). However, pea
is sensitive to most common abiotic stresses (e.g., drought, cold,
high temperatures, and salinity), which cause massive yield losses.

Given the critical role of RBOH in plant adaptive responses to
abiotic stresses, in this work we aimed to provide a comprehensive
analysis of pea RBOH genes. This study analyzed the chromosomal
distribution, developmental evolution, gene structure, conserved
domains, subcellular location, and description of cis-acting
elements of pea RBOH genes. We also studied the tissue
specificity and expression patterns of pea RBOH genes under
different abiotic stresses. The reported data provide valuable
information for an in-depth understanding of the biological
functions of the RBOH gene family in pea, paving the way for
improving its abiotic stress tolerance.

Materials and methods
Identification of the PsRBOH genes in pea

The DNA sequences and annotation files of the pea genome
were downloaded from the Pea Genome Database (https://
www.peagdb.com/). In addition, 17 soybean, 8 tomato, and 10
Arabidopsis RBOH protein sequences were downloaded from the
phytozome (https://phytozome-next.jgi.doe.gov/), Sol Genomics
Network (https://www.sgn.cornell.edu/) and TAIR
(www.arabidopsis.org/) databases, respectively. Arabidopsis is a
model plant widely used in various plant studies, including gene
family identification studies. Tomato is a horticultural crop that has
been widely studied and is one of the most widely eaten vegetables
in the world. Its molecular biology research is relatively in-depth.
Soybeans, like peas, are important leguminous plants with high
protein levels. The domain sequences (HMM model file) of the
NADPH oxidase (PF08414), NAD binding (PF08030), FAD
binding (PF08022), and Ferric reductase domains (PF01794) were
downloaded from the Pfam database (http://pfam.xfam.org/) and
used as the seed files to search the RBOH proteins in the pea
genome file via a hidden Markov model (HMM) search (e-value
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0.01). The conserved domains were verified using CD-Search
(https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).

Analysis of the chromosomal location,
phylogenetics, collinearity, gene structure,
conserved motifs, and cis-elements

The online software MG2C (http://mg2c.iask.in/mg2c_v2.0/)
was used for the chromosome localization analysis. The
phylogenetic tree was constructed using the IQ-Tree Wrapper
program in TBtools software (Chen et al., 2020) with 1000
bootstrap replicates. The collinearity between pea and soybean
sequences was determined using TBtools software (Chen et al,
2020). The Gene Structure Display Server (http://gsds.gao-lab.org)
was used to generate the gene structure map, and the online
software MEME (http://meme-suite.org/tools/meme) was used to
search for conserved motifs with the maximum conserved motif
search value set to 10. The 2000-bp sequences upstream of PSRBOH
genes were obtained from the pea genome database and used as the
promoter, and the cis-regulatory elements of these promoters were
identified using PlantCARE (http://bioinformatics.psb.ugent.be/
webtools/plantcare/html/).

Plant materials, stress treatments and
tissue expression analysis

P. sativum cultivar Zhongwan6 (ZW6) were obtained from the
pea seed breeding center in China (Gu’an, Hebei). The seeds were
germinated in a liquid culture using a quarter (1/4)-strength
modified Hoagland nutrient solution (pH 5.5) in a growth
chamber under 25 + 2°C with a 16 h/8 h light/dark cycle. The
four-leaf stage seedlings were treated with 1/4-strength modified
Hoagland nutrient solution [Ca (NO3),-4H,0 236.25 mg/L+KNO;
126.25 mg/L+ NH, NO; 20 mg/L+ KH,PO,2H,0 34 mg/L+
MgSO,-7H,0 123.25 mg/L, pH 5.5] supplemented with 100 mM
NaCl for the salt-stress treatment, 10% (w/v) polyethylene glycol
(PEG) for the drought stress treatment, and 6 pM CdCl, for the
cadmium (Cd) treatment. For the heat and cold stress, the seedlings
were treated with 1/4-strength modified Hoagland nutrient solution
(pH 5.5) at 38°C and 4°C, respectively. For the low-boron stress
treatment, seedlings were initially pretreated with the modified
Hoagland nutrient solution containing 0.025 uM boric acid
(H3BO3) (B treatment) at the first stage of culture to diminish
variations in B concentrations in seeds. Subsequently, the low-
boron-treated plants were treated with the modified Hoagland
nutrient solution containing 0.025 uM H3BOs;, and the controls
were treated with the modified Hoagland nutrient solution with 25
UM H3BOj; at the four-leaf-stage seedlings (Li et al., 2018). The
treatments were conducted in triplicates with five seedlings per
replicate. The leaves of treated seedlings were sampled after 0.5, 3, 6,
12, 24, 36, 48, and 72 h of stress treatment. Pea roots, leaves, stems,
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flowers, tendrils, one-week-old pea seeds, one-week-old pod, and
two-week-old pea seeds were sampled for tissue expression analysis.
All the harvested samples were frozen in liquid nitrogen and stored
at —80°C until analysis. Each treatment had three independent
biological replicates.

RNA isolation and RT-qPCR analysis

Total RNA was isolated from the samples using FreeZol
Reagent R711 (Nanjing Vazyme Biotech Co., Ltd.), according to
the manufacturer’s instructions. Briefly, 50 mg of the ground
sample was added into 500 ul of FreeZol Reagent for lysis. The
lysate was centrifuged, and the supernatant was collected. A dilution
buffer was added to the supernatant, and the mixture was
precipitated with isopropanol. After centrifugation, the
supernatant was discarded, and the pellet was washed with 75%
ethanol and dissolved in RNase-free double distilled water
(ddH,0). The quality and concentrations of the isolated RNA
samples were determined via 1% agarose gel electrophoresis and a
NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific,
Wilmington, DE, USA). Reverse transcription PCR was
conducted on a QuantStudio " GFlex Real-Time PCR System
(Applied BiosystemsTM, Carlsbad, CA, USA) using HiScript® I
RT SuperMix for gPCR with (+gDNA wiper) (R323-01) (Vazyme,
Nanjin) and ChamQTM Universal SYBR® qPCR Master Mix
(Q711) (Vazyme). Three technical replicates were set for each
biological sample, and the reaction conditions were as follows: 95°
C for 30 s, followed by 40 cycles at 95°C for 10 s and 65°C for 20 s. A
melting curve was generated by cooling from 95°C to 65°C then
ramping to 95°C, followed by the final cooling to 50°C for 30 s.
PsACT (Knopkiewicz and Wojtaszek, 2019) was used as the internal
control. The expression level of each PSRBOH gene was calculated
using the delta-delta Ct (2724CTY method (Livak and Schmittgen,
2001). All analyses were conducted in three biological replicates and
three technical replicates. All primer sequences used in this study
were designed by Primer Premier 6.0 and are listed in
Supplementary Table S1.

Subcellular localization analysis

The coding sequence (CDS) of RBOH6 was amplified from the
ZW6 and fused to the N terminus of the green fluorescent protein
(GFP) in the pAN580 (GFP) vector. To determine the subcellular
localization of RBOH6, the RBHO6-GFP vector was transiently co-
expressed with endoplasmic reticulum (ER) marker mCherry-HDEL
into Arabidopsis protoplasts (Ishikawa et al., 2018). And, the FM4-64
dye was used to marked plasma membrane. The fluorescent signals
were observed using a confocal microscope (Leica SP8, Germany).
Fluorescence signals were detected using the following excitation and
emission wavelengths: GFP (488 nm/507 nm), FM4-64 (515 nm/640
nm) and mCherry (587 nm/610 nm).
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Results

Chromosomal localization analysis of the
RBOH gene family in pea

Seven putative PsSRBOH genes were retrieved from the pea
genome after removing the redundant and repeat sequences. We
named these PsSRBOHI1-7 (Figure 1 and Supplementary Table S2)
based on their localization in the P. sativum genome. The
distribution of these RBOH genes did not show a certain
regularity. There was one RBOH gene on chromosomes chrlLG5
(RBOH1), chr5LG3 (RBOH4), and chr6LG2 (RBOHS5) each, while
two were on chromosomes chr3LG5 (RBOH2 and 3) and chr7LG2
(RBOH6 and 7) each.

Phylogenetic analysis of the PSRBOHs

To investigate the evolutionary relationships of RBOHs among
pea, soybean, tomato, and Arabidopsis, we constructed a neighbor-
joining phylogenetic tree using the alignments of seven pea RBOH
proteins, 17 soybean RBOH proteins, eight tomato RBOH proteins,
and ten Arabidopsis RBOH proteins (Figure 2A). The results
showed that 42 RBOHs from pea, soybean, tomato, and
Arabidopsis were divided into five groups (I, II, III, IV, and V).
Groups I, II, III, IV, and V contained 8, 6, 2, 6, and 20 RBOH
proteins, respectively, and 1, 1, 0, 1 and 4 PSRBOHs were clustered
in groups I, I1, III, IV, and V, respectively.

Collinearity analyses of the PsSRBOHs

To explore the evolution of RBOH genes, we analyzed the
synteny relationship of RBOHs between pea and soybean
(Figure 2B). Four ortholog pairs were identified between pea and
soybean. PsRBOH2 paired with GmRBOHBI, GmRBOHB?2,
GmRBOHII, and GmRBOHI2, while PsRBOH4 paired with
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r0Mb N
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Psat3g011120.1-"| |
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55 Mb
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FIGURE 1
Genomic distribution of the RBOH genes in pea chromosomes.
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GmRBOHCI1, GmRBOHC2, GmRBOHEI1, and GmRBOHE2.
PsRBOH6 paired with GmRBOHAI, GmRBOHA2, GmRBOHF]I,
and GmRBOHF2, and PsRBOH7 paired with GmRBOHCI,
GmRBOHC2, GmRBOHEI, and GmRBOHE2.

Gene structure, conserved motif and
conserved domain analysis of the PsRBOHSs

A gene structure map of PsSRBOHs was constructed based on the
pea genome sequence (Figure 3A). The PsRBOHs had varying
structures with different numbers of untranslated regions (UTRs)
and exons. All PsRBOHs but PsRBOHI and PsRBOH4 had no
UTRs, and the number of exons ranged from six (PsRBOHI) to 14
(PsRBOHG6). Ten conserved motifs were identified via the MEME
online tool and were used to gain a deeper understanding of various
motif compositions of the PSRBOHs. As shown in Figure 3B and
Supplementary Figure S1, PSRBOH proteins contained 10 motifs,
except PsSRBOH1 and PsRBOH4, which had 4 and 9 motifs,
respectively. Moreover, all PSRBOH proteins, except PsSRBOHI,
had four typical conserved domains, including the NADPH-Ox,
Ferri-reduction, FAD-binding, and NAD-binding domains
(Figure 3C). PsRBOHI lacked the FAD-binding and NAD-
binding domains, and all RBOH proteins contained the EF-
hand domain.

Cis-element analysis of the putative
PsRBOH promoters

To further explore the function of PsRBOH genes in peas, we
predicted the cis-elements of the promoters of these using the
PlantCARE database (Figure 3D). The results showed that the light-
responsive elements (LREs) were the most abundant (84) among the
seven PsRBOH promoter sequences and widely distributed in all
promoter sequences, followed by ethylene-responsive elements
(EREs) (20), which was also distributed in all promoter sequences
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N N N

Psat7029200.1~"|"]|
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(Figure 3D). We also found that the promoter sequences of PSRBOH
genes contained three hormone-responsive elements, [abscisic acid-
responsive element (ARE, 17), MeJA-responsive element (MeJARE,
16) and salicylic acid-responsive elements (SARE, 5)] and two abiotic
response elements [drought-inducible elements (DRE, 4) and low
temperature-responsive element (LTR, 4)].

Tissue-specific expression of PsSRBOHs
in pea

To determine the expression patterns of the PsSRBOH genes in
different tissues, we studied the tissue-specific transcriptional
activity of seven genes in the root, stem, tendril, leaf, flower, pod,
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FIGURE 3
The gene structures, conserved motifs, conserved domain, and cis-elements analysis of putative promoters of PSRBOHs. (A) Gene structure of
PsRBOHSs. The green block represents the coding sequence (CDS), the yellow block shows the 5 or 3" untranslated regions (UTRs), and the black line
indicates the intron. The scale bar indicates the length of the DNA sequences. (B) The conserved motifs in PSRBOHs were identified by MEME tools.
Each motif is indicated by a rectangular box of a different color and the motifs are numbered from 1 to 10. The black line scale represents the length
of amino acids. (C) Conserved domain compositions of PSRBOHs. Only major domains are presented in the figure based on our searches in the
Pfam database. The black line scale represents the length of amino acids. (D) Cis-elements analysis of putative promoters of PsRBOHs. The black
line scale represents the length of promoter amino acids. The cis-elements are as follows: MeJA-responsive elements (MeJARE), light-responsive
elements (LREs), ethylene-responsive elements (EREs), drought-inducible elements (DRE), abscisic acid-responsive element (ARE), salicylic acid-
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one-week-old pea seeds (PealW), and two-weeks-old pea seeds
(Pea2W) of pea (Figure 4). The results showed that the expressions
of the PsRBOH genes had significant differences in different tissues.
PsRBOH5 was highly expressed in the roots, while PsRBOH4,
PsRBOH6, and PsRBOH7 were highly expressed in the stem.
PsRBOH2 was highly expressed in all tissues. PsRBOH6 was
highly expressed in the leaves, but PSRBOH3 was not detected in
the leaves. Moreover, PSRBOHI and PsRBOH3 were highly
expressed in tendrils, and all seven PsRBOH genes had relatively
lower expression levels in the pod and PealW. PsRBOH5 and
PsRBOH7 were highly expressed in the roots and Pea2W,
respectively, but PsSRBOHI was not expressed in flowers and pods.

Expression of PSRBOHSs under different
abiotic stresses

To further elucidate the expression patterns of pea RBOH genes
under different abiotic stresses, we evaluated the expression profiles
of PsRBOHs in the leaves and roots under heat stress, cold stress,
salt stress, Cd stress, PEG-induced drought stress (PEG), and low-
boron (LB) stress at various time points after the treatment.

The abiotic stresses induced or inhibited the expression of genes
in a highly specific manner, with the most significant changes
occurring at the early stages of stress treatment (Figure 5). The

10.3389/fpls.2023.1321952

expression levels of all genes increased in the leaves in all six
treatments (Figures 5A-F), except for PsSRBOH4 under salt stress
(Figure 5C) and PsRBOHS5 under Cd stress (Figure 5D). All PSRBOH
genes were up-regulated at 6 h under all treatments (Figures 5A-F)
except for PsSRBOH4 under cold stress (Figure 5B), PSRBOH5 under
Cd stress (Figure 5D) and PsSRBOH4-6 under salt stress (Figure 5C).
PsRBOH 1 was up-regulated at 3 h under all six treatments but down-
regulated at 24 h under heat (Figure 5A), cold (Figure 5B) and Cd
stresses (Figure 5D). PSRBOH3 was not expressed in the leaves under
all treatments (Figures 5A-F). Furthermore, PSRBOH4 was down-
regulated from 0.5 to 48 h but up-regulated at 72 h under salt stress
(Figure 5C). PsRBOHS5 was induced at 0.5 h under heat stress
(Figure 5A) but down-regulated at 12 h under heat (Figure 5B),
salt (Figure 5C), Cd (Figure 5D), and PEG (Figure 5E) stresses. In
addition, PsSRBOH6 was induced at 6 h under LB stress (Figure 5F)
and down-regulated at all time points except 3 h and 6 h under salt
stress (Figure 5C).

The expression patterns of PsRBOHs had similarities and
differences in the roots and leaves. In the roots, PsSRBOH5 was
induced at 0.5 h under heat (Figure 6A), salt (Figure 6C), PEG
(Figure 6E), and LB (Figure 6F) stresses and maintained the high
expression until 72 h under salt (Figure 6C), PEG (Figure 6E) and
LB (Figure 6F) stresses. PSRBOHI was up-regulated at 3 h and
maintained a high expression level until 72 h under cold (Figure 6B)
and salt stresses (Figure 6C) except at 12 h under cold stress.
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However, PsSRBOH1 was down-regulated at all time points under LB
treatment (Figure 6F). PsSRBOH6 was induced at 0.5 h under salt
(Figure 6C) and Cd (Figure 6D) treatments but down-regulated
from 6 to 72 h under Cd (Figure 6D) and LB (Figure 6F) treatments.
Additionally, PsRBOH6 had a similar expression pattern with
PsRBOHI1 under LB stress, except at the 3 h time-point (Figure 6F).

Subcellular localization analysis

The subcellular localization of pea RBOH proteins was
predicted using WoLFPSORT (Table 1). The results indicated
that four PSRBOH proteins were highly likely to be located in the
plasma membrane. PSRBOH4 and PsRBOH5 were presumably

Heat stress

. . PSRBOH2
-. PsRBOH3
... PsRBOH4

PsRBOHS

. .. .PSRBOHG
1) R

1224 36 48 T72h
Cd stress

. ..l PsRBOH1
. PsSRBOH2
.i PsRBOH3
... .. PsRBOH4
. PsRBOHS
. ... PsRBOHG6
.... .. PsRBOH7

6 12 24 36 48 72h

FIGURE 6

scale is shown on the right.

3.00
200
1.00
000
-1.00
2,00
-3.00

B
Cold stress
PsRBOH1
.. . PSRBOH2
PSRBOH3

. .... reRpons
PsRBOH6

PSRBOH7

3 6 12 24 36 48 72h

PEG
PSRBOH2

. . PsRBOH4

™ I
2

PsRBOH1

PsRBOHS

. ... feRpone

. . .. peRon?
05 3 6 12 24 36 48 72h

Salt stress

o .. . fRBomt 2
3.00 2.00
2.00 1.00
= AR B
-0.00 -1.00
-1.00 -2.00
200 .. PSRBOH3 |f '
-3.00 -4.00

E N

. .. ROt

PsRBOH6

v

0.5 3 6 12 24 36 48 72h
LB stress
5.00 -4.00
300 200
2.00
N N ™
0.00

~1.00
e
-3.00

AR

PsRBOHS

.... . PRBOHG

PsRBOH7

Root expression of PsRBOHs under heat stress (A), cold stress (B), salt stress (C), cadmium (Cd) stress (D), polyethylene glycol (PEG)-induced
drought stress (PEG) (E), and low boron (LB) stress (F). The log-transformed relative expression levels were used to generate the heatmaps. The color

Frontiers in Plant Science

46

frontiersin.org


https://doi.org/10.3389/fpls.2023.1321952
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Liu et al.

located in the nucleus, and PsSRBOH4 in the cytosol. Evolutionary
analysis showed that PsSRBOH6 was homologous to AtRBOHF and
GmRBOHF1/2. It has been shown that multiple calcineurin B-like
(CBL) interacting protein kinases (CIPKs) target Arabidopsis
RBOHF by directly binding Ca** to its EF-hands to fine-tune
superoxide production in response to different stimuli (Drerup
et al,, 2013; Han et al,, 2019). Since AtRBOHF localizes in the
plasma membrane (Drerup et al., 2013), PSRBOH6 was selected for
a transient expression assay using Arabidopsis mesophyll
protoplasts (Figure 7). The PsRBOH6-GFP plasmid was
transiently co-expressed with the plasma membrane and
endoplasmic reticulum markers, FM4-64 (Figure 7A) and
mCherry-HDEL (Figure 7B), in Arabidopsis leaf protoplasts,
respectively. As shown in Figure 7, GFP-PsRBOH6 fluorescent
signals were extensively co-localized with FM4-64 and mCherry-
HDEL, suggesting that PSRBOH6 localizes in the plasma membrane
and endoplasmic reticulum.

Discussion

RBOH genes are involved in plant signal transmission,
morphogenesis and development, and responses to biotic and
abiotic stresses. However, the RBOH gene family has been
identified in various plants but not in pea. These studies will be
useful for understanding the role of RBOH genes in plant responses
to abiotic stresses.

The present study analyzed the RBOH gene family in pea and
identified seven RBOH genes were identified in the pea genome. The
identified RBOH genes were fewer than those of Arabidopsis (10)
(Sagi and Fluhr, 2006), rice (9) (Groom et al., 1996), Pyropia
yezoensis (11) (Gui et al.,, 2022), Solanum melongena (8) (Du
et al, 2023), and soybean (17) (Liu et al., 2019), but same those
of strawberry (7) (Zhang et al.,, 2018) and alfalfa (7) (Marino et al.,
2011). The chromosomal distribution of RBOH genes did not show
a certain regularity, the same as in other plants (Selvi et al., 2020;
Gui et al,, 2022; Du et al,, 2023). Gene structure analysis revealed
that the number of PsRBOH exons varied between 6-16 and
harbored in 9-12, similar to that of Arabidopsis and rice, which
were harbored in 10-14 (Zhang et al., 2018). PsRBOHI had the
lowest number of exons (6), while PsSRBOH6 had the most exons

TABLE 1 The detailed information of PsSRBOH members.

Gene Annotated Genomic position
PsRBOH1 Psat1g135680.1 chr1L.G6:268211884- 268216192
PsRBOH2 Psat3g011120.1 chr3LG5:26369259-26374797
PsRBOH3 Psat3g140480.1 chr3LG5:273226086-273231589
PsRBOH4 Psat5g055920.1 chr5LG3:101924110-101930071
PsRBOH5 Psat6g151240.1 chr6L.G2:294961062-294966418
PsRBOHG6 Psat7g029200.1 chr7LG7:45297780-45306906
PsRBOH7 Psat7g040320.1 chr7LG7:69319366-69325556

10.3389/fpls.2023.1321952

(16), indicating that PsSRBOHs experienced both conservation and
diversification during their evolution.

Determining the phylogenetic relationships among species is
fundamental for many biological studies (Kapli et al, 2020).
Phylogenetic analysis indicated that members of the RBOH gene
families in pea, soybean, tomato, and Arabidopsis could be divided
into five groups, indicating that RBOHs are conserved in various
species (Chang et al., 2020; Chen and Yang, 2020; Gui et al., 2022;
Du et al., 2023).

In soybeans, the ancestral Papilionoideae whole-genome
duplication event and Glycine-specific duplication event resulted
in nearly 75% of the genes present in multiple copies (Schmutz
etal, 2010). While there has no a recent whole-genome duplication
but reflects the ancestral Papilionoideae whole-genome duplication
event in pea (Kreplak et al, 2019). This also explains why the
amount of RBOHs in pea is less than that in soybean and the
collinear gene pairs of four PsSRBOHs (PsRBOH2, PsRBOH4,
PsRBOH6, and PsRBOH?) in soybean.

In Arabidopsis, all ten RBOHs had four typical conserved
domains: NADPH-Ox, Ferri-reduction, FAD-binding, and NAD-
binding domains (Sagi and Fluhr, 2006). However, in wheat, 4 out
of 36 NADPH oxidases had the NADPH_Ox domain but lacked
one or two other conserved domains (Hu et al., 2018). In eggplant, 5
out of 8 SmRBOHs lacked the FAD-binding domain, which was
substituted by the NOX_Duox_like_ FAD_NADP domain (Du
et al,, 2023). In this study, all PSRBOHs, except PsSRBOHI, had
the four typical conserved domains. PsSRBOH1 lacked the FAD-
binding and NAD-binding domains which are crucial for electron
transfer and ROS production (Wang et al., 2022). Therefore, the
possible function of RBOH1 in the production of superoxide needs
further verification.

The tissue-specific expression of genes is crucial for plant
growth and development and provides important insights into
understanding gene function. The tissue-specific expression
patterns of the RBOHs have been reported in many plants;
however, the expression patterns are distinct in different plants.
Two out of ten, four out of seven, and all seven RBOH genes were
expressed throughout Arabidopsis (Sagi and Fluhr, 2006),
strawberry (Zhang et al, 2018) and grape (Cheng et al., 2013),
respectively. However, only four out of ten AfRBOH genes were
specifically expressed in the roots and elongation zone (Sagi and

CDs AA Subcellular localization

1608 535 plas: 5, E.R.: 5, mito: 2, chlo: 1

2694 897 cyto: 5, nucl: 3, plas: 3, chlo: 1, vacu: 1

2277 758 plas: 8, E.R.: 2, chlo: 1, nucl: 1, mito: 1

2823 940 nucl: 5, plas: 3, cyto: 2, chlo: 1, vacu: 1, ER:: 1
2682 893 nucl: 7, cyto: 3, plas: 2, chlo: 1

2844 947 plas: 11, nucl: 3

2703 900 plas: 9, cyto: 4

Chr, chromosome; CDS, length of coding sequence; AA, number of amino acids; The subcellular location of pea RBOH proteins was predicted using WoLF PSORT (http://www.genscript.com/
psort/wolf_psort.html). Nucl, nucleus; Mito, mitochondria; Chlo, chloroplast; Cyto, cytosol; E.R, endoplasmic reticulum; Plas, plasma membrane.
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). In this study, five RBOHs (PsRBOH2 and PsRBOH4-7)
were expressed in all tissues, while PSRBOHI was not detected in the
flowers and pods, and PsRBOH3 was not expressed in the leaves. In
addition, the expression of PsRBOH2 was higher in all tissues,
especially in the leaves. In soybeans, GmRBOHBI, which was
orthologous with PsRBOH2 and clustered in one cluster, was
highly expressed in the leaves ( ). These results
indicated the tissue specificity of the PsRBOH genes, suggesting
that these genes may have different functions during
plant development.

Cis-acting elements regulate the expression of target genes by
binding the trans-acting factors (

). It has been reported that RBOH family

members in various plants are induced by different abiotic stress

), salt ( )

), wounding ( ),

). Moreover, RBOHs respond to

environmental stimuli through hormonal signaling networks

stimuli, such as drought (
heat ( ;
and cold stress (

involving abscisic, salicylic, jasmonic acid, and ethylene
( ). In the present study, many hormone-
responsive elements (such as ARE, ERE, MeJARE, and SARE) and
abiotic response elements (such as DRE and LTR) were found in the
promoter of PsRBOHs, indicating their potential roles in pea
response to phytohormones and stresses.

The involvement of the RBOH gene family members in abiotic
stress responses has been reported in many plants. In grapes,
VvRBOHs were significantly increased under salt, drought,
powdery mildew, salicylic acid, and abscisic acid treatments
( ). It was reported that the expression level of
AtRBOHD was significantly increased in Arabidopsis at an early
). Soybean RBOH
genes were significantly induced by salt, PEG, cold, and Cu stresses,

stage in response to hypoxia (

and GmRBOHD?2 was significantly induced by salt, polyethylene
glycol, low temperature, and Cu toxicity in the roots (

). In the present study, all PSRBOH genes responded to all six
stresses. Moreover, PsSRBOH3, which had a close evolutionary
relationship with GmRBOHD2, was expressed in the roots and

Frontiers in

not in leaves, and its expression occurred earlier (0.5 - 6 h) after
heat, cold, and LB stress treatments. The expression of PsSRBOHI
was up-regulated in the leaves 3 h after the abiotic stress treatments
and lasted for up to 24 h, after which it was down-regulated under
heat, cold, salt and Cd treatments. However, PsSRBOHI was up-
regulated in the roots by heat, cold and NaCl treatments but down-
regulated by LB treatment. A similar phenomenon was also
). These results indicate that
the PsRBOH gene family could be involved in the abiotic stress

observed in cotton (

response, but the regulatory mechanisms are still unclear.
Superoxide can be synthesized in different cellular

compartments, such as chloroplasts ( ),
mitochondria ( ), peroxisome
( ), and the plasma membrane oxidoreductase
system ( ; ;

). In leaves from pea plants grown with 50 pm

CdCl,, the accumulation of H,0, was observed mainly in the

plasma membrane of transfer, mesophyll and epidermal cells, as
well as in the tonoplast of bundle sheath cells (

). RBOH is present in the plasma membrane systems of

). Subcellular

location is a key characteristic that determines the function of many

almost all animals and plants (

proteins, indicating that proteins in different subcellular locations
). All the RBOHs in

) and
) were predicted to localize to the plasma

have different functions (
Arabidopsis (
wheat (

membrane. Some RBOHs were shown to localize to the chloroplast

), rice (

thylakoid membrane of grapes ( ) and strawberry
( ). Moreover, in Gossypium barbadense, 71 out of
87 RBOHs were located in the cytoplasm ( ).
Tobacco RBOHD was localized in the plasma membrane and Golgi
). In P. vulgaris, PPRBOHA was

localized in the plasma membrane of root hair (

cisternae (

), whereas PYRBOHB was localized in the central apical dome
( ). These different subcellular distributions of
RBOHs in root hairs resulted in two models that explain root hair

development ( ). In pea, four out of the seven
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RBOHs had a high probability of being localized in the plasma
membrane, indicating similar functions. Two of the PSRBOHs were
presumably located in the nucleus, while PSRBOH6 was localized in
the cell membrane and endoplasmic reticulum, suggesting that they
may regulate ROS production at different subcellular locations (Lee
et al., 2023).

Conclusions

This study comprehensively analyzed the RBOH gene family in
the pea genome. Seven PsRBOH genes were identified and were
divided into five groups, which were distributed on five
chromosomes. In addition, we analyzed collinearity, gene
structure, conserved domains, conserved motifs, cis-elements, and
subcellular distribution of the PsRBOH genes. The PsRBOHs
exhibited tissue specificity and functional diversity during plant
growth and response to different abiotic stresses. Overall, these
results provide valuable information which could be used for
further functional analysis of pea RBOH genes in response to
climate-driven environmental constraints.
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Basic helix—loop—helix (bHLH) proteins are important in abiotic stress control.
Here, a specific bHLH transcription factor gene, CabHLH18, from a strong
waterlogging-tolerant pepper cultivar, ZHC?2', was successfully cloned. The
CabHLH18 gene presented a coding sequence length of 1,056 bp, encoding
352 amino acids, and the protein was the closest to Capsicum annuum
XM016694561.2 protein. The CabHLH18 protein was located in the nucleus.
The transformation of the CabHLH18 overexpression vector into the plumules of
hot peppers, 'DFZJ" and "ZHC1', exhibited 21.37% and 22.20% efficiency,
respectively. The root length, plant height, and fresh weight of the 'DFZJ’
overexpression lines were greater than those of wild-type (WT) plants under
waterlogging conditions. Compared with the WT plants, the overexpression lines
generally showed greater contents of water, the amino acid, proline, soluble
sugar, root viability, and superoxide dismutase activity, but lower
malondialdehyde content under waterlogging conditions. Plant fresh weight,
amino acids, proline, and soluble sugar levels of the overexpression lines were
39.17%, 45.03%, 60.67%, and 120.18% greater, respectively, compared with the
WT plants at 24 h after waterlogging stress. Therefore, the CabHLH18 gene could
be implicated in conferring waterlogging tolerance in hot peppers and holds
promise for enhancing their overall waterlogging tolerance.

KEYWORDS

Capsicum annuum, CabHLH18, gene cloning, characterization, waterlogging tolerance

Introduction

Capsicum annuum of the Solanaceae family is a vegetable crop of worldwide importance.
In 2020, global production was approximately 39.28 million tons (FAO, 2020). Waterlogging
is a major abiotic stress that affect plants (Mickelbart et al,, 2015). Waterlogging obviously
decreases crop production by 32.9% on average (Tian et al., 2021). The annual economic loss
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is more than billions of dollars (Sauter, 2013; Voesenek and Bailey-
Serres, 2015). Waterlogging stress causes physiological and
biochemical changes in plants, leading to inhibition of growth and
development (Perata and Voesenek, 2007; Bailey-Serres and
Voesenek, 2008; Vidoz et al., 2010; Phukan et al.,, 2016). Under
waterlogging stress, the inhibition of plant aerobic respiration limits
energy metabolism, thus restraining plant growth and development,
including seed germination, vegetative growth, and reproductive
growth (Pan et al, 2021). Plants also respond to waterlogging
stress by regulating their morphology, energy metabolism,
hormone biosynthesis, and signal transduction (Shinozaki and
Yamaguchi-Shinozaki, 2007; Hirabayashi et al., 2013; Kuroh et al.,
2018). Pepper is a shallow root plant with weak roots and poor
waterlogging resistance and can die after a few hours under water,
seriously affecting the yield and quality (Molla et al, 2022).
Consequently, increasing research to improve the waterlogging
resistance of peppers has been conducted. At present, research on
waterlogging stress has been focused on wheat, rice, and corn. Most
of the studies related to waterlogging stress in peppers have
concentrated on morphological observations, physiological
examinations, and biochemical analyses, devoting limited attention
to waterlogging tolerance mechanisms (Kato et al., 2020; Kaur et al,,
2021; Komatsu et al., 2022). Basic helix-loop-helix (bHLH) proteins
play important roles in regulating plant resistance to stress, which
belong to a superfamily of regulatory proteins present in eukaryotes,
having highly conserved bHLH domains (Toledo-Ortiz et al., 2003;
Upadhyay et al., 2018). The HLH domain is located at the carboxyl-
terminus and consists of two hydrophobic residues in a helical-ring-
helical structure, which promotes protein-protein interactions
(Murre et al, 1989). bHLH proteins regulate plant growth and
development, and biological and abiotic stress responses by
suppressing or activating the expression of related downstream
genes through transcriptional regulation or nuclear localization.
Many bHLH transcription factor genes have been identified from
different plants including Arabidopsis (Bailey et al., 2003). Zhang
etal. (2020) identified 122 members of the bHLH transcription factor
family in peppers, among which a few were noted to be involved in
responses to cold, heat, drought, and salt stress (Zhang et al., 2020).
Low temperature stress can induce significant upregulation of
WbHLHO046 gene expression in wheat and improve the expression
of the rice bHLH gene (RsICEI) (Man et al, 2017). Arabidopsis
bHLH122 positively regulates drought tolerance, salt tolerance, and
osmotic signaling (Liu et al., 2013), and CdICEI of the
chrysanthemum bHLH family regulates tolerance to low
temperature, drought, and salt stress (Chen et al, 2012). Pepper
bHLH transcription factor CabHLHO035 can enhance salt tolerance
by regulating ion homeostasis and proline biosynthesis (Zhang et al.,
2022), and OrbHLHI8 overexpression in Arabidopsis can
significantly improve cold resistance (Li et al., 2010). The
CsbHLHI8 gene of sweet orange enhances cold tolerance in
transgenic tobacco (Geng and Liu, 2018). MebHLHI8 expression
can increase peroxidase activity, decrease reactive oxygen species
(ROS), and change the abscission rate of cassava leaves at low
temperatures (Liao et al, 2023). However, no studies have been
reported on the waterlogging tolerance effects of the bHLH gene
in plants.
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bHLH genes are involved in regulating plant tolerance to abiotic
stresses, such as drought, salinity, and low temperature. However,
there are no reports on the bHLH gene function in hot pepper under
waterlogging stress. In the present study, an important bHLH
transcription factor gene, CabHLHIS8, in hot pepper was
successfully cloned. Next, the sequence characteristics,
evolutionary relationship, expression pattern, and subcellular
localization of the CabHLH18 gene were examined. Subsequently,
the growth and physiological response of CabHLHIS8
overexpression lines under waterlogging stress were analyzed, and
the function of the CabHLH18 gene was preliminarily explored. The
results provide a reference for generating waterlogging-
tolerant peppers.

Materials and methods
Plant materials and treatment

Three hot pepper cultivars, “ZHC2’ (waterlogging-tolerant),
ZHCY’, and ‘DFZJ’ (waterlogging-sensitive) were used in this
study. ZHC2’ and ZHCI’ are inbred lines, which were donated
by the Zunyi Academy of Agricultural Sciences (Zunyi, China), and
‘DFZJ is a local inbred line from Guizhou province. Pepper
seedlings were planted in plastic pots (length x width x depth:
32 x 24 x 13 cm, with one seedling per pot) filled with sand and
cultured at 25 + 2/20 + 2°C for a 10-h/14-h light/dark photoperiod
with an irradiance of 270 umol m 2 s™'. Before and after the
formation of two leaves, the pepper seedlings were watered with
1/2 Hoagland solution (only macroelements halved, while
microelements were not) and further Hoagland solution once a
day. After the formation of five leaves, seedlings with uniform
growth were transferred to trays for waterlogging treatment and
placed into 2-cm-deep water above the sand surface. The seedlings
were subjected to three treatments as follows: 6 h (T1) and 24 h (T2)
of waterlogging stress and 1 h of recovery (R) after 24 h of
waterlogging stress according to the preliminary experiments.
Normal culture (no waterlogging stress) conditions served as the
control (CK). At each stage, leaf, stem, and root samples were
selected from 10 plants, mixed, immediately frozen in liquid
nitrogen, and stored in a —80°C freezer until use for gene cloning.
The phenotype and physiology of T5 pure transgenic hot pepper
‘DFZJ’ and wild-type (WT) plants were determined and cultured as
mentioned earlier. Three biological replicates with 10 plants per
replicate were established for the experiments.

RNA reverse transcription, CabHLH18
amplification, and construction of
overexpression vector

RNA was reverse-transcribed into cDNA using a PrimeScript
RT kit (Takara, Dalian, China). The full-length coding sequence of
the CabHLHI8 gene was amplified from the hot pepper ZHC2’
(under 24 h of waterlogging stress) cDNA, using primers with Bsal
restriction sites at the 5'- and 3’-ends. The primers used for
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amplification are shown in Table 1. The amplified fragment was
digested with Sacl/Spel and BamHI/Kpnl and inserted into the
PEGOEPubi-H vector (modified to contain the green fluorescence
protein (GFP) gene), using T4-DNA ligase (Takara), according to
the manufacturer’s protocol. The inserted sequence was driven by a
corn UBI promoter.

Bioinformatics analysis of the
CabHLH18 gene

The CabHLHI8 gene sequence was compared using the
DNAMAN global alignment method (Tsai et al.,, 2006). The NCBI
Open Reading Frame (ORF) Finder was used to analyze the ORF of
the CabHLHI8 gene and predict its amino acid sequence. Expert
Protein Analysis System (Expasy) (https://web.expasy.org/protscale/)
was used for hydrophobicity prediction, and NetPhos 2.0 (http://
www.cbs.dtu.dk/services/NetPhos/) and CPHmodels 3.2 (http://
www.cbs.dtu.dk/services/ CPHmodels/) were employed for
phosphorylation site analyses. The homologous sequences of the
CabHLH18 proteins were retrieved by BLAST search in the NCBI
database (accession numbers in Supplementary Table SI). A
phylogenetic tree was constructed using MEGA 7 (Mega Limited,
Auckland, New Zealand) with maximum-likelihood method of 1,000
bootstraps (Kumar et al., 2016). MODELLER9.22 (https://salilab.org/
modeller/) was adopted for homology modeling of the CabHLH18
protein (Benjamin and Andrej, 2016), using the X-ray crystal
structure of a putative bHLH protein, 5gnj.1.A, as the template.
The predicted model was analyzed using SAVES (https://
servicesn.mbi.ucla.edu/SAVES/). GROMACS software (http://
www.gromacs.org/) was employed for calculating root-mean-square
deviation and the potential energy value of the model protein (Hess
et al, 2008). Ramachandran plots were examined using Rampage
server (http://mordred.bioc.cam.ac.ukrapper/rampage.php) (Lovell
et al., 2003).

Subcellular localization of
CabHLH18 protein

Subcellular localization of CabHLH18 protein was analyzed
after transient expression in Nicotiana benthamiana leaf
epidermal cells. The plasmid containing the target gene was

TABLE 1 Primers used in this study.

Primer role Primer sequence (5'-3’)

CabHLH18 amplification ActagggtctcGecaccATGGAATATTATGGCT
TTAATCAACAATGG
ActagggtctcTcgccTATAACCATTTTGAGA
GCTGTGTGCAA

PCR identification
of transformant

TTAGCCCTGCCTTCATACGC
GACACGCTGAACTTGTGG

Control 18§ TCGGGATCGGAGTAATGA

TTCGCAGTTGTTCGTCTT
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amplified and spliced to the 1300-GFP vector by seamless cloning
methodology. Agrobacterium GV3101 containing the 1300-
CabHLHI18-GFP vector plasmid was cultured. The bacterial cells
were suspended in 10 mM MgCl, buffer to an optical density of 600
nm (ODggp) of 1.0. Two microliters of 100 mM 2-morpholino
ethane sulfonic acid was added to the bacterial suspension, which
was then incubated for more than 3 h. Subsequently, the prepared
bacterial suspension was inoculated into the lower epidermal layer
of 3-4-week-old N. benthamiana leaves and incubated for 72 h for
transformation. As the control, leaf transformation of the 1300-GFP
vector with no target gene was used. After transformation and
20 min of 1 uM 4’-6-diamino-2-phenylindole (DAPI) staining, the
samples were observed using laser confocal fluorescence
microscopy (FV1000 Olympus Corp., Tokyo, Japan). The
excitation and emission spectra used for DAPI were 405 nm and
455-470 nm, respectively. For GFP analyses, the excitation and
emission spectra were 488 nm and 507 nm, respectively. At least
three fields of view from three leaves were examined.

Gene transformation and identification

Agrobacterium rhizobiae strain LBA4404 containing the
CabHLHI8 gene was inoculated onto Luria broth (LB) solid
medium (with 20 mg/L rifampicin and 50 mg/L kanamycin
sulfate) and incubated in the dark for 24 h at 28°C. Then, single
colonies were selected and inoculated into LB medium for 24 h
under constant shaking. Subsequently, 50 UL of the bacterial culture
was inoculated into 50 mL of fresh LB medium and incubated in a
shaker (180 rpm, 28°C) for 12 h until ODgq, of 0.5-0.6 was reached.

After germination of the seeds of hot peppers ‘DFZJ’ and
ZHCT’ to a radicle length of 1-2 mm, the seed coats were
removed to expose their plumules and placed into the suspension
of Agrobacterium containing the CabHLHI18 gene, with 200 uL/L
SILWET1-77 surfactant and 1 mL/L acetoeugenone under 15 kPa
pressure for 5 min. Then, the bacterial suspension was removed,
and the seedlings were placed in a clean dish, cultured in dark for 3
days at 28°C, and planted in cell trays with peat substrate. Three
biological replicates with 100 seeds per replicate were employed for
germination and gene transformation. The T, transgenic seedlings
containing the GFP reporter gene were detected at the cotyledon
stage using a hand-held lamp (LUYOR-3415RG, Shanghai, China).
The leaves of the three-leaf stage putative transformants were
identified by multiple PCR with specific primers for the UBI
promoter and GFP gene, and primers for the housekeeping gene
18S were used as an internal control (Table 1). The PCR products
were separated on 1% (w/v) agarose gels.

Analysis of phenotypes and
physiological indicators

The T lines were segregating after self-fertilization of T,
transgenic plants. The T3 pure overexpression lines of hot pepper
were screened by PCR and hygromycin tolerance. The T; lines of
hot pepper and WT plants were cultured using the abovementioned
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method. After the growth of five leaves, samples were collected after
0 h (CK), 6 h (T1), and 24 h (T2) of waterlogging stress, and at 1 h
(R1) after recovery. The primary root length, seedling height, fresh
weight, water content, and root viability (CAS No. G0124F, Geruisi,
Suzhou, China); root proline content (CAS No. BC0295, Solarbio,
Beijing, China); and amino acid (not including proline and
hydroxyproline, CAS No. BC1575, Solarbio), soluble sugar (CAS
No. BC0035, Solarbio), and malondialdehyde (MDA; CAS No.
BC0025, Solarbio) levels, and superoxide dismutase (SOD; CAS
No. BCO0175, Solarbio) activity were analyzed according to the
instructions provided in the respective kits. Plant water content
was calculated as: plant fresh weight — plant dry weight)/plant fresh
weight x 100%.

Statistical analyses

Statistical software (SPSS 20.00, IBM Inc., Armonk, NY, USA)
and graphics software (Origin 2017, OriginLab Inc., Northampton,
MA, USA) were used for the data analysis and figure construction,
respectively. The Duncan’s multiple range test was performed to
determine significant differences between means at a significance
level of p < 0.05, after showing a significant effect using one-way
analysis of variance.

Results

Cloning and bioinformatics analysis of the
CabHLH18 gene

A 1,056-bp cDNA sequence from ‘ZHC2’ was amplified by PCR
(Figure 1A) using LOC107879909-specific primers, and named

100

(o] 1
Query seq.

10.3389/fpls.2023.1285198

CabHLH]I8. Bioinformatics analyses revealed that CabHLHIS is a
hydrophilic protein encoding 352 amino acids (Figure 1B) and has a
bHLH_AtNAIl-like conserved domain at 170-242 at the C-
terminus (Figure 1C), which mediates endoplasmic reticulum
formation and may play a role in plant tolerance to abiotic stress.
Phylogenetic tree analyses based on amino acid sequences of
various plant species found that CabHLH18 protein had
maximum similarity with Capsicum annuum XM 016694561.2
protein (Figure 2A) and that their domains were similar. The
prediction model revealed that the similarity between the 3D
structure model of CabHLHI18 and the template 5gnj.1.A was as
high as 99.6% and that both proteins had a bHLH-binding domain
and belonged to the bHLH family, indicating good model quality
(Figure 2B). The root-mean-square deviation curve reached
equilibrium after 2,750 ps, with fluctuations in the range of 1.66-
2.24 nm. These results showed that CabHLHI8 had a stable
structure (Figure 2C). The Ramachandran diagram verification of
the protein denoted its suitability because there were no residues in
the disallowed regions (Figure 2D).

Subcellular localization of
CabHLH18 protein

To determine the subcellular localization of CabHLH18 protein,
the 1300-CabHLH18-GFP fusion protein was expressed transiently
in N. benthamiana mesophyll cells. The infective solution was
injected into N. benthamiana from the lower epidermis of the
leaves, and the sample was analyzed after 72 h. CabHLH18 protein
was localized in the nucleus, while the empty vector GFP signal was
distributed throughout the cell, indicating that CabHLH18 might
have a regulatory role as a transcription factor (Figure 3).

T T T T T
150 200 250 300 350

Amino acid position

T T T
0 50 100 400

200 300 352

putative DNA binding site 1034 k
putative dimer interface VAL L

Specific hits
Superfanilies

FIGURE 1

BHLH_AtNAI1 like
bHLH_SF superfamily

Molecular identification of CabHLH18 gene in "”ZHC2'. (A) Amplification of bands using 'ZHC2' cDNA as template. M: 2,000-bp DNA marker; 1-2:
'"ZHC2' cDNA. (B) Hydrophilic analysis of CabHLH18 protein. (C) CabHLH18 protein domains.
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XM 051035254.1 Pisum sativum (garden pea)
XM 051035255.1 Pisum sativum (garden pea)

~b

XM 024307663.2 Rosa chinensis
XM 024307664.2 Rosa chinensis

XM 019401332.1 Nicotiana attenuata
XM 01940133 1.1 Nicotiana attenuata
XM 003536271.5 Glycine max (soybean)
XM 006589322.4 Glycine max (soybean)
XM 047393594.1 Capsicum anmum L.
100 XM 016723880.2 Capsicum anmum L.
[~ CabHLHI8
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B c

25
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NM 001288169.1 Solanum tuberosum (potato)

FIGURE 2
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Phylogenetic tree, homology modeling, and molecular simulation of CabHLH18 protein. (A) Phylogenetic tree of bHLH proteins in various plant
species with bHLH homologs. (B) Homology modeling of CabHLH18 protein using MODELLER9.22. (C) Molecular dynamics simulation. Backbone of
root mean squared deviation (RMSD) plotted versus time (in ps). (D) Ramachandran plot analysis. A, B, and L regions: most favored residues; a, b, |,
and p regions: additional allowed residues; ~a, ~b, ~|, and ~p regions: generously allowed residues.

Transformation and identification of
CabHLH18 gene in hot pepper

To investigate the function of CabHLHI8 gene, CabHLHI18
overexpression vector was transformed into the plumules of hot
pepper. The specific primers of CabHLH18 and housekeeping gene
18S were identified by multiple PCR analyses. The seedlings of hot
peppers ‘DFZJ” and ZHC1’ were selected for transformation, which
presented efficiencies of 21.37% and 22.20%, respectively, indicating
that this transformation technique was stable and repeatable
(Figure 4A). The housekeeping primers amplified in all plant
samples, indicating that the DNAs were of good quality. Lanes 1,

1300-GFP

1300-CabHLH18
-GFP

FIGURE 3

DAPI

4,7, and 9 showed amplification with construct-specific primer sets,
indicating that these plants had incorporated the
transgene (Figure 4B).

Overexpression of CabHLH18 gene
improved waterlogging tolerance in
hot pepper

After 7 days of waterlogging stress, the leaf wilted degree of hot
pepper ‘DFZ]’ overexpression lines was lower than that of the WT
plants (Figure 5), whereas the root length, seedling height, and fresh

Subcellular localization of CabHLH18 protein in N. benthamiana mesophyll cells. (A) Vector 1300-GFP was introduced into tobacco leaves.
(B) Fusion protein 1300-CabHLH18-GFP was introduced into tobacco leaves. The sample was observed under a confocal laser-scanning

microscope. Green fluorescent protein (GFP), nuclear fluorescence (blu
images are displayed. Bar = 25 pm.
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Transformation and identification of CabHLH18 gene in hot pepper. (A) Transformation of CabHLH18 overexpression vector into the plumules of
two pepper cultivars. (B) PCR identification of CabHLH18 transgenic plants. PCR detection of CabHLH18 gene in the genomic DNA of transgenic Tq
plant leaves. The yellow arrow indicates the target fragment of the CabHLH18 gene. The white arrow shows the amplification band of the
housekeeping gene 18S. M: 2,000-bp DNA marker; lanes 1, 4, 7, and 9: transgenic plants; lanes 2, 3, 5, 6, 8, and 10-12: non-transformed plants; P:
positive control (CabHLH18 recombinant plasmid); N: negative control (wild-type DNA).

weight of the overexpression lines reached 1.29-, 1.17-, and 1.39-
fold that of the WT plants at the T2 (24 h after waterlogging stress)
stage, respectively (Figures 6A-C). The overexpression lines showed
greater height and longer roots than the WT plants (Figures 6A, B).
Under normal culture conditions, no difference was observed in the
water content between the overexpression lines and WT plants.
However, at the T1 and T2 stages, the water content in the WT
plants was less than that in the overexpression lines, showing
reductions of 0.70% and 2.69%, respectively. At the R stage, the
water content in both the overexpression lines and WT plants
increased, and the overexpression lines had higher water content
than the WT plants (Figure 6D). At the T2 and R stages, the root
viability of the overexpression lines was 28.14% and 26.56%,
respectively, when compared with the WT plants (Figure 6E).

Normal culture

Wild type

Overexpression

FIGURE 5

Under waterlogging stress, the amino acid content (Figure 6F),
proline level (Figure 6G), and soluble sugar level (Figure 6H) in the
roots of the overexpression lines reached a peak at the T2 stage and
were 45.03%, 60.67%, and 120.18% higher, respectively, than those
in the roots of the WT plants. However, at the R stage, the amino
acid content, proline level, and soluble sugar level decreased in the
overexpression lines, and the decrease was more rapid than that
noted in the WT plants, indicating that the overexpression lines
responded more sensitively to waterlogging stress and recovery.

The SOD activity of both the overexpression lines and WT plants
increased under waterlogging stress, peaked at the T2 stage, and
decreased at the R stage (Figure 6I). In particular, the SOD activity
of the overexpression lines was higher than that of the WT plants under
waterlogging conditions, indicating that the overexpression lines had

Waterlogging stress

Effects of waterlogging stress on hot pepper ‘DFZJ’ overexpressing CabHLH18 gene. (A, B) Growth of WT pepper under normal and waterlogging
stress conditions, respectively. (C, D) Growth of overexpression lines under normal and waterlogging stress conditions, respectively
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Effects of waterlogging stress and recovery on the (A) root length, (B) seedling height, (C) fresh weight, (D) water content, (E) root viability, (F) amino
acid content, (G) proline content, (H) soluble sugar content, (I) SOD activity, and (J) MDA content of the overexpression line. CK, T1, T2, and R

denote control, 6 h after waterlogging stress, 24 h after waterlogging stress, and 1 h after recovery, respectively. The column represents mean value
of SD (n = 3), and values with different letters are significantly different (p < 0.05)

better ROS scavenging ability. After a longer waterlogging stress period,
the MDA content in both the overexpression lines and WT plants
increased, reaching a peak at the T2 stage and decreasing at the R stage

(Figure 6]). However, the MDA content in the overexpression lines was
lower than that in the WT plants under both waterlogging stress and

recovery conditions, with the overexpression lines presenting greater
MDA decline rates than the WT plants after recovery.
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Cloning and expression characteristics of
the CabHLH18 gene

The bHLH family of transcription factors responds to plant
abiotic stresses (Kiribuchi et al., 2004; Zhang et al., 2020). A novel
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bHLH transcription factor, PtrbHLH66, from Triloba orange has
been reported to actively regulate plant drought tolerance by root
growth effects and ROS clearance (Liang et al., 2022). Arabidopsis
AtbHLH122 positively regulates plant responses to drought and salt
stress by inhibiting CYP707A3 expression and increasing abscisic
acid levels (Liu et al., 2015). Overexpression of SIbHLH22 in tomato
has been observed to increase secondary metabolites and
osmoregulatory substances, enhance ROS scavenging ability, and
improve drought and salinity tolerance (Waseem et al., 2019).
Zhang et al. (2020) identified 122 members of the bHLH
transcription factor family in C. annuum, among which only a
few were noted to regulate plant responses to stresses, such as cold,
heat, drought, and salt stress (Zhang et al,, 2020). The bHLH
transcription factor gene CabHLHO035 in peppers has been found
to improve salt tolerance by regulating ion homeostasis and proline
biosynthesis (Zhang et al., 2022). Currently, most of the studies
related to waterlogging stress on peppers have only concentrated on
morphological observation, physiological examination, and
biochemical analysis, devoting limited attention to waterlogging
tolerance mechanisms (Kato et al., 2020; Kaur et al., 2021; Komatsu
et al., 2022). In the present study, the CabHLH18 gene was cloned
from hot pepper ‘ZHC2’ with strong waterlogging tolerance.
Phylogenetic tree analyses of bHLH proteins from different plant
species showed that CabHLH18 and capsicum-related proteins
clustered together, thus suggesting that they might have close
genetic relationships in evolution and function.

Subcellular localization of
CabHLH18 protein

A majority of the bHLH transcription factor proteins are
located in the nucleus and might have nuclear protein functions.
For instance, bHLH122 is localized in the nucleus and plays an
important role in drought resistance, osmotic stress resistance, and
inhibition of Arabidopsis abscisic acid catabolism (Liu et al., 2013).
The ThBHLH1-encoded protein of the bHLH gene of Salix sphinx is
localized in the nucleus and improves abiotic stress tolerance by
increasing osmotic potential and reducing ROS accumulation (Ji
etal,, 2016). The wheat transcription factor TabHLH39 is located in
the nucleus and improves the tolerance of transgenic plants to
abiotic stress (Zhai et al,, 2016). In the present study, CabHLHI18
protein was also localized in the nucleus, indicating that it may
predominantly function in the nucleus and might regulate gene
expression and control plant responses to waterlogging stress.

Establishment of the plumules
transformation system of hot pepper

The transformation complexity of peppers restricts their
development of genetic engineering, breeding, and molecular
biology (Mahto et al., 2018). Owing to high genotype dependence
and tenacity of pepper (Kothari et al.,, 2010), it is difficult to achieve
a stable transformation system, impeding the development of
pepper transgenic technology development (Heidmann and
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Boutilier, 2015). The transformation of peppers mainly uses
Agrobacterium-mediated and gene-gun methodologies. For
example, cotyledon (Kim et al, 2017) and hypocotyl (Kumar
et al,, 2012) were used as explants to establish an Agrobacterium-
mediated transformation system of Capsicum; however, this
method was unstable and not only required complicated tissue
culture processes but also needed specific plant materials to achieve
regeneration. Currently, achieving a highly efficient hot pepper
transformation system is particularly important, and transgenic
plants obtained without tissue culture can significantly reduce the
cost. In one study, plant meristems were induced to produce shoots
with targeted DNA modifications, and targeted genes were
transmitted to the progeny, which sidesteps the need for tissue
culture (Maher et al., 2020). Cao et al. (2023) achieved the
transformation of several plant species by using a cut-dip-
budding delivery system to transform plant genes without tissue
culture (Cao et al,, 2023). In our study, the seed coats of hot pepper
were removed to expose the plumules and then infected with
Agrobacterium containing the target gene. Effective
transformation of peppers could be achieved with radicle length
of 1-2 mm, Agrobacterium density (ODggo) of 0.50-0.60 nm, at 15
kPa. Two pepper cultivars (‘ZHC1’ and ‘DFZJ’) were transformed
by this method, and no significant difference was found in the
transformation efficiency, indicating that the transformation system
was stable in the hot peppers. This transformation method does not
depend on tissue culture, thus avoiding some problems associated
with tissue culture such as contamination, browning, and soma
clonal variation, and the efficient transformation system might
provide strong technical support for pepper genetics and
breeding studies.

Effect of the CabHLH18 gene on
waterlogging tolerance of
transgenic peppers

Waterlogging stress inhibits root respiration and ATP synthesis,
blocking the generation of water potential gradients and ion
transport systems on the root endodermis and causing plant
withering (Sairam et al, 2008). Under well-watered conditions,
the overexpression of the Populus euphratica gene, oxPebHLH35, in
Arabidopsis resulted in longer taproots, higher leaf numbers, and
increased leaf area, thus improving the plant water stress tolerance,
when compared with the vector control plants (Waseem et al,
2019). After treatment with 100 mM and 150 mM NaCl, the roots of
the CabHLHO035 transgenic tobacco lines were longer than those of
the WT plants. In comparison with the WT plants, the CabHLH035
transgenic lines had substantially lower water loss (Zhang et al,
2022). In our study, under waterlogging stress, the WT pepper
plants exhibited higher leaf wilting degree and lodging at the T2
stage and had lower water content, when compared with those
noted in the overexpression lines. Furthermore, the seedlings of the
overexpression lines were stronger than the WT plants under the
same growth conditions (Figures 6A-E). These results are similar to
those reported in a previous study (Waseem et al., 2019; Zhang
et al., 2022). Thus, under waterlogging stress, the growth of the WT
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pepper plants was inhibited, whereas the overexpression lines
adapted to this stress and maintained normal growth.

Plants can adapt to waterlogging stress through the
accumulation of proline and soluble sugar (Nanjo et al, 1999;
Hildebrandt et al.,, 2015; Hildebrandt, 2018; Khan et al., 2020).
Proline is a main solute molecule involved in plant osmotic
regulation and is also a free radical scavenger, protecting the
plant’s photosynthetic activity and cells from damage, to ensure
sustained plant growth under long-term stress (Silva-Ortega et al.,
2008; Kavi Kishor and Sreenivasulu, 2014). The increase in higher
proline content regulates the osmotic potential and improves
abiotic stress tolerance (Ji et al., 2016). The ThbHLHI gene has
been reported to activate proline biosynthesis by inducing the
expression of P5CS and BADH/ALDH (Ji et al., 2016).
Overexpression of VvbHLHI in Arabidopsis has been found to
increase the proline content, maintain osmotic balance between
intracellular and extracellular environments, and protect membrane
integrity, thus enhancing salt and drought tolerance (Wang et al.,
2016). Furthermore, TabHLH39 transgenic plants have been noted
to exhibit higher levels of soluble sugars and proline and lower levels
of electrolyte leakage. The TabHLH39 protein in the transgenic
plants can protect the plant cells by increasing the soluble sugar
content to provide energy and redistribute the soluble osmotic
sugars and improve plant stress resistance by promoting proline
accumulation. The soluble sugars and proline act as osmotic
regulators and molecular chaperones to protect the protein
integrity and enhance enzyme activity, thus improving
Arabidopsis resistance to abiotic stress (Zhai et al., 2016). The
synthesis of soluble sugars and other substances can provide
sufficient reducing sugars under waterlogging stress (Sairam et al.,
2009). In the present study, the contents of proline, soluble sugar,
and amino acid levels in CabHLHI8 overexpression lines were
significantly higher than those in the WT plants under waterlogging
stress. The overexpression lines accumulated more substances
involved in osmotic regulation and energy supply, leading to
stronger osmotic regulation ability and adequate energy supply,
which mitigated the damage caused by waterlogging stress.

Limited oxygen levels can cause ROS accumulation under
waterlogging stress, resulting in membrane lipid peroxidation,
structural changes in proteins and nucleic acids (Mittler et al,
2004; Bansal and Srivastava, 20125 Mittler, 2017), decreased activity
of antioxidant enzymes, and increased MDA. Plants maintain ROS
homeostasis to adapt to abiotic stress by activating the antioxidant
system, and the increased SOD activity can enhance plant resistance
(Tavanti et al.,, 2021). Zhang et al. (2022) reported CabHLH035-
protected plants from oxidative damage by removing ROS through
increased expression of the SOD gene (Zhang et al., 2022). In the
present study, SOD activity was higher, and MDA content was
lower in the overexpression lines, when compared with those in the
WT plants under waterlogging stress, indicating that CabHLH18
overexpression lines could reduce the damage caused by ROS under
waterlogging stress.
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Conclusion

In this study, the CabHLH 18 gene was found to contain a 1,056-
bp ORF and encode 352 amino acids. The CabHLH18 protein was
determined to be located in the nucleus. Subsequently, an effective
transformation system of hot pepper was established, with an
efficiency of 22.20%. Under waterlogging stress, CabHLH18
overexpression lines showed significantly greater root length,
plant height, fresh weight, water content, and root viability, when
compared with WT plants. The contents of amino acids, proline,
soluble sugars, and SOD activity were also significantly higher, but
the MDA level was lower in the overexpression lines, when
compared to the WT plants. Thus, the CabHLHI8 gene could
enhance waterlogging tolerance of CabHLHI8-overexpressing hot
pepper and might be a valuable gene for improving waterlogging
tolerance of crops.
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Metabolomics reveal root
differential metabolites of
different root-type alfalfa
under drought stress

Kun Wang, Li-Li Nan ®*, Jing Xia, Shi-Wen Wu and Li-Li Yang

Key Laboratory of Grassland Ecosystem of Ministry of Education, College of Pratacultural Science,
Gansu Agricultural University, Lanzhou, China

Introduction: Alfalfa (Medicago sativa L.) is the favored premium feed
ingredient in animal husbandry production which is in serious jeopardy
due to soil moisture shortages. It is largely unknown how different root
types of alfalfa respond to arid-induced stress in terms of metabolites
and phytohormones.

Methods: Therefore, rhizomatous rooted M. sativa ‘Qingshui’ (or QS), tap-rooted
M. sativa ‘Longdong’ (or LD), and creeping rooted M. varia ‘Gannong No. 4’ (or
GN) were investigated to identify metabolites and phytohormones responses to
drought conditions.

Results: We found 164, 270, and 68 significantly upregulated differential
metabolites were categorized into 35, 38, and 34 metabolic pathways in QS,
LD, and GN within aridity stress, respectively. Amino acids, organic acids,
sugars, and alkaloids were the four categories of primary differential
metabolites detected, which include 6-gingerol, salicylic acid (SA), indole-3-
acetic acid (IAA), gibberellin A4 (GA,), abscisic acid (ABA), trans-cinnamic acid,
sucrose, L-phenylalanine, L-tyrosine, succinic acid, and nicotinic acid and so
on, turns out these metabolites are essential for the resistance of three root-
type alfalfa to aridity coercing.

Discussion: The plant hormone signal transduction (PST) pathway was
dramatically enriched after drought stress. IAA and ABA were significantly
accumulated in the metabolites, indicating that they play vital roles in the
response of three root types of alfalfa to water stress, and QS and LD exhibit
stronger tolerance than GN under drought stress.
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alfalfa, drought stress, differential metabolites, phytohormones, amino acids
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1 Introduction

Alfalfa (or Lucerne) (Medicago sativa L.), as a high-protein
legume and more drought-resistant than other forage, is extensively
grown in semi-arid and arid regions of China (Nan et al., 2019; Li
et al,, 2022), but still the growing drought poses a main threat to
alfalfa acreage and output (Wu et al, 2017; Wasaya et al, 2021).
Therefore, improving the water use efficiency and drought-resistance
breeding of alfalfa are the keys to increasing alfalfa yield.

The root types of alfalfa that are currently known can be
grouped into four types: tap-rooted, branch-rooted, creeping-
rooted and rhizomatous-rooted types. The alfalfa root system is
the main organ for absorbing soil moisture and nutrients and
exploits a non-substitutable role in improving soil macroporosity.
Many alfalfa varieties are tap-rooted and the gene sources come
from Medicago sativa L. Rhizomatous-rooted, branch-rooted, and
creeping-rooted alfalfa own the genes of wild M. falcata L. to
varying degrees, with have strong resistance to drought and
severe cold. Previously, numerous studies have focused on crown
characteristics (Nan et al., 2012), root development ability (Nan
etal., 2014), stress resistance (Nan et al., 2011), root types, and yield
(Nan et al, 2012), and rhizosphere microorganisms of different
root-type alfalfa (Wang et al, 2023a). However, there were few
reports on the root metabolites and phytohormones of different
root-type alfalfa under drought stress.

Soil moisture content is a key abiotic factor limiting plant
distribution, growth, and development (Raza et al., 2023). Decreasing
the rate of growth in plants, accumulating a large number of osmotic
stress substances, enhancing the amount of antioxidant enzymes in the
tissues, stimulating the production of secondary metabolites, and
regulating gene expression have become commonly used under
drought stress (Li et al,, 2021; Mubarik et al, 2021; Raza et al,, 2022;
Raza et al., 2023). Previous research on the adaptation mechanisms of
alfalfa to water stress has primarily concentrated on the above-ground
part (Zhang et al, 2019b; Kang et al,, 2023), nevertheless, the root
system is critical for plant production (Thorup-Kristensen et al., 2020)
and has just recently received more attention (Soba et al., 2019; Zhang
et al., 2019a). Since there is close contact between plant roots and soil,
they can sense symptoms of water scarcity and adjust their physiology,
biochemistry, and structure to respond to the alterations in the
surroundings (Raza et al, 2023). Low soil moisture content induces
modifications in plant root metabolism at both the macro and micro
levels (Raza et al., 2022). The morphology, physiology, and
bioprocesses of plants are affected by water scarcity (Li et al,, 2021;
Mubarik et al., 2021), which can also inhibit the root of the plant
absorbing nutrient elements and the regulation of relevant functional
and structural genes (Epie et al., 2019).

Metabolites not only control changes in plant phenotype but also
serve as a bridge between phenotype and gene relationships (Yang
et al,, 2019). Metabolomics can reflect changes in metabolites and
reveal the reaction mechanisms of plants to stressful conditions,
which is a useful technique for studying plant environmental stress
(Han et al,, 2023). The same is true for secondary metabolites, which
are indispensable to plant signaling, defense, and safety (Savoi et al,,
2016; Kumar et al., 2021; Nicolas-Espinosa et al., 2023). It has been
discovered that plants accumulate more than 2x10° secondary
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metabolites, which serve as essential to their biological growth
(Wang et al, 2015; Ma et al,, 2016). Furthermore, some primary
metabolites (carbohydrates, amino acids, nucleic acids, and organic
acids) and several secondary metabolites (alkaloids, phenolics,
quinones, flavonoids, and terpenoids) are also closely related to
plant adversity resistance (Ma et al., 2016; Tschaplinski et al,
2019). The production of proteins, osmoregulatory and defensive
metabolites, and reactive oxygen species-scavenging systems are
some of the strategies used by plants to withstand the effects of
dryness (Ma et al., 2016; Mubarik et al., 2021), which is an intricate
biological mechanism involving various metabolic changes (Wasaya
et al, 2021). Compared to controlling genes and other metabolic
pathways, metabolites may result in more adjustments in plant
response to arid stress and can be more direct targets for
strengthening drought tolerance in plants. Long-term insufficient
water absorbed in plants caused a noticeable rise in the contents of
amino acids, tricarboxylic acid cycle (TCA) metabolites, and
secondary metabolites in Pinus sylvestris leaves (Ma et al., 2021).
Osmotic stressors, such as polyol (mannitol and sorbitol), sugars, and
amino acids (proline), accumulated throughout drought and showed
notable variations among tea trees with varying drought tolerance
(Nyarukowa et al., 2016).

Currently, we have insufficient understanding regarding the
relationship between drought resistance and modifications in alfalfa
metabolites. Key secondary metabolites such as IAA, GAs, ABA, and
cytokinins (CTKs) participate in plant stress regulation (Marquez-
Lopez et al,, 2019; Raza et al,, 2022). Metabolites are the basis of
biological phenotype, which can improve our ability to intuitively and
efficiently understand biological processes and their mechanisms. The
alteration of metabolites is the most important way for plants to
respond to stress, which is achieved by regulating the metabolic
network and leading to the synthesis and production of certain
metabolites. In recent years, mass spectrometry (LC-MS) has been
acknowledged as a vital instrument (Tang et al., 2017; Huang et al,,
2018; Gao et al,, 2019) for the identification of various plant species,
allowing the investigation of changes in metabolites due to genetic
modifications and the environment (Kumar et al., 2021; Zhang et al,,
2021a). In this work, we identify metabolites altered by water scarcity
and investigate their participation pathways in more detail.
Identifying relevant metabolic networks may help us think more
broadly about the drought resistance of these plants and help us
comprehend how various root-type alfalfa cope with drought.

2 Materials and methods

2.1 Plant materials and
experimental conditions

The alfalfa used in the experiment consisted of rhizomatous-
rooted M. sativa ‘Qingshui’ (or QS), tap-rooted M. sativa ‘Longdong’
(or LD), and creeping-rooted M. varia ‘Gongnong’No. 4 (or GN).
Alfalfa seeds that were uniform and plump were selected and
disinfected with 5% NaClO and 70% ethanol solution in sequence
(20 min) and finally rinsed the remaining solution on the surface of
the seeds with distilled water (3 times). Plant the seeds uniformly in
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sand-filled pots and grow them in a growth chamber (YSTH-B8-20,
ESHENGTAIHE CTRL TECH, China). Growth conditions: 16 h light
and 8 h dark cycle, maintain a relative humidity of around 60%, and
450 mol m™s™ of photosynthetic light flux density from May 10, 2021,
to July 26, 2021. The nutrients and water required for alfalfa growth
are provided through Hoagland’s nutrient solution (1 L Hoagland
solution containing 945 mg-L'1 Ca(NOs),-4H,0, 506 mg-L'1 KNO;, 80
mg-L' NH,NO3, 136 mg-L™! KH,PO,, 493 mg-L ' MgS0,7H,0, 2.78
mgL"' FeSO47H,0, 3.73 mgL' EDTA-Na, 6.2 mgL"' HBO;,
8.6 mg:L! ZnSO,7H,0, 0.025 mgL™ GuSO,5H,0, 0.83 mgL™ KI,
22.3 mg-L™ MnSO,-4H,0, 0.25 mg-L "' Na,M0O,-2H,0, 0.025 mg-L™
CoCl,-2H,0, pH=6), which is watered every two days (Hoagland and
Arnon, 1950). When the seedlings reach the two-leaf stage, 20
seedlings with the same growth and uniform distribution should be
retained in each pot, for a total of 36 pots.

2.2 Treatment of drought stress

When the average plant height of alfalfa reaches about 40 cm
(July 20, 2021), dissolve PEG 6000 in the Hoagland nutrient
solution and water each pot to cause osmotic stress in alfalfa. The
solution can provide osmotic pressures of 0 MPa (CK, Control), -1.0
MPa (MD, Moderate Drought Stress), and -2.0 MPa (SD, Severe
Drought Stress), respectively (Michel and Kaufmann, 1973).

2.3 Sample collection and preservation

After 7 days of stress treatment (July 26, 2021) (Wang et al,
2023a), there was a significant change in leaf morphology, with leaf
edges wrinkled and some leaves turning yellow and falling off. Then,
to start sample collection, first separate the alfalfa roots from the
sand and rinse them with distilled water to absorb the surface
moisture. Finally, different repeated root samples of the same
treatment were cut and thoroughly mixed, rapidly treated with
liquid nitrogen, stored at —80°C, and relevant indicators were
measured in the later stage.

2.4 Determining the concentration
of phytohormones

@ 5 g of the root sample was grounded in 70% chromatography
methanol and extracted for 24 h (4°C), repeated the extraction, and
merged with the extraction solution (3 times). @ The methanol in
the extract was fully evaporated (vacuum conditions), and the
residual solution was extracted with ethyl acetate (EA) three
times, finally merging the extract and evaporating the EA. ® The
extracts were dissolved again with 70% chromatography methanol
(2 mL) and passed through an organic filter (0.22 um) membrane
for the determination of phytohormones by High-Performance
Liquid Chromatography (Waters Arc-2998 PDA Waters, Waters
Corporation, USA) (Al-Amri, 2021). Test conditions: reversed-
phase column (C18); mobile phase A: methanol, mobile phase B:
0.1% phosphorus; pH=3.5, column temperature: 30°C, flow speed:
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0.8 mL/min, wavelength: L GA; _ 239 nm, A IAA=255 nm, A ABA=
208 nm, A (ZT) = 254 nm.

2.5 Metabolite extraction

© 100 mg of liquid nitrogen-milled samples, put them in 2.0 mL
tubes, and add 500 pL of 80% methanol; @ vortex and shake, let it
take an ice bath (5 min), and centrifuge it at 12000 rcf (4°C, 20 min);
® take the supernatant and dilute it with ultrapure water to a
methanol content of 53%; @ collect the supernatant (12000 rcf, 4°C,
20 min), and analyzed by LC-MS (Kumar et al., 2021).
Chromatographic conditions: chromatographic column-
HypesilGoldcolumn (C18), column temperature: 40°C, flow rate:
0.2 mL/min; mobile phase A: 0.1% formic acid, mobile phase B:
methanol; pH 9.0. UHPLC-MS/MS analyses were performed using
a Vanquish UHPLC system (Thermo Fisher, Germany).

2.6 Statistical analysis

The detected metabolites were annotated using the KEGG
(https://www.genome.jp/kegg/pathway.html). The metabolomics
data was processed using the software metaX (Wen et al., 2017)
and subjected to principal component analysis (PCA) and partial
least squares discriminant analysis (PLS-DA). Calculated the
statistical significance (P-value) based on the f-test and the
multiplicity of different Fold Change (FC) of two groups. Criteria
for screening: VIP > 1, P < 0.05, and FC > 2.

3 Results
3.1 Metabolomic data quality assessment

The higher the correlation of Quality Control (QC) samples (R?
closer to 1) indicates higher the quality of the obtained raw data.
Every sample has an R” value above 0.97, which is extremely close to
1 (Figure 1A), indicating that the data are reliable. The six sets of
samples from the same experimental treatments under different
water stresses clustered together, demonstrating powerful
repeatability among the experimental treatments (Figure 1B).
Partial Least Squares Discrimination Analysis (PLS-DA) was
performed to identify the metabolites that responded to drought
stress. R2 and Q2 of each treatment were close to 1, which indicated
that the date is robust and accurate, and the subsequent analysis
may be performed (Figure 1C).

3.2 Principal component analysis

Drought stress causes significant changes in the metabolic
products of three types of root-type alfalfa. The PC1 of QS, LD,
and GN (68.04%, 78.62%, and 74.29%) significantly separated the
control treatment (CK) from severe drought (SD) (Figure 2). On the
score map, individual samples were remarkably far off from one
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FIGURE 1
Sample correlation analysis (A), sample PCA analysis (B) and PLS-DA model plots (C). QC, Quality Control. PC, Principal component. Partial Least
Squares Discrimination Analysis (PLS-DA) is a supervised statistical method for discriminant analysis, the method uses partial least squares regression
to model the relationship between tabolite expression and sample category to achieve the prediction of sample category, the PLS-DA model of
each comparison group was established, and the model evaluation parameters (R2, Q2) obtained by 7-fold cross-validation (seven cycles of
crossvalidation, when the number of biological replicates of the samples n<=3, it is k cycles of cross-validation, k=2n), if R2 and Q2 are closer to 1, it
indicates that the model is more stable and reliable. QS, rhizomatous-rooted Medicago sativa ‘Qingshui’; LD, tap-rooted M. sativa ‘Longdong’; GN,
creeping-rooted M.varia Martin ‘Gongnong No.4". CK, Control; M, Medium stress; S, Severe stress.

another, indicating obvious variations between samples but not
between groups. The PC1 of LD and GN root metabolism in
response to drought was more than the variance contribution of
QS, demonstrating that the metabolic changes in LD and GN were
more significant compared to those in QS under water deficit stress.

3.3 Screening of differentially
expressed metabolites

Combining the t-test and the PLS-DA method (VIP value) to
screen for DEMs. An amount of 796 metabolites were found in three
root-type alfalfa under drought conditions (Figure 3). QS, LD, and GN

were found to have 265, 333, and 292 DEMs compared to each CK
treatment under SD stress. There were 164, 270, and 68 upregulated
DEMs, and 101, 63, and 224 downregulated DEMs, respectively. The
majority of DEMs were upregulated in QS and LD, which accounted
for 61.89% and 81.08% of the total number of metabolites. LD had a
greater number of DEMs upregulated as compared to QS and GN. The
number of DEMs unique to QS, LD, and GN were 26, 18, and 22 at
various degrees of water stress, respectively (Figure 4). The three root-
type alfalfa shared 18 species of DEMs under SD stress (Figure 4D),
whereas LD and GN had much more special metabolites than QS, with
152, 131, and 103, respectively. This suggests that QS has an excellent
ability to adapt to water deficits and drought-stress conditions with less
metabolite modification.
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FIGURE 2

Principal component analysis of samples of QS (A), LD (B) and GN (C) alfalfa under severe stress compared to CK. PC1, Principal component 1; PC2,
Principal component 2. QS, rhizomatous-rooted Medicago sativa ‘Qingshui’; LD, tap-rooted M. sativa ‘Longdong’; GN, creeping rooted M.varia

Martin ‘Gongnong No.4". CK, Control; S, Severe stress.
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‘Longdong’; GN, creeping-rooted M.varia Martin ‘Gongnong No.4". CK, Control; M, Medium stress; S, Severe stress.

3.4 Analysis of differential metabolites

The top 20 (upregulated and downregulated) DEMs from the Fold
Change (FC) plots of QS, LD, and GN (Figure 5). Illustrate that the
metabolites changed dramatically to response aridity coercing and that
the same metabolites are present in three root-type alfalfa
simultaneously. For instance, metabolite codenames (Com)
Com_1614 and Com_2511 simultaneously appeared in QS and GN
and all of them showed an upregulated trend. Among the
downregulated metabolites Com_739 and Com_2509 simultaneously
appeared in QS and GN. As an example, Com_1720, Com_1323,
Com_2087, and Com_659 were upregulated in LD alfalfa, while the
opposite was true in the GN. This showed that the same varieties of
metabolites play various metabolic roles in different alfalfa varieties.

3.5 Functional annotation and enrichment
analysis of the differential metabolite KEGG

According to the KEGG database (Figure 6; Table 1), Based on
the P-value of metabolic pathways, select the top three

A QS_CK B LD_CK
68
63 ' 17
QS M Qs.s LD M
FIGURE 4

59 92 103
38 ' 52 49 ' 38 152 ' 131
LD S GN.M GN_ S LD

significantly enriched metabolic pathways in three root types of
alfalfa. QS, LD, and GN have 35, 38, and 34 differential
metabolites annotated into the first three metabolic pathways,
respectively. DEMs (13) including 6-gingero, SA, IAA, GA4, ABA,
and others were dramatically enriched of stilbenoid-
diarylheptanoid gingerol biosynthesis (SDG) (P < 0.04), PST (P
< 0.05), and phenylalanine metabolism (PM) (P < 0.10) under SD
stress in QS (Table 1). The DEMs (15) of sucrose, L-
phenylalanine, galacturonic acid, IAA, GA,, ABA, and others
were discovered of ABC-transporters (P < 0.01), PST (P <
0.06), and galactose metabolism (GM) (P < 0.13) in LD
(Table 1). The P-values of the SDG, PST, and ABC-transporters
metabolic pathways in QS and LD were all less than 0.05,
indicating that they play a crucial role in the resistance of both
alfalfa varieties to drought stress. DEMs (15) including SA, L-
tyrosine, L-phenylalanine, succinic acid, and others significantly
annotated in GN’s metabolic pathways of PM (P < 0.03),
glucosinolate biosynthesis (P < 0.04), and nicotinate-
nicotinamide metabolism (P < 0.10) (Table 1). The P-values of
PM and glucose biosynthesis metabolic pathways are both less
than 0.05, indicating that they are key metabolic pathways for GN

GN_CK Qs

GN

Venn plot of differential metabolites unique to QS (A), LD (B), and GN (C) and coexisting metabolites (D) among the three root types of alfalfa after
drought stress. QS, rhizomatous-rooted Medicago sativa ‘Qingshui’; LD, tap-rooted M.sativa ‘Longdong’; GN, creeping-rooted M.varia Martin

‘Gongnong No.4". CK, Control; M, Medium stress; S, Severe stress.
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FIGURE 5

Major metabolite statistics for QS, LD and GN alfalfa top 10 after severe drought stress. FC, Fold Change. QS, rhizomatous-rooted Medicago sativa
‘Qingshui’; LD, tap-rooted M. sativa ‘Longdong’; GN, creeping rooted M.varia Martin ‘Gongnong No.4". CK, Control; M, Medium stress; S, Severe stress.

alfalfa to cope with drought-stress environments. This shows that
coping with water deficit stress is closely tied to these metabolic
pathways and metabolites, especially the remarkably enriched
ABA and SA in three root-type alfalfa, demonstrating that they
are crucial to how alfalfa responds to drought.

The top 10 metabolic pathways in QS, LD, and GN were
annotated for 28, 31, and 36 metabolites, respectively, and the
metabolic pathways mainly classification were SDG, PST, ABC
transporters, GM, PM, nicotinate-nicotinamide metabolism (NM)
(Figure 7). Up-regulated metabolites account for 28.57%, 83.87%,
and 5.6% of the total metabolites, respectively, mainly distributed in
the metabolic pathways of tryptophan metabolism (TM), SDG,
lysine degradation, starch-sucrose metabolism (SM), PST, and PM
(Table 2). The fact that the DEMs annotated in LD and GN are
much more abundant than QS alfalfa reveals that QS alfalfa can
withstand drought stress with fewer metabolite changes.

3.6 Effects of drought stress on
phytohormone contents in alfalfa root

Except for ABA,TAA, GA3, and ZT, all tended to decrease as the
degree of stress increased (Figure 8). The IAA, GAj;, and ZT
contents of QS, LD, and GN were considerably lower than those
of CK under SD stress, with QS decreasing by 54.13%, 72.76%, and
68.76%; LD decreased by 40.37%, 65.78%, and 58.89%; GN
decreased by 80.94%, 81.77%, and 71.14%, respectively. The fact
that QS and LD experienced less decline than GN states clearly that
they were more drought-resistant and drought-tolerant than GN.
The levels of ABA in the three varieties of alfalfa roots exhibited an
increasing trend with increasing stress, rising by 177.87%, 75.25%,
and 208.89%, respectively. When compared to GN, QS and LD
showed lower increases, which demonstrates that they were more
capable of enduring the stress of drought than GN.
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KEGG analysis of major metabolic pathways in QS (A), LD (B), and GN (C) alfalfa after severe drought stress. QS, rhizomatous-rooted Medicago sativa
‘Qingshui’; LD, tap-rooted M.sativa ‘Longdong’; GN, creeping rooted M.varia Martin ‘Gongnong No.4". CK, Control; M, Medium stress; S, Severe stress.
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TABLE 1 The number of metabolites and metabolic pathways to the
top 3.

Metabolic
pathway

Metabolites

stilbenoid-

diarylheptanoid

and 0.04
gingerol

biosynthesis

6-gingerol, piceatannol, chlorogenic acid

S
Q plant hormone salicylic acid, indole-3-acetic acid,

signal transduction gibberellin A, abscisic acid

henvlalanine salicylic acid, succinic acid, 3-
pheny 0.10 | hydroxyphenylacetic acid, trans-cinnamic

taboli
metabolism acid, phenylacetaldehyde, fumaric acid

sucrose, L-phenylalanine, galacturonic
ABC transporters 0.01 | acid, biotin, betaine, L-cystine,

inositol, glutathione

LD plant hormone indole-3-acetic acid, gibberellin Ay,

signal transduction abscisic acid, jasmonic acid

galactose o
. 0.13 | sucrose, inositol
metabolism

henvlalanine salicylic acid, L-tyrosine, L-phenylalanine,
p ; Iz i 0.03 | succinic acid, hippuric acid, trans-
metabolism

cinnamic acid, phenylacetaldehyde

lucosinolat
GN  Gucosmomte 0.04 = L-tyrosine, L-phenylalanine, methionine

biosynthesis

nicotinate and . . L. .
L . nicotinuric acid, succinic acid, 1-

nicotinamide 0.10 L . o
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metabolism

QS, rhizomatous-rooted Medicago sativa ‘Qingshui’; LD, tap-rooted M. sativa ‘Longdong’;
GN, creeping-rooted M.varia Martin ‘Gongnong No.4’.

4 Discussion

Osmoregulation is one of the strategies for plants to cope with
water deficit stress (Wasaya et al., 2021). High sucrose and sugar
alcohol accumulation enhanced plant tolerance and contributed to
scavenging free radicals generated by aridity stress (Skalska et al.,
2021). The glycolysis or gluconeogenesis pathways were measurably
enriched in QS, LD, and GN under SD stress in this study, and
arbutin as a natural antioxidant was involved in these pathways
were all upregulated, the results show that these pathways are
crucial for water deficit. SA, succinic acid, 3-hydroxyphenylacetic
acid, trans-cinnamic acid, phenylacetaldehyde, and fumaric acid of
QS and GN were all down-regulated in the PM pathway, and one
study found that the accumulation of organic acids improves the
capacity of Plumeria rubra to withstand water shortage conditions
(Sun et al,, 2023). Research has found that the increase in ABA
content under drought stress inhibits the expression of GmPALI,
which is the first rate-limiting enzyme encoding the PM pathway,
thereby affecting downstream products such as SA and flavonoids
(La et al., 2023). SA serves as a signaling molecule to control gene
expression to affect physiological properties (Gilani et al., 2020) and
enhance the drought resistance of plants (Mubarik et al., 2021; Raza
etal,, 2023). Succinic acid is a critically important component of the
TCA in plants, which can affect their respiration rates and increase
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their tolerance (Yue et al., 2018; Hijaz and Killiny, 2019), its
significant enrichment in QS and GN indicates a positive effect
on drought response.

In the phenylalanine-tyrosine and tryptophan biosynthesis
pathway, the metabolites of L-phenylalanine, erythrose-4-
phosphate, L-tyrosine, and indole were altered but enriched in LD
and GN in opposite ways, suggesting that the pathway responds to
drought stress in different ways. It was found that tea apoptosis
induces high expression of genes related to the synthesis of
endogenous hormones, thus affecting changes in their contents
(ABA,JA, SA), and that ABA regulates phenylalanine, tyrosine, and
tryptophan biosynthesis and phenylalanine metabolism by affecting
theanine (Xu et al.,, 2020). This indicates that changes in ABA levels
are in correlation with metabolic pathways, have the ability to
control metabolic pathways, and may have an impact on the
production of related metabolites. Inositol, the primary metabolite
of QS and LD, was decreased significantly during the process of the
inositol phosphate metabolism and the phosphoinositide signaling
pathway, which mainly manifested as response and adaptation to
abiotic stimuli such as cold and arid conditions (Tan et al., 2013).
Other studies have found that SA stimulates the expression of genes
involved in phosphatidylinositol synthesis in Arabidopsis, hence
affecting inositol production (Gulabani et al., 2022).

Amino acids are essential osmoregulators for plants under
abiotic stress. Research has shown that amino acids can induce
stomatal closure and reduce water evaporation under drought stress
(Sakata et al., 2023). The tryptophan metabolic pathway was
dramatically enriched in LD in this study. Tryptophan and
isoleucine indicated that significantly increase with water deficit
stress (Ignjatovic-Micic et al.,, 2015; Kong et al., 2022). However, it
has also been demonstrated that only drought-tolerant cultivars
have higher tryptophan levels (Bao et al., 2023), and tryptophan
metabolites can enhance plant stress resistance under adverse
conditions (Hasnain et al.,, 2023). ABC transporter proteins have
certain drought-resistant capabilities under drought stress and
provide triacylglycerol to glycerol kinase (Han et al., 2022), which
then stimulates the synthesis of sucrose (Sharma and Nayyar, 2014).
The accumulation of linoleic acid content can promote the
oxidation of fatty acids, and its oxidation products can provide
energy for plant growth and enhance the ability of stress tolerance
in plants (Goepfert and Poirier, 2007).

Phytohormone content in plants is significantly altered by
drought stress due to its impact on phytohormone metabolism
(Ghafari et al., 2020; Talaat, 2023). The PST pathway responds
simultaneously to water deficit stress in three alfalfa varieties, and
there is a close correlation between hormone synthesis and metabolic
pathways (Wang et al., 2023b). The trend of TAA and GA, is contrary
to the enrichment tendency shown by the metabolites of SA and
jasmonic acid (JA) in the PST pathway. IAA can promote cell
division, elongation, differentiation, and the formation of new
organs (Shani et al,, 2017), as well as enhance plant adaptability to
abiotic stresses by maintaining antioxidant enzyme activity in plant
cells (Khan et al,, 2021). Reduced IAA levels due to drought stress
restrict plant growth. Reduced GA, content can improve plant
drought resistance (Kang et al, 2011). The growth-promoting
hormones of TAA, GAj, and ZT with low content can slow down
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FIGURE 7

Major metabolic pathways involved in drought stress of alfalfa. Boxes in the figure indicate metabolic pathways annotated to drought stress, and
ellipses indicate metabolites annotated to drought stress. Green ellipses indicate metabolites down-regulated under relatively severe drought stress
in QS and GN, and orange indicates metabolites up-regulated under relatively severe drought stress in the GN; yellow indicates metabolites
upregulated under relatively severe drought stress in LD and QS, and light blue indicates metabolites down-regulated under relatively severe drought
stress in LD and QS; blue indicates metabolites down-regulated under relatively severe drought stress in LD, and red indicates metabolites
upregulated under relatively severe drought stress in LD; and dark green indicates metabolites downregulated under relatively severe drought stress
in the GN. QS, rhizomatous-rooted Medicago sativa ‘Qingshui’; LD, tap-rooted M.sativa ‘Longdong’; GN, creeping rooted M.varia Martin ‘Gongnong

No.4'. CK, Control; M, Medium stress; S, Severe stress.

TABLE 2 Number of metabolic pathways annotated to differential metabolites.
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Major
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Number/species of annotated differential metabolites obtained

Number Metabolic pathway
1 ubiquinone and other terpenoid-quinone biosynthesis 0 2
2 tryptophan metabolism 5 0
3 tropane, piperidine and pyridine alkaloid biosynthesis 0 5
4 Sulfur metabolism 0 2
5 stilbenoid, diarylheptanoid and gingerol biosynthesis 2 0
6 starch and sucrose metabolism 0 2 0
7 propanoate metabolism 2 0 0
8 plant hormone signal transduction 4 4 0
9 phenylalanine biosynthesis 0 0 5
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TABLE 2 Continued

Number/species of annotated differential metabolites obtained

Metabolic pathway

10 phenylalanine, tyrosine and tryptophan biosynthesis 0 3 3
11 phenylalanine metabolism 6 0 7
12 oxidative phosphorylation 2 0 0
13 nicotinate and nicotinamide metabolism 0 0 5
14 lysine degradation 3 0 0
15 isoquinoline alkaloid biosynthesis 0 2 0
16 glycolysis/gluconeogenesis 1 0 0
17 glutathione metabolism 2 0 0
18 glucosinolate biosynthesis 0 2 3
19 galactose metabolism 0 2 0
20 cyanoamino acid metabolism 0 0 2
21 caffeine metabolism 0 0 2
22 butanoate metabolism 2 0 0
23 ascorbate and aldarate metabolism 3 0 0
24 ABC transporters 0 9 0
total number of differential metabolites annotated 28 31 36
Total

total number of metabolic pathways annotated 10 9 10

QS, rhizomatous-rooted Medicago sativa ‘Qingshui’; LD, tap-rooted M.sativa ‘Longdong’; GN, creeping-rooted M.varia Martin ‘Gongnong No.4".
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Effect of root endogenous hormone contents of alfalfa under drought stress. Different lowercase letters between treatments indicate significant
differences (P<0.05). QS, rhizomatous-rooted Medicago sativa ‘Qingshui’; LD, tap-rooted M. sativa ‘Longdong’; GN, creeping-rooted M.varia
Martin'Gongnong No.4". CK, Control; M, Medium stress; S, Severe stress.
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plant growth to cope with water deficit. The inhibition hormone of
ABA with high content can promote stomatal closure to reduce
transpiration loss and promote root water absorption to improve the
ability of drought resistance (Zhang et al., 2021b). ABA maintains the
growth of the root system under water deficit conditions (Zhang et al.,
2020) and promotes the transportation of assimilates to the reservoir
(Chen et al., 2020; Zhang et al., 2021b), additionally, phytohormones
crosstalk with each other to improve resistance to environment stress
(Raza et al,, 2023). In this research, the content of three growth-
promoting hormones in alfalfa tends to decrease, revealing that the
growth is limited by drought. In contrast, the content of growth-
inhibiting hormone (ABA) increased with the intensification of
drought stress in three root types of alfalfa, which further confirms
that ABA can improve plant adaptability to drought stress.

5 Conclusions

Drought stress affects the metabolic pathways and changes in
metabolites in alfalfa roots. The main metabolic pathways in three
root-type alfalfa are SDG, PST, ABC transporters, PM, NM, and GM.
For QS, LD, and GN, the metabolites include amino acids, organic
acids, sugars, and alkaloids, mainly involved in osmotic pressure
regulation, signal transduction, and ABC transporter proteins. With
increasing drought stress, the levels of IAA, GAj;, and ZT were
decreased, while ABA content increased in roots. Overall, QS and
LD had more resistance than GN under drought stress.
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Enhancing stress resilience in
rice (Oryza sativa L.) through
profiling early-stage morpho-
physiological and molecular
responses to multiple abiotic
stress tolerance
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Swaminathan Manonmani‘, Muthurajan Raveendran?,
Subramanian Santhiya® and Alagarsamy Senthil®

!Centre for Plant Breeding and Genetics, Tamil Nadu Agricultural University (TNAU),

Coimbatore, India, 2Directorate of Research, Tamil Nadu Agricultural University (TNAU),
Coimbatore, India, *Department of Crop Physiology, Directorate of Crop Management, Tamil Nadu
Agricultural University (TNAU), Coimbatore, India

Under changing climatic conditions, crop plants are more adversely affected by a
combination of various abiotic stresses than by a single abiotic stress. Therefore, it is
essential to identify potential donors to multiple abiotic stresses for developing
climate-resilient crop varieties. Hence, the present study was undertaken with 41
germplasm accessions comprising native landraces of Tamil Nadu, Prerelease lines
and cultivars were screened independently for drought, salinity, and submergence at
the seedling stage during Kharif and Rabi 2022-2023. Stress was imposed separately
for these three abiotic stresses on 21-day-old seedlings and was maintained for 10
days. The studied genotypes showed a significant reduction in plant biomass (PB),
Relative Growth Index (RGI), relative water content (RWC), leaf photosynthesis,
chlorophyll fluorescence, and Chlorophyll Concentration Index (CCI) under
drought followed by salinity and submergence. Stress-tolerant indices for drought,
salinity, and submergence revealed significant variation for plant biomass.
Furthermore, a set of 30 SSR markers linked to drought, salinity, and submergence
QTLs has been used to characterize 41 rice germplasm accessions. Our analysis
suggests a significantly high polymorphism, with 28 polymorphic markers having a
93.40% in 76 loci. The mean values of polymorphic information content (PIC),
heterozygosity index (HI), marker index (M), and resolving power (RP) were 0.369,
0.433, 1.140, and 2.877, respectively. Jaccard clustering grouped all the genotypes
into two major and six subclusters. According to STRUCTURE analysis, all genotypes
were grouped into two major clusters, which are concurrent with a very broad
genetic base (K = 2). Statistically significant marker-trait associations for biomass
were observed for five polymorphic markers, viz., RM211, RM212 (drought), RM10694
(salinity), RM219, and RM21 (submergence). Similarly, significant markers for relative
shoot length were observed for RM551 (drought), RM10694 (salinity), and ART5
(submergence). Notably, the genotypes Mattaikar, Varigarudan samba, Arupatham
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samba, and APD19002 were identified as potential donors for multiple abiotic stress
tolerance. Thus, identifying the genetic potential of germplasm could be useful for
enhancing stress resilience in rice.

KEYWORDS

rice, early-stage, multiple abiotic stress, morpho-physiological characters, molecular
profiling, marker-trait association

Introduction

Changing climate and growing global population are significant
concerns for rice (Oryza sativa L) production (Manasa et al., 2023).
Climate change disturbs the consistency and intensity of hydrological
occurrences, threatening crop yield and food security. Primary
regions experiencing these effects include South and Southeast Asia,
Sub-Saharan Africa, and Latin America, covering both uplands and
shallow rainfed lowlands (Radha et al., 2023). In order to address the
challenge of feeding an anticipated global population of nine billion
by 2050, we must substantially enhance rice production. To put this
into perspective, the current yield stands at 104 million tons, and our
target is to generate an additional 160 million tons of rice
(www.FAO.org). Amid the changing climate, almost half of the rice
cultivation regions are impacted, leading to a 42% decrease in yield
worldwide due to various abiotic stresses (Muthu et al., 2020).

Rice is life for millions of farmers and is considered a staple food
for over a billion people in the world. Rice cultivation primarily
thrives in tropical and subtropical climates, which are mainly
affected by drought, salinity, and submergence. On a global scale,
90% of rice production and consumption takes place in Asia
(Adhikari et al., 2019). When subjected to drought, crops face a
significant reduction in yield, particularly when the stress coincides
with the reproductive stage (Garrity and O'Toole, 1994; Oladosu
et al., 2020; Verma et al, 2014). Despite Asia being the major
producer, approximately 34 Mha of rainfed lowland and 8 Mha of
upland rice cultivable area are annually impacted by drought
resulting in a yield reduction of 13% to 35% (Panda et al., 2022).
Enhancing drought tolerance poses a challenge due to the
unpredictable nature of drought stress and the complex response
mechanisms of plants (Takahashi et al., 2020). Likewise, salinity is a
widespread problem in both coastal and marginal inland
environments, limiting rice production in 30% of rice growing
area, encompassing 45 million hectares of irrigated land and 32
million hectares of dry land worldwide (Singh et al., 2016; FAO,
2018; Ravikiran et al., 2018). The elevated salt levels disrupt water
and nutrient absorption by the roots, causing an imbalance in the
plant’s metabolism, ultimately resulting in decreased plant growth,
leading to a yield loss of up to 35% (Farooq et al., 2015). Although
rice is a semi-aquatic plant, it is well-suited for stagnant conditions
due to its well-established aerenchyma, enabling oxygen
transportation through the roots. However, recurrent flooding in
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lowland and deep-water rice regions, impacts an area of 12-14
million hectares in India, leading to a yield loss of up to 32%
(Oladosu et al., 2020). The ability of tolerance to endure
submergence relies on its carbohydrate levels (Alpuerto et al., 2016).

Utilizing natural genetic resources is the primary avenue for
advancing stress resilience in rice cultivation (Marone et al., 2021).
Studying natural variation not only helps us comprehend the
genetic mechanisms underpinning tolerance during crucial
growth stages but also advances our understanding of the
associated physiological process (Ismail and Horie, 2017).
Traditional rice landraces possess a robust genetic foundation that
offers enhanced adaptability and protection against various biotic
and abiotic stresses (Binodh et al., 2023). Therefore, landraces play a
vital role as integral plant genetic resources, holding immense
potential as donors for developing multiple stress tolerance.
Significant advancements have been made in the past few decades
leading to the identification of recognized donors, such as N22 for
drought (Vikram et al, 2016), Pokkali for salinity (Singh and
Sengar, 2014), and FR13A for submergence (Xu et al, 2006).
Currently, due to changing climatic conditions, crops in stress-
affected areas are expected to face a combination of abiotic stresses
rather than single stresses (Slama et al., 2015; Wani et al., 2016).
Thus, breeding for tolerance to a single abiotic stress may be risky,
as plant responses to combined stresses differ from individual stress
responses. When rice seedlings encounter various abiotic stresses
during their initial growth phase, issues may arise due to suboptimal
crop establishment, decreased length of roots and shoots, reduced
leaf area, and early seedling death (Krishnamurthy et al., 2016).
Hence, seedling stage tolerance to multiple abiotic stresses is crucial
for better crop establishment, robust vegetative growth, and
ultimately higher yield. To tackle this, a trait-based breeding
approach in crop improvement programs is more effective than
focusing on yield-based breeding (Paleari et al., 2017). Numerous
studies have indicated the use of PEG-6000 for drought tolerance
(Binodh et al., 2023), sodium chloride (NaCl) for salinity adaptation
(Kakar et al., 2019), and the maintenance of a water level ranging
from 90 cm to 120 cm for submergence tolerance (Samanta et al.,
2022) were employed for quick screening during the seedling stage
to identify promising candidates with stress tolerance.

Recent advancements in crop genetics have led to the creation of
molecular tools that assist in faster and more efficient breeding
techniques. Examining genetic diversity and population structure is
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valuable for identifying superior breeding materials and enhancing
breeding efficiency. The use of DNA-based markers resulted in the
identification of markers linked to QTLs or genic regions of particular
traits, making the breeding process quicker and more precise to select
preferred plants more rapidly (Singh et al., 2015). Several studies have
highlighted specific quantitative trait loci (QTLs) linked to stress
tolerance. During the reproductive stage of drought stress, several
yield QTLs such as gDTY 1.1, gDTY 2.1, gDTY 3.1, and ¢DTY 12.1
were found to be closely associated with particular markers, including
RM104 (Ghimire et al.,, 2012), RM2634 (Muthu et al., 2020), RM168
(Dixit et al., 2014), and RM28166 (Mishra et al., 2013). Moreover,
RM3412 is found to be associated with the saltol region of seedling
stage salinity (Krishnamurthy et al., 2016), and ART5 is found to be
associated with the subl region for submergence (Sarkar and
Bhattacharjee, 2011). In the present era, rapid changes in climatic
conditions emphasize the need for developing broad-spectrum genetic
resistance in rice. This genetic resistance, with its inbuilt tolerance to
these stresses, offers an economically viable and sustainable option to
improve rice productivity under multiple stress conditions. Despite
considerable efforts through traditional breeding approaches,
molecular introspection of genetic diversity could reveal more precise
information about the genetic variation, which would be helpful for
genetic improvement breeding by identifying multiple abiotic stress
tolerance. Therefore, this study aimed to evaluate the physiological
responses and genetic diversity residing among the landraces,
prerelease cultures, and cultivars to multiple abiotic stresses in order
to identify potential donors to be employed in climate-resilient
breeding programs.

Materials and methods

In total, 41 diverse rice genotypes, including native landraces of
Tamil Nadu, prerelease lines, and cultivars were evaluated independently
for three different abiotic stress tolerance involving respective tolerant
checks, viz., IR64Drtl for drought possessing gDTY 2.2 and gDTY 4.1
QTL (Binodh et al, 2023), FL478 for salinity having saltol QTL (Muthu
et al,, 2020), and FR13A for submergence having Subl QTL (Xu et al,
2006), whereas IR64 for drought and salinity and IR42 for submergence
were used as susceptible checks (Supplementary Table 1). The present
investigation was carried out in the Department of Rice, Centre for Plant
Breeding and Genetics, Tamil Nadu Agricultural University,
Coimbatore, Tamil Nadu, during Kharif and Rabi 2022-2023.

FIGURE 1

10.3389/fpls.2024.1342441

Experimental design for screening

The experiment was carried out in a complete randomized
design (CRD) with three independent replications. Uniform-sized
seeds were surface sterilized with a 0.1% HgCl, solution for 5 min
and thoroughly washed with distilled water for 10 min. The seeds
were then placed in a Petri dish (50 seeds in each petri dish) and
soaked in distilled water for 24 h under room temperature (25°C +
2°C). Pregerminated seeds from each genotype were sown in plastic
trays (30 cm x 20 cm x 10 cm) filled with field soil and farmyard
manure (3:1 proportion). Twelve seedlings were maintained per
genotype at a spacing of 1.5 cm x 1.5 cm. In each tray, the
recommended dose of fertilizers, viz., urea, single super phosphate
(SSP), and murate of potash (MOP) was applied 10 days after
sowing. The trays were regularly watered. The average solar
radiation throughout the growth period measured was 1,011 * 40
umol m > s™" using a digital pyranometer (PMA2145 Class 1, Solar
Light Co. Inc., Philadelphia, USA) with a maximum temperature of
33 + 4 was measured using a digital thermometer (HTC-1,
Aptechdeals, Jipvi tools, China), and relative humidity ranging
from 67% to 75% was measured using a digital hygrometer
(HTC-1, Aptechdeals, Jipvi tools, China). The seedlings were
grown under standard conditions and nurtured for a duration of
21 days. Subsequently, stress was imposed separately, adhering to
the specified protocol for each stress (Behera et al., 2023). One set of
genotypes was maintained under nonstress conditions (control)
until the end of the experiment (Figure 1).

Phenotype screening for drought tolerance

Drought stress was induced by withholding irrigation in plastic
trays containing a set of 41 genotypes for a period of 10 days. Plant
growth and physiological parameters were recorded upon the
completion of the stress period.

Phenotype screening for salinity tolerance

Salinity stress was applied by irrigating the genotypes with
saline water with 12 EC dsm™' for a period of 10 days. Plant
growth and physiological parameters were recorded upon the
completion of the stress period.

Control

After 10 days of stress datawas taken for further analysis

Experimental procedure for screening seedling stage abiotic stress tolerance.
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Phenotype screening for
submergence tolerance

For 10 days, 21-day old seedlings were subjected to submergence
screening by completely submerging the seedlings in 90 cm + 5 cm of
water. Following submergence, the water was drained, and plants were
allowed to recover. Plant growth and physiological parameters were
recorded 7 days after de-submergence.

Measurement of plant growth parameter

The measurements of plant growth parameters involved the
assessment of shoot length and plant biomass. For biomass
determination, whole seedlings were carefully uprooted and oven-
dried at 80°C for 48 hours using a hot air oven (LTHOS-4, Labtech,
Delhi, India).

The relative shoot length (RSL) was calculated as per Nahar
et al. (2018).

RSL = Shoot length under stress / shoot length under control

The Relative Growth Index (RGI), was calculated by Kumar
et al. (2014)

RGI = plant biomass under stress/plant biomass under control

Stress-Tolerant Index for drought, salinity, and bubmergence
were calculated following Behera et al. (2023).

STI — Plant biomass under stress Average plant biomass under stress
~ \ Plant biomass under control Average plant biomass under control

The Stress Tolerance Index (STI) was used to identify genotypes
capable of achieving high yields under both drought stress and non-
stress irrigated conditions. A high STI value indicates a greater degree
of stress tolerance (Muthuramu and Ragavan, 2020). Based on the
values and desirability criteria, various genotypes were categorized as
highly tolerant (STI > 1.00), tolerant (STL: 0.76-1.00), moderately
tolerant (STI: 0.51-0.75), and susceptible (STI< 0.50).

Measurement of physiological parameters

Several physiological parameters were recorded in control and
stress conditions. Relative water content (RWC) was estimated
following the protocol of Barik et al. (2018). The second leaf of
each plant was used to measure photosynthetic rate (PN),
transpiration rate (e), and stomatal conductivity (gs) using an
open-system photosynthesis gas analyzer (LCi-SD, ADC, UK).
Similarly, chlorophyll fluorescence (Fo, Fm, and Fv/Fm) and
chlorophyll content (Chlorophyll Content Index) were also
measured on the same leaves using chlorophyll fluorometer
0S30p (ADC Bioscientific, Hoddesdon, United Kingdom) and
CCM (ADC Bioscientific, Hoddesdon, United Kingdom).

Microsatellite marker-based
molecular analysis

Microsatellite markers (SSR markers) linked with target traits,
viz., 14 for drought, eight for salinity, and eight for submergence
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utilized in this study (Table 1). Details of the linked markers were
obtained from earlier reports by Tabkhkar et al. (2018) and Radha
et al. (2023), and their respective chromosomal positions and
sequence information were sourced from the Gramene marker
database (https://archive.gramene.org/markers/).

Genomic DNA isolation and PCR reaction

Genomic DNA was isolated from 14-day-old seedlings using a
modified CTAB method (Aboul-Maaty and Oraby, 2019). The
purified DNA was dissolved in 50 pl of Tris-EDTA buffer (1x) and
stored at —20°C for subsequent handling. The PCR reaction was set up
using a Thermal Cycler (Bio-Rad T100). A 10-ul mixture was prepared,
comprising 3.5 pl of PCR master mix (2x PCR master Mix-Red, smART
Prime), 1 pl of SSR marker, 1 pl of genomic DNA (40 ng/l), and 4.5 pl of
distilled water, following the protocol outlined by Singh et al. (2010).

Analysis of PCR product and genetic
similarity analysis

The amplified PCR products were analyzed in the Bio-Rad gel
documentation system (USA). Amplified bands were scored manually
for the presence (indicated as “1”) or absence (indicated as “0”) of each
SSR marker. The marker traits such as polymorphism information
content (PIC), marker index (MI), resolving power (RP), and
heterozygosity index (HI) were calculated following Al-Daej et al.
(2023). Pairwise genetic similarity between genotypes was calculated
using Jaccard’s coefficient employing the R Programme (Jaccard, 1908;
Prabakaran et al., 2010).

Population structure analysis

To analyze the population structure among rice genotypes, we
employed the model-based program STRUCTURE (version 2.3.4)
(Zhang et al., 2022). The admixture model was used to determine
the ancestry of the population. We adjusted the parameter Lambda,
which represents the distribution of allelic frequencies, to 1 for
result interpretation. To ensure consistency, we performed five
independent runs with a long burn-in and Markov Chain Monte
Carlo (MCMC) set at 50,000 iterations each. The number of
possible populations (K) was tested, ranging from 1 to 10. The
population number was determined by selecting the K value that
yielded the highest posterior probability, Pr(X = K), referred to as
LnP(D) in the STRUCTURE output. The optimal value of K was
identified using ad-hoc statistics AK, as proposed by Evanno et al.
(2005), and analyzed using ‘Structure Harvester’ https://

taylor0.biology.ucla.edu/structureHarvester/.

Identification of marker-trait association

The estimation of marker-trait association was done by single
marker analysis with the regression method using single factor
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TABLE 1 List of SSR markers (associated QTLs, trait, chromosome, marker distance/marker region) used for genotyping in the present study.

Forward sequence

Reverse sequence

Reference

RM431 55 qDTY Grain 12.13 TCCTGCGAACTGAAGAGTTG AGAGCAAAACCCTGGTTCAC Vikram
1.1 yield et al. (2011)
RM212 55 qDTY Grain 19.1 CCACTTTCAGCTACTACCAG CACCCATTTGTCTCTCATTATG Sandhu
1.1 yield et al. (2018)
RM3825 55 qDTY Grain 10.19 AAAGCCCCCAAAAGCAGTAC GTGAAACTCTGGGGTGTTCG Prince
1.1 yield et al. (2015)
RM11943 55 qDTY Grain 17.96 CTTGTTCGAGGACGAAGATAGGG CTTGTTCGAGGACGAAGATAGGG Vikram
2.1 yield et al. (2011)
RM3412 55 Saltol Na*/ 11.5 AAAGCAGGTTTTCCTCCTCC CCCATGTGCAATGTGTCTTC Muthu
K* ratio et al. (2020)
RM8094 55 Saltol Na'/ 60.6 AAGTTTGTACACATCGTATACA CGCGACCAGTACTACTACTA Thomson
K" ratio et al. (2010)
RM10694 55 Saltol Na*/ 11 TTTCCCTGGTTTCAAGCTTACG AGTACGGTACCTTGATGGTAGAAAGG Thomson
K" ratio et al. (2010)
RM140 55 Saltol Na'/ 10.7 TGCCTCTTCCCTGGCTCCCCTG GGCATGCCGAATGAAATGCATG Thomson
K" ratio et al. (2010)
RM7075 55 Saltol Na*/ 74.2 TATGGACTGGAGCAAACCTC GGCACAGCACCAATGTCTC Thomson
K" ratio et al. (2010)
RM1287 55 Saltol Na*/ 58.1 GTGAAGAAAGCATGGTAAATG CTCAGCTTGCTTGTGGTTAG Thomson
K" ratio et al. (2010)
RM104 55 Subl Na*/ 8.3 GGAAGAGGAGAGAAAG TCAACAGACACACCGCCACCGC Ghimire
K" ratio ATGTGTGTCG et al. (2012)
RM211 55 qDTY Grain 14.4 CCGATCTCATCAACCAACTG CTTCACGAGGATCTCAAAGG Palanog
2.2 yield et al. (2014)
RM250 55 qDTY Grain 170.1 GGTTCAAACCAAGCTGATCA GATGAAGGCCTTCCACGCAG Palanog
2.3 yield et al. (2014)
RM2634 55 qDTY Grain 80.95 GATTGAAAATTAGAGTTTGCAC TGCCGAGATTTAGTCAACTA Muthu
23 yield et al. (2020)
RM22 55 qDTY Grain 7.7 GGTTTGGGAGCCCATAATCT CTGGGCTTCTTTCACTCGTC Vikram
32 yield et al. (2011)
RM168 55 qDTY Grain 37.3 TGCTGCTTGCCTGCTTCCTTT GAAACGAATCAATCCACGGC Donde
31 yield et al. (2020)
RM232 55 qDTY Grain 76.7 CCGGTATCCTTCGATATTGC CCGACTTTTCCTCCTGACG Palanog
1.1 yield et al. (2014)
RM520 55 qDTY Grain 138.7 AGGAGCAAGAAAAGTTCCCC GCCAATGTGTGACGCAATAG Angaji
31 yield et al. (2010)
RM7097 55 Saltol Na*/ 115.6 GGGAGGAGGAGAGGAGATTG TTAGGCCTGCACTTTTGGAG Angaji
K" ratio et al. (2010)
RM551 55 qDTY Grain 143.6 AGCCCAGACTAGCATGATTG GAAGGCGAGAAGGATCACAG Malik
4.1 yield et al. (2022)
RM204 55 qDTY Grain 25.1 GTGACTGACTTGGTCATAGGG GCTAGCCATGCTCTCGTACC Donde
6.1 yield et al. (2020)
RM589 55 qDTY Grain 2.7 ATCATGGTCGGTGGCTTAAC CAGGTTCCAACCAGACACTG Venuprasad
6.1 yield et al. (2012)
RM11 55 Saltol Na*/ 93.8 TCTCCTCTTCCCCCGATC ATAGCGGGCGAGGCTTAG Singh
K" ratio et al. (2021)
RM337 55 Subl Shoot 15.2 GTAGGAAAGGAAGGGCAGAG CGATAGATAGCTAGATGTGGCC Xu
elongation et al. (2006)
ART5 58 Subl Shoot 6.39 CAGGGAAAGAGATGGTGGA TTGGCCCTAGGTTGTTTCAG Muthu
elongation et al. (2020)
(Continued)
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TABLE 1 Continued

10.3389/fpls.2024.1342441

Marker AT Chr QTL Trait MD/R Forward sequence Reverse sequence Reference
(°C) (cM)
SUB1ABI1 60 9 Subl Shoot 6.4 CATGTTCCATAGCCATCGACT GAGCGAAGAGAGCTACCTGAA Septiningsih
elongation et al. (2009)
SUB1BC3 60 9 Subl Shoot 16.72 CATGGGTAAAATTGCCATCC GCTTGAGGGTGAGTGGAGAG Septiningsih
elongation et al. (2009)
RM219 55 9 Subl Shoot 5.5 CGTCGGATGATGTAAAGCCT CATATCGGCATTCGCCTG Biswas
elongation et al. (2013)
RM316 55 9 Subl Shoot 1.5 CTAGTTGGGCATACGATGGC ACGCTTATATGTTACGTCAAC Xu
elongation et al. (2006)
RM21 55 11 Subl Shoot 73.1 ACAGTATTCCGTAGGCACGG GCTCCATGAGGGTGGTAGAG Angaji
elongation et al. (2010)

standard analysis of variance (Ramchander et al, 2022). The
marker-trait association with p-value< 0.05 was identified as
significant, and the proportion of phenotypic variance of the trait
accounted by the marker was estimated in percent R”.

Statistical analysis

An analysis of variance (ANOVA) was carried out to assess the
variations among plant growth and physiological parameters.
Furthermore, for the statistical significance of the parameter’s
means, we employed the Fisher’s least significant difference (LSD)
test. All statistical analysis was carried out using the package
“doebioresearch” in the “R” platform.

Results
Impact of plant growth parameters

The ANOVA of growth patterns from both seasons and pooled
analysis revealed significant differences among the genotypes (p<
0.01) for almost all the traits under study across all stress conditions
(Table 2). The phenotypic response of individual genotypes under
different stress conditions during Kharif and Rabi are shown in
Figure 2. The impact of multiple abiotic stresses, viz., drought,
salinity, and submergence, on plant growth parameters, viz., relative
shoot length, plant biomass, and relative growth index, exhibited
substantial reductions within the studied genotypes, as shown in
Supplementary Table 2. When compared to the control, relative
shoot length notably increased by 0.5% under submergence under
pooled conditions, whereas in the case of drought and salinity, it
was decreased by about 7.400% and 0.300%, respectively. In the case
of submergence, FR13A was observed to have a lower RSL under
both seasons, and the genotype Mattaikar was found to be on par
with FRI3A. In all the stress conditions, there was a significant
reduction in plant biomass of about 13.253% under drought,
16.466% under salinity, and 26.104% under submergence when
compared to the control. Similarly, the relative growth index
showed a reduction of about 36.900%, 42.00%, and 75.600%
under drought, salinity, and submergence, respectively, under
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both seasons over pooled conditions. Under each stress condition,
plant biomass of the genotype exhibited significant differences
under both seasons. Notably, under drought, the genotypes
APD19002, Arupatham samba, Mattaikar, Norungan, and
Varigarudan samba exhibited higher plant biomass when
compared to the tolerant check (IR64Drtl). Likewise, under
salinity, the genotypes, viz., Kappikar, Arupatham samba,
Mattaikar, and Norungan, revealed higher biomass compared to
the tolerant check (FL478). In the case of submergence, the plant
biomass of Mattaikar was found to be on par with the tolerant
check (FR13A).

Plant biomass functioned as the basis for calculating various
stress tolerance indices, namely the Drought Tolerance Index
(DTI), STI, and Submergence Tolerance Index (FTI). The
genotypes with a stress-tolerant index above one over the seasons
were considered to be tolerant (Figure 3). Over the seasons, nine
genotypes (Norungan, APD19002, Anna (R) 4, Arupatham samba,
Varigarudan samba, Mattaikar, Ponmani samba, CO53, and
Poongar) were found to be superior over the tolerant check
IR64Drt1 (1.024), hence these genotypes are grouped as drought
tolerant. In the case of salinity, STI varied from 0.460 (CO51) to
1.190 (CO53). Across seasons, the genotypes viz., Arupatham
samba, CO53, and Norungan exhibited superiority compared to
the tolerant check FL478 (1.140), whereas APD19002, Mattaikar,
and Varigarudan samba were identified with STT values exceeding 1
in both seasons, classifying them as salinity-tolerant genotypes.
Similarly, for submergence, FTI ranged from 0.480 (ADT53) to
1.620 (FR13A) under pooled conditions. Over the seasons, the
genotypes, viz., Arupatham samba, Mattaikar, APD19002, and
Varigarudan samba, were found to be on par with the tolerant
check FR13A (1.620), therefore grouped as submergence tolerant.
As per the finding from the Stress-Tolerant Index, the genotypes,
viz., Mattaikar, APD19002, Varigarudan samba, and Arupatham
samba, were identified to be multiple abiotic stress tolerant.

Photosystem activities
Photosynthesis activity declined overall under all stress

conditions when compared to control. Furthermore, we observed
a notable variation among genotypes over the seasons within each
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TABLE 2 Analysis of variance (ANOVA) for morpho-physiological parameters of various stresses during Kharif and Rabi during 2022-2023.

Mean sum of square

Stress Control Drought Salinity Submergence
NEENe]] Kharif Rabi Pooled Kharif Rabi Pooled Kharif Rabi Pooled Kharif Rabi Pooled
Treatment 41 41 41 41 41 41 41 41 41 41 41 41
DF 40 40 40 40 40 40 40 40 40 40 40 40
PB 0.015%% 0.016%%* 0.0103*** 0.014%%* 0.020*+ 0.010*+ 0.014 0.026*+ 0.011% 0.016** 0.034"* 0.0102
RSL 0 0 0 0.049%%* 0032+ 0.020%* 0058+ 00474 0.029%% 0.06%** 0.015%% 0.015
RGI 0 0 0 0.441%%% 0.19%%* 0.16%** 0.11%%% 0.094*% 0.059*%* 0.27%%* 0045+ 0.0672
RWC 311.26%* 334,520 213314 442,01%% 470.42%%% 303.60*+ 31398+ 306.093*+ 205,05+ 288,574 311,554+ 199.19%%*
TR 118+ 139 0.85* 0.69%* 0.81* 0.50%* 2.42%%% 2.68%%% 1.69 0.66%** 0.68%%* 0.45%*
sC 0.00086*** 0.00091+%* 0.00041+%* 0.00072+%* 0.00073*** 0.00048*+* 0.00063*+* 0.00068*+* 0.00058*+* 0.00080*+* 0.00082*+* 0.00053*+*
PR L5744 1744 110+ 2310 2.744%0+ 1674+ 2230+ 24300 1,550 1440 1.56%%* 1.003%%*
ccI 0.10%* 0.12%%* 0.076*%* 0.633*%* 0.06%** 0.44%%% 0.20%%* 0.20%%* 0.13%%* 0.32%%* 0.39%%* 0.23%%*
FO 777,58+ 891,55+ 552,58+ 821.10%+ 899.58*+ 568.75+ 946,80+ 97327+ 635.86** 274,334 32833 198.35%%*
M 3739.00* 3997.30** 2544.64* 6093.80*** 67354 42470 538590+ 5499.50*+ 3612744 4423.00** 4866.60*** 3067.144
FV/EM 0.036** 0.04*+ 0,024 0,021+ 0.020%* 0.013** 0.021* 0.02%* 0.013*%* 0.013** 0.043%* 0.014*+
FV/FO 1.37%%* 1.46%* 0.94* 0.767* 0.825%* 0.526%* 0.663** 0.74%* 0.46*** 1510 L7 1.06%*

*0.05 and ***0.01—levels of significance. PB, plant biomass; RSL, relative shoot length; RGI, relative growth index; RWC, relative water content; TR, transpiration rate; SC, stomatal conductance; PR, photosynthetic rate; CCI, chlorophyll content index. Chlorophyll

fluorescence: FO, FM, FV/FM, and FV/FO.
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FIGURE 2

Performance of morphology traits: (A) plant biomass, (B) relative shoot length, (C) relative growth index, and (D) relative water content under varied

stresses during both seasons.

stress condition (Supplementary Table 3). The RWC and CCI were
highly affected under stress conditions, and it was found that
tolerant genotypes had higher values of RWC and CCI, indicating
the adoptive mechanism to unfavorable conditions.

Several leaf gas exchange parameters were measured under all stress
conditions. The photosynthetic CO, fixation rate in both seasons

decreased under the influence of drought, salinity, and submergence
conditions (Figure 4). Under pooled conditions, the PN decreased by
about 16.394% in drought, 17.434% in salinity, and 50.322% in
submergence when compared to the control. The gas exchange
parameters, viz., gs and e were found to be drastically reduced under
stress conditions. Stomatal conductance over the season decreased by

~——DTI —STI —FTI
co51
. IR42 052
Mattaikar , 1800 , CO53
IR 64 A CcO 54
[ 1.600
IR 64 DRT [ RS
FR13A ADT 51
FL478 ADT 52

Kattuponni _ ADT 54
Vadakathi Samba _ ADT 56
Ponmani Samba ADT 57

Norungan < — ~ —> ADT45
ChittanSamba < > APD19002
Upumolagai © © ADT 53
Varigarudan Samba - CO49
Kappikar < ' ANNAR4
Poongar ~ CB17502
Arupatham samba | CB17s42
CB16656 | . cB17s6l
CB22560 v | | v CB17573
CB2254p 32512 cB 22562817597
FIGURE 3
Stress tolerance index for drought, salinity, and submergence under combined seasons.
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about 17.241% under drought, 31.034% under salinity, and 62.069%
under submergence. Similarly, the e also decreased by 63.927% under
drought, 5.516% under salinity, and 75.565% under submergence over
the seasons. Chlorophyll fluorescence parameters of rice seedlings varied
under control and stress conditions. Maximal fluorescence (Fm) and Fv/
Fm were significantly (p< 0.01) reduced under drought, salinity, and
submergence conditions (Figure 5). During Kharif, high Fv/Fm was
noticed in the genotype Arupatham samba (0.716) under drought,
Vadakathi samba (0.720) under salinity, and Mattaikar (0.781) under
submergence. Likewise, in Rabi, the genotypes CO51 (0.752),
Varigarudan samba (0.753), and FR13A (0.834) exhibited higher Fv/
Fm under drought, salinity, and submergence. Likewise, under pooled
conditions, the genotypes IR64Drtl (0.768) under drought, FRI13A
(0.728) under salinity, and Ponmani samba (0.758) under submergence
exhibited higher values for chlorophyll fluorescence, indicating their
adoptive mechanisms under unfavorable environment.

Molecular marker profiling

SSR marker profiling employing 30 markers identified 28 markers
as polymorphic, whereas RM7075 and RM7097 were found to be
monomorphic. QTL-specific markers for drought, salinity, and
submergence identified 76 loci across 41 rice germplasm with a
mean of 2.37 polymorphic bands/marker (Figure 6). Maximum
polymorphic bands were observed for RM8094 (six bands) followed
by RM2634 and RM1287 (five bands). The marker attributes of
individual SSR markers were assessed by calculating PIC, MI, RP,
and HI (Table 3). PIC data varied from 0 to 0.785, with a mean value of
0.37 per primer. The maximum PIC value is obtained by 0.785

10.3389/fpls.2024.1342441

(RM8094) followed by RM1287 (0.713) and RM2634 (0.691), and
the lowest value is obtained by RM212 (0.124). The HI ranged from 0
to 0.812. HI was found to be at a maximum in RM8094 (0.812),
followed by RM1287 (0.755) and RM2634 (0.737), whereas it was
lowest in RM316 (0.048) and RM3825 (0.048). The resolving power
ranged from 1.85 to 7.805. The resolving power was found to be highest
in RM8094 (7.805), followed by RM1287 (6.00) and RM22 (5.70), and
the lowest value was observed in SUB;BC; (1.561). The marker index
ranged from 0 to 4.70. The marker RM8094 showed a higher marker
index of 4.70, followed by the markers RM1287 (3.57) and RM2634
(3.45), and the lowest was observed in RM316 and RM3825 (0.047).
Pairwise genetic similarity among 41 rice genotypes estimated using the
Jaccard similarity coefficient ranged from 0.149 to 0.644
(Supplementary Table 4). A high genetic similarity was observed
between IR64 and Upumolagai (Jc = 0.644). Likewise, the genetic
similarity was observed to be low among the genotypes Kattuponni and
CO49 (Jc = 0.149). The average genetic distance among the genotypes
was found to be 0.443, indicating the considerable level of genetic
diversity within the studied rice germplasm.

Principle coordinate analysis

Principle coordinate analysis (PCoA) was conducted to assess the
relationship among rice genotypes based on molecular data (Figure 7).
The first two principal coordinates collectively accounted for 24.80% of
the total variation among the genotypes, with 12.96% attributed to
principal coordinate 1 and 11.84% by principal coordinate 2. The
distribution of genotypes was analyzed, and they was grouped into
four quarters. The first quarter, situated in the top-left region, contained
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Performance of gas exchange parameters: (A) photosynthetic rate, (B) transpiration rate, (C) stomatal conductance, and (D) chlorophyll content

index under varied stresses during both seasons.
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Performance of chlorophyll fluorescence parameters: (A) Fo, (B) Fm, (C) FV/Fm, and (D) Fv/Fo under varied stresses during both seasons

12 genotypes (IR64, Vadakathi samba, CB17502, CB17573, CB17597,
CB17561, CB17542, CB22541, F1478, Anna (R) 4, Norungan, and
ADT54). Likewise, the second quarter in the top-right held 14 genotypes
(CO49, CO51, CO52, CO53, CO55, ADT45, ADT51, ADT52, ADT53,
ADT56, ADT57, CB 22512, IR42, and Kattuponni), the third quarter in
the bottom-right contained eight genotypes (CB22560, CO54, Poongar,
Chittansamba, Kappikar, CB16656, Upumlagai, and Arupatham
samba), and the remaining seven genotypes (CB22504, Ponmani
samba, FRI13A, APD19002, Mattaikar, IR64Drtl, and Varigarudan
samba) were found in the fourth quarter in the bottom-left.

FIGURE 6

Population structure analysis

The structure analysis depicted the classification of the 41 rice
genotypes based on their SSR marker profile. The STRUCTURE
software was applied with an expectation of K = 1, 2, 3..., 10.
There were minor differences in consecutive LnP(D) values for the
SSR marker data. The likelihood score LnP(D) progressively
improved as K increased from 1 to 10, with no distinct peak
indicating population assignment. Notably, no Delta-K peak was
observed after K =2 (Figure 8A). The optimal population partition

A RM 8094

B RM22

C RM551

D RM 10694

Representation of gel images of linked markers: (A) RM8094, (B) RM22, (C) RM551, and (D) RM10694
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TABLE 3 SSR marker attributes of polymorphic information content (PIC), marker index (MI), resolving power (RP), and heterozygous index (HI) in
studied rice genotypes.

Marker Total No. of Polymorphism
number polymorphic percentage
of band band

1 RM211 2 1 50 0.175 0.194 0.175 2.244
2 RM431 2 2 100 0.265 0.314 0.530 2.000
3 RM250 2 1 50 0.198 0.223 0.198 2.293
4 RM212 2 2 100 0.124 0.133 0.248 4.000
5 RM3825 1 1 100 0.047 0.048 0.047 1.951
6 RM22 4 4 100 0.664 0.716 2.657 5.707
7 RM168 3 3 100 0.489 0.564 1.467 2.049
8 RM232 2 2 100 0371 0.493 0.743 2.000
9 RMS551 2 2 100 0.126 0.136 0.253 2.000
10 RM204 2 2 100 0.375 0.500 0.750 2.000
11 RM589 2 2 100 0.375 0.500 0.750 3.902
12 RM520 3 3 100 0.373 0.496 1.119 2.098
13 RM3412 2 2 100 0.371 0.493 0.743 2.000
14 | RM11943 2 2 100 0375 0.500 0.750 2.488
15 RM2634 5 5 100 0.691 0.737 3.457 3.024
16 RMI11 2 2 100 0.280 0.336 0.560 2.049
17 RM8094 6 6 100 0.785 0.812 4.708 7.805
18 RMI10694 4 4 100 0.637 0.697 2.549 4.878
19 RM140 4 4 100 0.608 0.674 2434 2.488
20 RM7075 1 0 0 0.000 0.000 0.000 1.951
21 RM1287 5 5 100 0.713 0.755 3.563 6.000
22 RM7097 1 0 0 0.000 0.000 0.000 2.000
23 ART5 2 2 100 0.356 0.464 0.713 2.000
24 | SUBIABI 2 2 100 0.364 0.479 0.728 3317
25 | SUBIBC3 2 2 100 0.545 0.623 1.089 1.561
26 RM219 2 2 100 0.339 0433 0.679 2.000
27 RM316 1 1 100 0.047 0.048 0.047 1.941
28 RM337 3 3 100 0.463 0.525 1.389 2.390
29 RM104 2 1 50 0.375 0.499 0.375 3.854
30 RM21 3 3 100 0.554 0.624 1.661 2.341
Total 76 71 2650 0.369 0.434 1.146 2.878

Average 2.53 2.37 88.33 0.37 0.43 115 2.88

(K) was determined to be two subgroups, with subgroup 1  The cluster analysis using the neighbor
comprising 26 genotypes, showing 23 of pure type and three of ~Jaccard simila rity coefficient

admixture. Similarly, subgroup 2 comprises 15 genotypes, with 12

being of pure type and three of admixture. The maximum The dendrogram illustrates the clustering of 41 rice genotypes
likelihood score for the population was achieved under these  based on their SSR marker profile into two major clusters and six
conditions (Figure 8B). subclusters, which correlated with the population count obtained
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FIGURE 7
Principle coordinate analysis of rice genotypes based on
DARwin analysis.

from the STRUCTURE analysis (Figure 9). Major cluster II is the
largest, which includes the 29 genotypes comprising susceptible
checks IR64 and IR42, along with 12 cultivars, seven prerelease
cultures, and eight landraces. Similarly, major cluster I contains 12
genotypes encompassing tolerant checks (IR64Drtl, FL478, and
FR13A), two cultivars (ADT54 and Anna (R) 4), four prerelease
cultures (CB17502, CB22504, CB17561, and CB17597), and three
landraces (Mattaikar, Varigarudan samba, and Vadakathi samba).

Marker trait association for drought,
salinity, and submergence

The genetic associations among 28 polymorphic markers and
two plant growth parameters, viz., plant biomass and relative shoot

10.3389/fpls.2024.1342441

length, were analyzed using a single-marker analysis. The
significant marker-trait association obtained based on p-value
(< 0.05) along with their corresponding R* representing the total
phenotypic variation accounted for by each marker for multiple
abiotic stress tolerance are presented in Table 4. Markers associated
with plant biomass (PB) and RSL under drought conditions were
obtained using 14 drought-linked markers. The makers RM211 and
RM212 were found highly associated with plant biomass with an R*
value of 0.237 and 0.173, respectively. Likewise, the maker RM551
was found to be significantly associated with relative shoot length,
with an R? value of 0.100. In order to find markers associated with
traits, viz., PB and RSL, with respect to salinity, eight salinity-linked
markers were utilized. The results revealed that the marker
RM10694 was found to be significantly associated with both
traits. Similarly, markers associated with PB and RSL in
submergence were analyzed with eight submergence-linked
markers, and it was found that the markers RM219 and RM21
were highly associated with plant biomass with R* values of 0.255
and 0.257, respectively, and the marker ART5 was found to
significantly associated with relative shoot length with an R* value
of 0.193.

Discussion

Rapid changes in climatic conditions have a significant impact
on rice yield, and global food demand is increasingly affected by
various abiotic stresses (Ramankutty et al, 2018). In the future
development of crops, especially within the context of changing
climatic conditions, the focus has shifted toward enhancing climate
resilience in the creation of climate-smart crops to ensure food and
nutritional security (Salgotra and Chauhan, 2023). Multifaceted
abiotic stress tolerance takes on substantial importance in high-
yield breeding initiatives. Consequently, there is a need to explore
physiological variations and genetic diversity at earlier stages
(Muthu et al,, 2020). This effort aligns with the primary goal of

Deltak = mean(|L"(K)|) / sd(L(K))

Delta K

FIGURE 8

(A) Assessment of ad-hoc quantity (Ak) from calculated k and Ln p(D) and (B) Bargraph of rice genotypes constructed through population

structure analysis.
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enhancing the capacity for stress resilience and productivity,
particularly given the dynamic shifts in environmental conditions.
In this study, a diverse panel of rice genotypes, including prerelease
lines, cultivars, and landraces, underwent screening under drought,
salinity, and submergence conditions to evaluate their performance
and identify potential donors for climate-resilient
variety development.

The present study demonstrates that the resultant reduction in
seedling growth parameters, viz., plant biomass and RGI, in both
seasons leads to a depletion of dry matter content when the rice
genotypes are exposed to subsequent stresses like drought, salinity,
and submergence. Under all stress conditions, there was a
significant reduction in plant biomass over the season of about
13.253% under drought, 16.466% under salinity, and 26.104%
under submergence. Likewise, the relative growth index also
showed reductions of 36.900%, 42.00%, and 75.600% under
drought, salinity, and submergence, respectively. Similarly, Zhao

etal. (2014) reported a 46.700% and 56.800% decline in biomass in
FL478 and IR64 under salinity stress conditions. The degree of
response of genotypes to stress-induced changes in plant growth
varies due to a combination of factors, including genetic variations,
duration of stress exposure, and developmental stages (Mundada
et al., 2020). The seedling biomass obtained under various stress
conditions was employed to derive stress-tolerant indices like DTT,
STI, and FTI and was subsequently used for identifying tolerant
genotypes. Significant divergence in the values of DTT, ST, and FTT
indicted wide diversity among the studied genotypes. Generally,
higher values of the stress-tolerant index imply their tolerance
nature. As per the finding of Muthuramu and Ragavan (2020),
the genotypes (viz., Norungan, APD19002, Anna (R) 4, Arupatham
samba, Varigarudan samba, Mattaikar, Ponmani samba, CO53, and
Poongar) with a high DTI value and superiority over the tolerant
check IR64Drtl indicate their ability to grow under limited water
conditions. Likewise, the genotypes viz., Arupatham samba, CO53,

TABLE 4 Marker-trait association of studied traits under drought, salinity, and submergence conditions.

Plant biomass

Marker

Relative shoot length

p-value Marker p-value
Drought RM211 0.006 0.237 RM551 0.05 0.1
RM212 0.007 0.173
Salinity RM10694 0.02 0.341 RM10694 0.032 0.319
Submergence RM219 0.001 0.255 ART5 0.004 0.193
RM21 0.055 0.257
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and Norungan exhibited superiority compared to the tolerant check
FL478, whereas APD19002, Mattaikar, and Varigarudan samba
were identified with STI values exceeding 1 in both seasons. High
STI signifies their potential to be grown in salt-affected areas.
Higher values of FTT in the genotypes, viz., Arupatham samba,
Mattaikar, APD19002, and Varigarudan samba, were found to be
on par with the tolerant check FR13A, indicating their ability to
withstand flooding situations. The study revealed that the
genotypes, viz., Mattaikar, APD19002, Varigarudan samba, and
Arupatham samba, were found to be multiple stress tolerant
(Figure 10). Hence, these genotypes can be employed as potential
donors in the development of climate-resilient varieties.

Leaf photosynthesis is an important process in plants and is
highly sensitive to various abiotic stresses (Sharma et al., 2020). The
results revealed that a gradual reduction in PN was also
accompanied by a decrease in e and gs in rice seedlings. Under
stress conditions, on average, the PN decreased by about 16.394% in
drought, 17.434% in salinity, and 50.322% in submergence.
Likewise, gs and e were found to be drastically reduced under
stress conditions. This suggests that stomatal closure upon stress
imposition is the major limiting parameter, resulting in declining
photosynthesis. This is in accordance with the previous findings of
Yamori et al. (2020), where they showed how stomatal conductance
affects photosynthesis in rice under changing light conditions using
wild-type (WT) rice (Oryza sativa L. cv. Taichung 65) and the slacl
mutant (defective in the OsSLACI gene) with a modified stomatal
regulation gene (SLACI knockout). Overall, the findings show a
considerable impact of drought, salinity, and submergence on key
leaf gas exchange parameters, indicating a compromised
physiological performance of the plants under these stress
conditions in both seasons. The RWC and CCI were highly
affected under stress conditions. According to Polash et al. (2018),
the accumulation of both organic (proline) and inorganic (K+)

X
Qgﬁ / FL478 \_\d)%.
N / cos3 \%
IR64DRT, |  Norungan
Poongar, | - \
Anna (R) 4 i ‘
47 Mattaikar, ,*J
\\ Arupatham Samba,
\ APD 19002,

\ Varigarudam samba

FR13A

Submergence

FIGURE 10
Selection of genotypes based on the stress tolerance index of
various abiotic stresses under combined seasons.
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osmolytes may play a role in stress alleviation by retaining water in
the cells. Fluorescence parameters, viz., Fm and Fv/Fm, are excellent
ways to evaluate the potential of PSII (Faseela et al., 2020). Under all
the stress conditions, we observed an increase in Fo values whereas
the Fm and Fv/Fm showed a declining trend, suggesting the
alteration of PSII activity and photo-inhibition under various
stress conditions. Similar results were obtained by Muhammad
et al. (2021) for drought, Tsai et al. (2019) for salinity, and
Elanchezhian et al. (2015) for submergence. The ability of
genotypes to uphold photosynthetic rate and PSII activity
determines their tolerance potentiality (Sarkar and Ray, 2016;
Pradhan et al., 2019). As a result, the genotypes Mattaikar,
Arupatham samba, Varigarudan samba, and Vadakathi samba
were identified with higher PSII activity under stress conditions,
ultimately leading to better photosynthesis and growth. Based on
our experiments, it appears that physiological efficiency is the most
indicative parameter for distinguishing genotype responses.
Genotypes exhibiting higher physiological efficiency are more
likely to tolerate stress conditions, whereas those with lower
physiological efficiency are more susceptible.

SSR markers tightly linked to QTLs are amazing molecular tools
for the genetic profiling of rice accessions and the identification of
tolerant genotypes under multiple abiotic stress conditions. In this
study, the genetic diversity of 41 rice genotypes was evaluated by
employing 30 markers associated with the target trait. A substantial
level of polymorphism was identified in the majority of the SSR
markers. A similar result was found in Ram et al. (2007), who
assessed genetic diversity and revealed the considerable allelic
variability among SSR markers encompassing rice germplasm into
cultivars, landraces, and wild relatives, providing valuable insights
into genetic variability for future utilization. Based on marker
profiling, the SSR primer RM8094, RM1287, RM2634, RM22,
RM10694, and RM140 displayed higher values for PIC, MI, and
RP, suggesting the potential of further utilization of these markers in
investigating genetic diversity of rice accessions. Likewise,
Lokeshkumar et al. (2023) identified three landraces (Kuttimanja,
Tulasimog, and IET-13713I) as salt-tolerant with strong correlations
in morphological and physiological traits under various conditions.
Similarly, based on molecular analysis of the Saltol region, the
markers viz.,, AP3206F, RM10793, and RM3412b, located close to
the SKCI gene (11.23-12.55 Mb), displayed new alleles in tolerant
lines like Kuttimanja, IET-13713I, and Tulasimog, suggesting their
potential as candidates for novel genomic regions associated with
salinity tolerance, whereas using high-yielding indica rice variety as a
donor to developing multiple stress-tolerant rice variety through
marker-assisted selection by Ali et al. (2017).

The average genetic distance among the genotypes was 0.443,
suggesting an elevated magnitude of genetic diversity among the
studied rice genotypes, and maximal genetic similarity was observed
in the pairwise comparison between germplasm IR64 and
Upumolagai. Whereas, the landraces are more genetically diverse
than prerelease lines and cultivars. Despite diverse genotypes, rice
landraces and cultivars exhibit tolerance to drought, salinity, and
submergence. An earlier study of a diverse panel of 148 rice
accessions, including 47 cultivars, 59 landraces from Taiwan, and
42 from other countries revealed five subpopulations. Genetic
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diversity ranked higher in wild rice than in landraces and cultivars.
These landraces exhibited significant genetic diversification,
offering a valuable reservoir for future rice breeding (Hour et al,
2020). All genotypes were grouped into two major and seven
subclusters by the Jaccard cluster analysis (Figure 9).
Furthermore, the identification of tolerant groups was done using
their respective tolerant and susceptible checks. Eight rice
genotypes, such as CB22504, CB17561, CB17597, CB17502,
Vadakathi samba, Varigarudan samba, Mattaikar, and ADT54,
were identified to be multiple abiotic stress tolerant as they are
grouped together with all the tolerant checks, viz., Anna (R) 4 and
IR64Drtl1 (drought), FL478 (salinity), and FR13A (submergence). A
similar grouping pattern was observed in aromatic rice landraces
under multiple abiotic stress conditions by Behera et al. (2023).
Genotypic diversity attributed to stress tolerance QTLs varies
among varieties and is highly affected by the environment
(Gaballah et al,, 2021). Results from this study identified that the
salt-tolerant check (FL478) and submergence-tolerant check
(FR13A) are genetically close. It was also reported that FR13A
can be a donor for novel alleles, and FR13A can be a donor for new
alleles imparting salinity and drought resistance. An earlier study
showed that Porteresia coarctata, a wild relative of rice, exhibits
high salinity and submergence tolerance. Through transcriptome
analysis encompassing 375 million reads, 152,367 unique
transcripts, including stress-responsive genes and 2,749
transcription factors, were identified. Likewise, key pathways in
amino acid and hormone biosynthesis, secondary metabolite
biosynthesis, carbohydrate metabolism, and cell wall structures
contribute to stress tolerance (Garg et al., 2014). These findings
provide insight into the genetic mechanisms of Porteresia’s
tolerance, offering potential strategies for engineering salinity and
submergence tolerance in rice. An earlier study reported that
genetic network induced in response to submergence and drought
tolerance might share some common transcriptional factors at the
gene expression level (Fukao et al., 2011), and engineering common
transcription factors can ultimately lead to higher multiple stress
tolerance (Manna et al., 2021). The genotypes that are identified as
genetically close to IR64Drtl, FL478, and FRI3A can be used as
potential donors for developing climate resilience cultivars (Muthu
et al.,, 2020).

STRUCTURE analysis revealed a very broad genetic base (K =
2) while employing different SSR markers linked to multiple abiotic
stress-tolerant QTLs. The higher K value obtained in this study
depicts the diverse nature of the population (Figure 8A). Our results
were in comparison with the earlier reports of Kimwemwe et al.
(2023), who assessed the genetic diversity and population structure
of 94 rice genotypes using DArT-based SNP markers. We observed
an average PIC of 0.25, identified five subpopulations (K = 5), and
found a high average Euclidean genetic distance of 0.87, indicating
the existence genetic diversity. The level of genetic diversity found
in our study may help to select and conserve rice landraces. Thus,
the rice landraces associated with multiple abiotic stress tolerance
may be used as parental material in rice breeding to manage rice
production in a changing climate.
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Marker-assisted breeding programs emphasize the importance of
establishing strong marker-trait associations in order to effectively
utilize specific markers for trait enhancement (Lakshmi et al,
2021). The genetic associations among 13 polymorphic drought-
linked markers and two plant growth parameters, viz., plant
biomass and relative shoot length, analyzed using a single-
marker analysis revealed RM211 and RM212 are closely
associated with plant biomass under water-limiting conditions
whereas RM551 was closely linked to relative shoot length under
water-limiting conditions. Likewise, Salunkhe et al. (2011)
reported that RM212, RM302, RM8085, and RM3825 exerted a
substantial influence on drought-resistant traits. Similarly, the
marker-trait association employing eight salinity-linked
polymorphic markers identified RM10694 to be closely linked to
plant biomass and relative shoot length under saline conditions.
The results are in concordance with Kumari et al. (2019) and
Volkova (2017), in which they stated the markers, viz., RM302,
RM8094, RM10665, RM10694, RM10748, and RM10825, can be
employed in validating QTLs for salinity tolerance. The single
marker analysis employing seven submergence-linked markers
identified RM219 and RM21 to be significantly associated with
plant biomass under submergence, whereas ART5 was found to be
associated with relative shoot length under submergence. It is
worth noting that similar markers (RM219, RM21, and ART5)
were reported to be closely linked to submergence, as per earlier
findings of Islam et al. (2008); Biswas et al. (2013), and Muthu
et al. (2020). Therefore, the abovementioned marker-trait
associations could be employed in the identification of tolerant
lines in future breeding programs aimed at developing multiple
abiotic stress-tolerant varieties.

Conclusion

In the face of climate change and global warming, developing and
utilizing genotypes with tolerance to multiple abiotic stresses is of
great significance, as it has the potential to boost food production and
ensure the stability of rice cultivation. The findings of this study
present an opportunity to improve rice cultivars with multiple abiotic
stress tolerance, as these germplasms exhibit a wider genetic diversity
related to traits enabling them to withstand challenges like drought,
salinity, and submergence. Genotypic analysis involving 30 SSR
markers revealed substantial genetic similarity among all the
studied rice genotypes, indicating a significant level of genetic
diversity within the population. STRUCTURE analysis revealed a
broad genetic base (K = 2), further emphasizing the suitability of
these rice genotypes for coping with environmental stresses. The
marker-trait associations suggest that markers RM211, RM212,
RM10694, RM219, RM21, and ART5 could be useful for evaluating
trait-specific multiple abiotic stress tolerance. The genotypes
APD19002, Mattaikar, Varigarudan samba, and Arupatham samba
are considered important genetic resources as they exhibit multiple
stress tolerance making them a potential donor to be employed in
stress resilience breeding.
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Introduction: Continuous cropping challenges have gradually emerged as
pivotal factors limiting the sustainable development of agricultural production.
Allelopathicals are considered to be the primary obstacles. However, there is
limited information on allelopathic accumulation across various continuous
cropping years and its correlation with the associated challenges.

Methods: Tobacco was subjected to varying planting durations: 1 year (CR),
5 years (CC5), 10 years (CC10), and 15 years (CC15).

Results: Our findings unveiled discernible disparities in tobacco growth patterns
across diverse continuous cropping periods. Notably, the most pronounced
challenges were observed in the CC5 category, characterized by yield
reduction, tobacco black shank outbreaks, and a decline in beneficial flora.
Conversely, CC15 exhibited a substantial reduction in challenges as the
continuous cropping persisted with no significant differences when compared
to CR. Within the tobacco rhizosphere, we identified 14 distinct allelopathic
compounds, with 10 of these compounds displaying noteworthy variations
among the four treatments. Redundancy analysis (RDA) revealed that eight
allelopathic compounds exhibited autotoxic effects on tobacco growth, with
MA, heptadecanoic acid, and VA ranking as the most potent inhibitors. Interaction
network highlighted the pivotal roles of VA and EA in promoting pathogen
proliferation and impeding the enrichment of 13 beneficial bacterial genera.
Furthermore, a structural equation model elucidated that MA and EA primarily
exert direct toxic effects on tobacco, whereas VA fosters pathogen proliferation,
inhibits the enrichment of beneficial bacteria, and synergistically exacerbates the
challenges associated with continuous cropping alongside EA.

Discussion: These findings suggested discernible disparities in tobacco growth
patterns across the various continuous cropping periods. The most pronounced
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challenges were observed in CC5, whereas CC15 exhibited a substantial
reduction in challenges as continuous cropping persisted. VA may play a
pivotal role in this phenomenon by interacting with pathogens, beneficial
bacterial genera, and EA.

KEYWORDS

continuous cropping obstacles, allelopathicals, tobacco black shank, beneficial
bacteria, rhizosphere

1 Introduction

There is an urgent need to alleviate continuous cropping
obstacles worldwide (Li et al., 2019). Long-term continuous
cropping leads to crop yield reduction, soil-borne disease
outbreaks, and soil degradation (Qin et al, 2017), including
nutrient imbalances, soil acidification, and disruptions in
microbial community structures (Xi et al., 2019), which threaten
the sustainable development of agricultural production (Liu
et al., 2018).

It is widely considered that soil nutrient imbalances, disruption
of microbial communities, and allelopathic autotoxicity are the
most important factors for continuous cropping challenges (Deng
etal, 2017; Bai et al,, 2019; Ao et al.,, 2022). Allelochemicals, a form
of root exudates, play direct (Bortolo et al., 2018) or indirect (Ren
et al, 2017) roles in consecutive monoculture problems. These
allelopathic compounds, mainly plant secondary metabolites such
as terpenes (Zhao et al., 2018), phenolic acids (Rial et al., 2014), and
saponins (Li et al., 2020), contribute to autotoxicity. Numerous
allelopathicals have been reported linked to continuous cropping
challenges, encompassing vanillic acid, vanillin, cinnamic acid,
ferulic acid, saponin, and benzoic acid (Li et al., 2012; Ni et al,
2012; Yeasmin et al, 2014; Deng et al, 2023). In cucumber,
cinnamic acid is a primary contributor to the consecutive
monoculture problem (Xiao et al., 2020). Autotoxic ginsenosides
alter the soil fungal community and lead to replanting failure in
Sangi (Li et al, 2020). Although phytotoxic metabolites released
from Rehmannia gulutinosa are the main cause of replanting, the
specific key allelochemicals remain unknown (Zhang et al., 2019).
Eight allelochemicals have been detected in A. lancea roots, which
exhibit significant autotoxicity during germination and seedling
growth (Wang et al., 2023). Tobacco is a globally significant model
plant and a major cash crop that contains abundant secondary
metabolites, making it more prone to allelopathic activity (Deng
et al,, 2017). For example, exudates from tobacco rhizosphere soil
after 12 consecutive years of continuous cropping negatively affects
lettuce and tobacco seedlings, demonstrating strong allelopathy
(Wu et al, 2015). Furthermore, di-n-butyl phthalate and
disobutyl phthalate have been confirmed as autotoxins in tobacco
rhizosphere (Deng et al., 2017). These results show that long-term
continuous cropping results in the secretion of substances
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responsible for continuous cropping obstacles. Therefore, it is
imperative to explore allelopathic accumulation patterns and the
underlying mechanisms causing continuous cropping challenges.
Wu et al. (2015) confirmed that allelopathicals in lily
rhizosphere soil increased with continuous cropping years,
resulting in the inhibition of beneficial bacterial growth and
adverse effects on crop development (Kumar et al.,, 2017). In the
cucumber rhizosphere, vanillic acid, a primary allelopathic
compound, modulates the composition and diversity of
Trichoderma and Fusarium spp., thereby affecting plant growth
(Zhou and Wu, 2018). Interactions between allelopathicals and
pathogenic microorganisms can exacerbate plant diseases. The
addition of 0.1 mmol/L benzoic acid externally promoted mycelial
growth, sporulation ability, and conidial germination of Fusarium
solani, causing peanut root rot (Liu et al, 2016). Gallic acid, p-
hydroxybenzoic acid, and ortho-hydroxybenzoic acid can trigger
soil-borne disease outbreaks, such as Fusarium wilt and Verticillium
wilt, by stimulating pathogen spore germination (Zhang et al,
2012). These have aggravated continuous cropping obstacles.
Meanwhile, interactions between allelopathicals and beneficial
bacteria may be linked to continuous cropping obstacles. For
example, autotoxins can simplify microbial structure and reduce
the abundance of dominant microorganisms (Chen et al., 2018).
The above studies confirmed that allelochemicals showed an
enrichment trend under continuous cropping and interacted with
pathogens, leading to the occurrence of diseases (Chen et al., 2023).
Conversely, certain crops exhibit the ability to enrich beneficial
microorganisms over prolonged continuous cultivation, creating a
soil legacy that protects subsequent crops from pathogenic bacteri
(Jos and Raaijmakers, 2016; Bakker et al., 2018). For instance, in the
case of continuous wheat cropping, the occurrence of wheat root rot
has diminished over several years, attributed to the recruitment of
antagonistic fluorescent Pseudomonas spp. These microorganisms
release the antifungal compound 2,4-diacetylphlologlucino (David
etal, 2002). Root exudates, including allelopathic substances, play a
significant role in forming a soil legacy that enhances crop disease
resistance (Yuan et al., 2018).However, the relationship among
allelopathic substances, disease occurrence, and accumulation
patterns across different continuous cropping years, and their
connection to long-term continuous cropping challenges remain
unclear. In this study, we identified 14 allelochemicals in tobacco
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rhizosphere using GC-MS. We examined how the accumulation of
these allelochemicals changed with the duration of tobacco
continuous cropping. Additionally, we analyzed the interplay
between these allelochemicals, tobacco growth, major soil-borne
diseases, and antagonistic bacteria. The goal was to elucidate the key
allelopathicals throughout different durations of continuous
cropping and their potential mechanisms in causing continuous
cropping obstacles.

2 Materials and methods

2.1 Study area description and soil
sampling collection

The experimental plots were located in Baishui Town, Luxi
County, Yunnan Province, China (103.8727°E, 24.6657°N). Luxi
County is an important tobacco-producing area in Yunnan
Province, where approximately 10,000 hm? of flue-cured tobacco
are cultivated annually. Baishui Town, located in the northeastern
part of Luxi County, experiences a subtropical monsoon climate
characterized by an annual average temperature of 15°C, annual
average precipitation of 1031.7mm, annual average frost-free period
lasting 238 days, and an average of 1962.9 h of sunshine annually.
These conditions make it well suited for high-quality tobacco leaf
production. Four experimental plots were established, each with
size of 667 m?, all located in the same area and managed by the same
farmer. The planting scenarios included tobacco planted in the first
year (no previous tobacco history, CR), continuous tobacco
planting for 5 years (since 2016, CC5), continuous tobacco
planting for 10 years (since 2011, CC10), and continuous
tobacco planting for 15 years (since 2006, CC15). Tobacco
transplantation should occur annually between April 15th and
May 10", with tobacco harvesting being completed before
September. All plots used the Yunyan 87, a cultivar known for its
moderate resistant to black shank disease (Peng et al., 2015). The
natural soil in the region is classified as red soil, according to the
Chinese soil classification. The planting density was set at 12,000
tobacco plants per ha. For fertilizer application, a uniform dosage of
105 kg/hm? of pure nitrogen to the study area. A compound
fertilizer at a rate of 75 kg/hm2 (N:P,05:K,0 = 12:8:25) was used
during transplanting. For the top dressing, 30 kg/hm? of compound
fertilizer (N:P,05:K,0 = 12:8:25) was applied, followed by 150 kg/
hm? of potassium sulfate (K,O > 52%) for the second top dressing.
The other management practices remained consistent across
all plots.

In September 2020, we collected tobacco rhizosphere soil from
the four experimental plots. Each soil sample consisted of five-point
samples from within each plot, collected in an “S” shape pattern.
After carefully excavating the entire tobacco root system and gently
removing any large soil clumps, we combined the soil immediately
surrounding the root surface from these five locations into a
composite sample for each plot. This process was repeated six
times for each treatment. To maintain sample quality, we promptly
transported the soil to the laboratory in an icebox, passed it through
a 2-mm sieve, and then divided it into three portions, all of which
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were stored at -80°C. One portion was dedicated to DNA extraction,
and qPCR was used for quantitative detection of tobacco black
shank pathogens. The remaining portion was used to analyze the
presence of allelopathicals in the soil.

2.2 Total soil DNA extraction, PCR
amplification, and high-
throughput sequencing

Soil DNA was extracted using the DNeasy Power Soil Kit
(Qiagen, Hilden, Germany). The 16S rRNA genes were amplified
using specific primers, namely 338F (5-ACTCCTAC
GGGAGMHAMHA-3") and 806R (5-GGACTACHVGGG
TWTCTAAT-3’), along with ITS1F (5-CTTGGTCATTTA
GAGGAAGTAA-3") and ITS2R (5’-MHTMHGTTC
TTCATCGATMH-3’). The PCR reaction, amplification process,
and purification steps followed the methodology outlined by Yang
et al. (2018).

High-throughput sequencing was conducted on an Illumina
HiSeq 2500 sequencer at Biomarker Tech. Initially, the raw data
underwent paired-end (PE) read splicing using Flash v1.2.7.
Subsequently, tags were filtered to obtain high-quality data, a
process achieved with Trimmomatic v0.33. Chimeric sequences
were eliminated using UCHIME v4.2 software to retain valid data.
Tags were then clustered at a 97% similarity level using UCLUST
within QIIME software. Operational taxonomic units (OTUs) were
assigned for taxonomic annotation by referencing the Silvs and
UNITE taxonomic databases. All raw sequencing data from each
sample were deposited in the NCBI Sequence Read Archive (SRA)
database under the accession number PRJNA719590.

2.3 Determination of rhizosphere
soil allelochemicals

Based on reported allelopathic substances (Pervaiz et al., 2020;
Chen Y. et al,, 2022) and preliminary qualitative test reports, 14
substances with allelopathic potential were selected for quantitative
testing. These substances include benzoic acid (BA), vanillin (VA),
myristic acid (MA), methyl hexadecanoate (MH), scopoletin (SC),
palmitic acid (PA), heptadecanoic acid (HA), linoleic acid (LA),
linolenic acid (LIA), stearic acid (SA), arachidic acid (AA), 2,2'-
methylenebis (6-tert-butyl-4-methylphenol) (AME), dioctyl
phthalate (DOP), and erucylamide (EA).In the soil sample
preparation process, a total of 5.00 g of freshly collected soil
samples were introduced into a porcelain-evaporating dish, which
included dried diatomaceous earth. Subsequently, these
components were meticulously ground in a mortar until a
homogeneous consistency akin to quicksand was achieved. The
processed soil samples were then carefully transferred to an
extraction tank, and 20.0 mL of an extraction solution (composed
of n-hexane and acetone in a 1:1 ratio) was added. Employing an
ASE, the sample was subjected to two pressurized extraction cycles,
each entailing agitation at room temperature for 40 min. The
resulting extract solution was meticulously decanted into a
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concentration bottle. The bottle underwent a sequence of three
washes, each employing 3 mL n-hexane, and the washings were
subsequently reintroduced into the concentration bottle.
Subsequently, the extract solution was concentrated using a rotary
evaporator, yielding a final volume within the range of 3-5 mL at an
operating temperature of 35°C. In a further step, 20 mL of n-hexane
was reintroduced and concentrated to a volume of 3 mL. This
process was repeated twice to obtain a concentrated solution with a
final volume of 3 mL. The eluate, purified through these procedures,
was meticulously collected in a nitrogen-blow tube. Upon reaching
a volume of 0.5 mL, ethyl acetate was added to adjust the final
volume to 1 mL. The prepared samples were subsequently used for
machine-based detection.

For gas chromatography, the inlet temperature was set at 220°C
in splitless mode. Helium was employed as the carrier gas at a
column flow rate of 1.16 mL/min. The temperature program
involved a gradual increase at a rate of 10°C/min until it reached
220°C and was held at this temperature for 2 min. For mass
spectrometry, the interface temperature was maintained at 280°C.
The ion source temperature was set at 230°C. Data acquisition was
performed using ion-selective scanning. The chromatographic
column used for this analysis was an Rtx-5MS.

2.4 Fluorescent quantitative PCR of
Phytophthora parasitica var. nicotianae in
rhizosphere soil

The total soil DNA was utilized as a template for analysis. The
target genes were amplified using specific primers: PF (5°-
CGAAMHCAACCATACCACGAA-3") and PR (5°-
ATGAAGAACMHTMHGAACTMH-3").
quantitative PCR reaction was conducted in 30 UL reaction
mixtures, consisting of 15 uL of qPCR Mix, 0.5 uL of Mg2+,
0.5uL of PF, 0.5uL of PR, 2 uL of DNA template, and ddH,O to
reach a final volume of 30 puL. PCR thermal cycling conditions

The fluorescent

included an initial denaturation at 95°C for 3 min, followed by 35
cycles of denaturation at 95°C for 15 s, annealing at 65°C for 20 s,
and extension at 72°C for 20 s. To quantify the black shank
pathogen content in the soil, we constructed a standard curve
using the tobacco black shank gene.

2.5 Tobacco agronomic traits, disease
investigation, and analysis

For each treatment, we established five sampling points, each
consisting of 50 representative tobacco plants. These sampling
points were maintained from the time of tobacco transplantation
until the harvest phase. Tobacco black shank disease was the main
soil borne disease in the region and the word and it outbreaked at
high temperature and high humidity condition(Mid-to-late July in
Baishui). So a total of 250 plants from each treatment were
investigate according to Ao et al. (2022). We conducted surveys
every 5 days throughout July 2020 and subsequently calculated the
average incidence rate according to the formula. We assessed the
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agronomic traits of the tobacco fields and determined the maximum
leaf area index using the methodology described by Tang et al.
(2020). After harvesting, we weighed the flue-cured tobacco leaves
in each treatment and calculated the yield.

Disease incidence rate( % )

number of susceptible plants

" total number of investigated plants

2.6 Data processing and analysis

Origin 2022 was used to conduct variance analysis, generate
heat maps, create correlation mappings, perform RDA analysis, and
construct stacked column charts. To construct the interaction
network, we utilized the R programming language, and for fitting
curve estimation models, we used SPSS26.

3 Results

3.1 Characteristics of tobacco continuous
cropping obstacles in different continuous
cropping year

3.1.1 Variations in growth and yield of tobacco
across different continuous cropping years

Tobacco stem circumference in all three continuous cropping
treatments was significantly or extremely significantly lower than
that in CR (P< 0.05 or P< 0.01), and the stem circumference of CC5
was the lowest among the three continuous cropping treatments,
exhibiting a significant difference when compared to CC15
(Figure 1A). Additionally, maximum leaf area coefficient, and
plant height in CC5 were the lowest and were significantly lower
than those in CC15. No significant differences in stem
circumference, maximum leaf area coefficient, and plant height
were observed between CC10 and CC15 (Figures 1B, C). Significant
variations were noted in tobacco yield across different continuous
cropping years. CR and CC15 exhibited the highest yields, followed
by CC10, while CC5 showed the lowest tobacco yield (Figure 1D).
These findings highlight the substantial differences in tobacco
growth under various continuous cropping durations. Growth
was notably stunted after 5 years of continuous cropping, but
with the extension of continuous cropping years, tobacco growth
gradually normalized. After 15 years of continuous cropping, both
the growth and yield of tobacco were not significantly different from
those of tobacco cultivated for just 1 year.

3.1.2 Incidence of tobacco black shank and
pathogen accumulation across continuous
cropping years

Tobacco black shank, a predominant soil-borne disease in the
region, exhibited a higher incidence in the three continuous
cropping treatments than in the CR treatment. Notably, CC5
treatment had a significantly higher incidence than CR
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FIGURE 1

Agronomic traits and tobacco yields under different conditions. (A) Stem. (B) Leaf area. (C) Plant height. (D) Yield per ha. *, significant difference

(P < 0.05). **/*** extremely significant difference (P < 0.01).

(Figure 2A). Upon comparing the incidence of tobacco black shank
within the three continuous cropping treatments, it was observed
that CC5 had the highest incidence, which was not significantly
different from CC10, but significantly higher than CC15. This
pattern of incidence correlated with the accumulation of
pathogens, with the highest accumulation of black shank
pathogens occurring in CC5, significantly surpassing CC10,
CC15, and CR. However, no significant difference was observed
between CC10 and CC15. Correlation analysis indicated that there
was no significant correlation between the incidence of tobacco
black shank and continuous cropping years. Conversely, a negative
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correlation was observed between the accumulation of black shank
pathogens and continuous cropping years. Peak accumulation was
noted in CC5, after which pathogen enrichment slowed with the
extension of continuous cropping years, gradually leading to a
decline in its content (Figure 2B).

3.1.3 Changes in the abundance of antagonistic
bacterial flora against tobacco black shank
pathogen across continuous cropping years

We constructed an interaction network to identify antagonistic
bacterial flora against Phytophthora parasitica var. nicotianae,
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Tobacco disease index, pathogen accumulation, and correlation over continuous cropping years. (A) Tobacco disease index and pathogen
accumulation. (B) Correlation among disease index, pathogen accumulation, and continuous cropping years. Different letters indicate significant
differences according to the LSD test (P < 0.05). *significant correlation (P < 0.05). ***, extremely significant correlation (P < 0.01).

Frontiers in Plant Science

97

frontiersin.org


https://doi.org/10.3389/fpls.2024.1326942
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Zhou et al.

FIGURE 3

10.3389/fpls.2024.1326942

[ sphingomonas
Gemmatimonas
Gaiella
Rhizobium

[ candidatus

[ enins067

[ Lapilicoccus

17 uncyltured_bacterium
" _o_Acidobacteriales

uncultured_bacterium
_o_Elsterales

[ unculured_bacterium
_0_C0119

uncultured_bacterium
_1.67-14

uncultured_bacterium
_o_Frankiales
17 uncultured_bacterium
_f A21b
i I

0075

Bacteria interactions with Phytophthora parasitica var. nicotianae and the relative abundance of antagonistic bacteria. (A) Interaction network
between Phytophthora parasitica var. nicotianae and bacteria at the genus level (> 0.1%). (B) Relative abundance of antagonistic bacterial flora in

different continuous cropping years.

focusing on bacterial genera with a relative abundance exceeding
0.1%. Among the 65 bacterial species present in tobacco
rhizosphere soil, we found a negative correlation with
Phytophthora parasitica var. nicotianae, which indicated an
antagonistic effect. Specifically, 13 bacterial species displayed
strong antagonistic relationships with Phytophthora parasitica var.
nicotianae (P< 0.05) (Figure 3A). We further analyzed
the distribution of these 13 antagonistic bacterial groups
across different continuous cropping years (Figure 3B).
Sphingomonas, Gemmatimonas, Gaiellales, and Rhizobium were
the dominant flora across all four treatments, collectively
accounting for more than 60%. Notably, Sphingomonas,
Gemmatimonas, and Gaiellales exhibited significant differences
among treatments. The relative abundance of Gemmatimonas
and Gaiellales in CR was significantly higher than that in
CC5, with no significant difference observed compared to
CC10 and CC15. For the different planting years, the relative
abundance of Gemmatimonas and Gaiellales in CC10 and
CC15 was notably higher. Except for Lapillicoccus and
uncultured bacterium_o_C0119, the other seven bacterial groups
showed significant differences across different continuous
cropping years. The relative abundance of uncultured bacterium
Acidobacteriales, Candidatus, uncultured bacterium_f_67-14,
uncultured bacterium_o_Elsterales, uncultured bacterium_f_A21b,
and Ellin6067 was significantly lower than that in CC10 and CC15
with no significant difference between CC10 and CC15 (P > 0.05).
These findings underscore the significant variations in the
abundance of antagonistic bacteria within the tobacco rhizosphere
across different continuous cropping treatments. In particular, the
relative abundance of eight antagonistic bacteria in the CC5
treatment was significantly lower than that in CC10 and CC15.
Conversely, the antagonistic bacterial flora in CC10 and CC15
exhibited a gradual increase, with no significant difference
observed compared to CR.

Frontiers in Plant Science

3.2 Differential allelochemicals across
continuous cropping years and their
accumulation characteristics

We detected 14 allelopathicals using GC-MS for all four
treatments (Figure 4). Variance analysis revealed significant
differences in the 10 allelopathicals between CR and various
continuous cropping years, except for BA, PA, SA, and LA (P<
0.05). Subsequently, we analyzed the allelopathicals across different
continuous cropping years. The contents of VA and EA were
notably the highest in the CC5 treatment, significantly surpassing
that of CC10 and CCl15. Moreover, CC15 exhibited significantly
higher levels of VA and EA than CC10 did. In contrast, MA, AME,
and DOP were most abundant in the CC10 treatment, with
significantly higher levels than in the CC5 and CC15 treatments.
Additionally, SC, HA, LIA, and MH were significantly more
abundant in CC15 than in CC5 or CC10. These findings indicate
that all 14 allelochemicals were detectable across the different
continuous cropping treatments. Among them, 10 allelochemicals
displayed significant differences in three continuous tobacco
rhizosphere treatments. Furthermore, these 10 allelochemicals
exhibited diverse accumulation trends in various continuous
tobacco rhizosphere environments.

We established linear functions for the curve estimation model
with the dependent variable (y) representing the 10 allelopathicals
that exhibited significant differences between CR and various
continuous cropping years. The independent variable (t)
represents the tobacco planting years, and this analysis allowed us
to examine the accumulation characteristics of these 10 differential
allelopathicals. The accumulation trends of VA and EA followed a
cubic polynomial curve model (R’ = 0.978 and R? = 0.807). In
contrast, the accumulation trends of MA, MH, and DOP conformed
to a quadratic polynomial growth model (R” = 0836, R* = 0.728, and
R’ = 0.935). Additionally, the accumulation trends of SC, HA, LIA,
AA, and AME followed a general growth model (Table 1). Based on
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the growth patterns observed in tobacco and the occurrence of
diseases, we speculated that VA, MA, MH, DOP, and EA may be
related to the continuous cropping obstacles observed in different
continuous cropping years.

3.3 Screening key allelopathicals affecting
tobacco continuous cropping obstacles

3.3.1 Impact of differential allelopathicals in
tobacco rhizosphere on tobacco growth

The RDA analysis revealed that tobacco growth in CR and
CC15 was similar, whereas CC5 and CC10 belonged to a distinct
group (Figure 5). When considering the effects of the 10
differential allelochemicals on tobacco growth, they ranked from
strong to weak impact as follows: MA, HA, VA, LIA, SC, DOP,
AA, MH, and EA. Except for MH and AME, the other eight
allelochemicals displayed negative correlations with stem
circumference, tobacco plant height, and yield. Among these,

TABLE 1 Curve estimation models for 10 differential allelopathicals.

MA, HA, and VA had the most pronounced negative effects,
indicating that MA, HA, and VA significantly contributed to the
observed effects on tobacco growth.

3.3.2 Interaction network among differential
allelochemicals, Phytophthora parasitica var.
nicotianae, and antagonistic
microbial communities

The interaction network analysis revealed specific correlations
between allelopathicals and Phytophthora parasitica var. nicotianae
as well as antagonistic microbial flora (Figure 6). VA and EA
exhibited positive correlations with Phytophthora parasitica var.
Nicotianae and negative correlations with 13 antagonistic microbial
flora (P< 0.05). DOP was positively correlated with Phytophthora
parasitica var. nicotianae and negatively correlated with
Candidatus, Bradyrhizobium, uncultured_bacteria_f A21b, and
Ellin6067. MA, MH, SC, HA, and LIA were positively correlated
with most antagonistic bacteria and negatively correlated with
Phytophthora parasitica var. nicotianae.

Allelopathicals Fitting Model Decisive factor Significance regression equation
R2 P

VA cubic polynomial curve 0978 0.000 y=-0.015+0.043t>-0.010t>+0.001t

MA quadratic polynomial growth 0.836 0.000 y=2.467+0.590t>-0.045t

MH quadratic polynomial growth 0.728 0.003 ¥=0.301-0.027t*+0.003t

sSC growth model 0.599 0.003 y=EXP(0.647+0.021t)

HA growth model 0.612 0.003 y=EXP(0.733+0.041t)

LIA growth model 0.593 0.003 y=EXP(0.975+0.020t)

AA growth model 0.820 0.000 y=EXP(1.039+0.079t)

AME growth model 0.737 0.000 y=EXP(2.167-0.100t)

DOP quadratic polynomial growth 0.935 0.000 y=0.255+0.082t>-0.008t

EA cubic polynomial curve 0.807 0.003 y=-1.059+1.938t-0.449t*+0.027t
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3.4 Mechanisms of key allelochemicals in
causing tobacco continuous
cropping obstacles

0.4

ccs
©CC10 Based on the above analysis, MA, VA, and EA were found to be

@cCC5 significant allelochemicals. The structural equation model revealed a
®CR positive correlation between VA and Phytophthora parasitica var.

0.2

nicotianae, directly enhancing its accumulation (Figure 7).
00 ok < Conversely, it hindered the growth of beneficial bacteria,
consequently promoting the accumulation of Phytophthora
parasitica var. nicotianae and fostering soil-borne diseases.
Furthermore, VA stimulated the accumulation of EA, exacerbating
diseases and reducing crop yields. MA, on the other hand, directly
impeded tobacco growth, resulting in persistent cropping obstacles.
EA contributed to yield reduction by intensifying disease occurrence.
These findings underscore the direct and indirect roles of these key

allelopathicals in causing obstacles to continuous tobacco cropping.

RDA2 0.1487%

Notably, VA’s indirect influence surpassed its direct impact, as it

encouraged pathogen proliferation, impeded beneficial bacterial

05
RDA1 99.63% enrichment, and collaborated with EA to compose tobacco
FIGURE 5 continuous cropping obstacles. With its multifaceted action, VA

RDA analysis of differential allelopathicals and tobacco growth. appears to be the most influential allelopathic factor contributing to

the persistence of these cropping obstacles.
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FIGURE 6
Interaction network between 10 differentiated allelopathicals, Phytophthora parasitica var. nicotianae and antagonistic bacteria. Phy, Phytophthora
parasitica var. nicotianae; Red line, positive correlation; Blue line, negatively correlation (P < 0.05).
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Structural equation model of main allelopathicals in tobacco
rhizosphere with tobacco disease and yield. *significant correlation
(P < 0.05). **/*** extremely significant correlation (P < 0.01).

4 Discussion

Continuous monoculture leads to the accumulation of soil-
borne pathogens, a decline in beneficial bacteria, and disruption of
the microbial community, which is often referred to as the plant’s
second genome. This results in poor crop growth, soil-borne
disease outbreaks, and significant economic loss. This
phenomenon is widespread across various crops, including food
crops (Yao et al., 2020), cash crops (Gao et al., 2019; Xi et al,,
2019), vegetables (Gao et al., 2019), and medicinal materials
(Deng et al,, 2023). In our study, we observed that tobacco
growth was severely hindered after 5 years of continuous
cropping, marked by a high incidence of tobacco black shank
and pathogen accumulation, indicating noticeable obstacles. After
15 years of continuous cropping, we observed an improvement in
tobacco growth and a reduction in disease occurrence, in contrast
to the findings of Chen et al. (2018), who reported obstacles to
continuous cropping 25 years after tobacco planting. This
discrepancy may be attributed to the influence of the different
varieties. Previous studies have demonstrated significant
variations in soil microbial structure among different genotypes
of the same crop (Weinert et al., 2011), influencing responses to
continuous cropping by affecting soil nutrient content and crop
disease resistance (Priyanka et al., 2020; Maria-Soledad et al,
2021). For example, studies on soybean varieties have revealed
that tolerant varieties exhibit higher levels of beneficial bacteria,
increased available nutrient content, and enhanced activities of
nitrogen and phosphorus cycling enzymes than sensitive varieties
(Liu et al., 2023). Microbial functions may serve as the primary
mechanisms explaining these phenomena. Long-term continuous
cropping in the wheat rhizosphere enriches antagonistic
Pseudomonas fluorescens and triggers the secretion of antifungal
compounds, mitigating the challenges associated with continuous
cropping (Berendsen et al., 2012). In this study, we observed that
the relative abundance of nine antagonistic bacterial groups in the
15-year continuous cropping rhizosphere was higher than in the
5-year continuous cropping treatment. There was no significant
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difference in the relative abundance of antagonistic bacterial
genera in the tobacco rhizosphere after 1 and 10 years of
continuous cropping. This may explain the increasing severity
of tobacco continuous cropping obstacles after 5 years but their
alleviation after 15 years. Analysis of antagonistic bacterial groups
revealed relatively abundant genera, such as Gemmatimonas,
Gaiellales, Candidatus, and Ellin6067. Gemmatimonas promotes
plant growth and pathogen resistance (Xiong et al., 2015; Yang
et al., 2018; Karthika et al., 2020). Gaiellales thrives in healthy
plants, particularly in soils with high organic matter content (Lin
et al., 2019; Pang et al., 2022). Candidatus is a crucial microbial
community in wheat rhizospheres that positively influences crop
yields and soil functions (Fan et al., 2021) and participates in soil
pollutant transformations (Chen C. et al., 2022). Ellin6067 aids in
pollutant degradation and enhances plant growth (Yang et al,
2021). These results suggest that long-term continuous cropping
promotes resilience of beneficial bacteria to adverse conditions,
enriching bacterial groups related to plant growth, pathogen
resistance, and pollutant degradation. This enrichment
contributes to the formation of disease-suppressing soils and
helps mitigate continuous cropping obstacles. However, the
underlying reasons for the changes in tobacco rhizosphere
microbial community structure with varying continuous
cropping years remain unclear. Further exploration is needed to
deepen our understanding of the mechanisms underlying
obstacles to tobacco continuous cropping.

A study by Rial et al. (Rial et al., 2014) demonstrated that long-
term continuous cropping plants release substances known as
autotoxic allelopathicals into their rhizosphere, inhibiting their
own growth. As continuous cropping years increase, these
autotoxic allelopathicals accumulate along with soil acidification,
hindering the growth and reproduction of beneficial
microorganisms (Wu et al., 2015). These allelopathicals are
likely the root cause of changes in rhizosphere microorganisms
of continuously cropped plants, ultimately affecting plant growth.
We identified 14 allelopathicals using GC-MS, of which 10
exhibited significant differences across various continuous
cropping years. Further analysis revealed that the levels of VA
and EA were highest after 5 years of continuous cropping,
followed by a downward trend as continuous cropping years
extended, conforming to a cubic polynomial growth pattern.
Conversely, the levels of MA, AME, and DOP were the highest
after 10 years of continuous cropping, with the accumulation of
MA and DOP following a quadratic polynomial growth pattern.
Allelochemicals adhering to quadratic or cubic polynomial growth
patterns appeared to correlate more closely with tobacco growth
and disease occurrence trends, potentially playing a role in
tobacco continuous cropping obstacles. The results of the RDA
indicated that MA, HA, and VA were the top three allelopathicals
that significantly inhibited tobacco growth. Chen et al. (2011)
verified that elevated VA concentration (1-4 nmol/L) notably
inhibits eggplant seedling growth and increases the incidence of
verticillium wilt disease. Myristic acids contribute to the
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exacerbation of tobacco bacterial wilt by facilitating the
colonization of pathogenic bacteria, consequently affecting
tobacco growth (Li et al, 2016). Over short-term continuous
cropping years, HA exhibits an enrichment trend correlated
with an increase in tobacco continuous cropping years,
potentially linked to the occurrence of continuous cropping
obstacles (Pan et al., 2023). However, the current evidence lacks
direct confirmation of the autotoxicity of this substance,
necessitating further investigation. Network analysis further
revealed that VA and EA could stimulate the accumulation of
Phytophthora parasitica var. nicotianae while inhibiting the
enrichment of 13 antagonistic bacteria. This may be attributed
to allelopathicals serving as carbon sources that boost the
proliferation of pathogenic microorganisms (Carrara et al,
2018), enabling them to dominate ecological niches, suppress
beneficial bacteria growth, trigger disease outbreaks, and
contribute to continuous cropping obstacles (Furtak and Gajda,
2018). In light of these findings, it is evident that MA, VA, and EA
are likely key allelopathicals responsible for disrupting the
rhizosphere microbial community structure, impeding tobacco
growth, and leading to tobacco black shank disease.

Wu et al. (Wu, 2010) isolated several allelopathicals,
including VA, from tobacco rhizosphere. Bioassays indicated
that vanillin had a weaker inhibitory effect on tobacco seedlings
than benzoic acid or p-hydroxybenzoic acid. Our findings suggest
that the direct inhibitory effect of vanillin on tobacco growth was
less pronounced than that of MA. This implies that different
allelopathicals affect tobacco differently, underscoring the
importance of identifying key allelopathicals and elucidating
their mechanisms of action for more in-depth analysis of their
pathways. Structural equation model results revealed that MA
and EA primarily induced continuous cropping obstacles
through direct toxicity to tobacco. VA featured prominently in
the model due to its multifaceted actions. On one hand, it
promoted the accumulation of Phytophthora parasitica var.
nicotianae, inhibited beneficial bacterial enrichment, disrupted
the tobacco rhizosphere microbial community, and exacerbated
obstacles to continuous cropping. For example, low
concentrations of VA encouraged eggplant Fusarium wilt,
whereas high concentrations enhanced eggplant autotoxicity
and inhibited eggplant growth (Chen et al.,, 2011). On the other
hand, VA can stimulate the accumulation of EA, intensifying its
direct inhibitory effect on tobacco. Wu et al. (Wu et al., 2016)
confirmed that a mixture of syringic acid and phenolic acid
exhibited a stronger allelopathic effect on Radix pseudostellariae
than a single allelopathic effect, highlighting the interactions
between substances that affect continuous cropping obstacles.
In summary, our results indicate that MA and EA primarily
impact tobacco growth through direct toxicity, whereas VA
disrupts the microbial community structure and promotes EA
accumulation, jointly exacerbating continuous cropping
obstacles. Regardless of the scenario, key allelopathicals
consistently play a pivotal role in the crop rhizosphere, serving
as crucial links between rhizosphere allelopathicals,
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microorganisms, and crop growth, ultimately influencing the
occurrence of continuous cropping obstacles. Based on our
findings, we speculated that VA may be a key allelopathical in
the tobacco rhizosphere, and its changing content over
continuous cropping years could serve as an essential internal
mechanism to alleviate obstacles in 15 years of
continuous cropping.

5 Conclusion

The most pronounced challenges were observed in the CC5
category, with yield reduction, tobacco black shank outbreaks, and
diminished beneficial flora. In contrast, CC15 exhibited a
substantial reduction in challenges as the continuous cropping
persisted. This was marked by tobacco growth recovery, a
reduction in disease incidence, and an increased abundance of
beneficial bacteria. This phenomenon was closely mirrored by
allelochemical accumulation patterns in the tobacco rhizosphere.
Notably, among these allelochemicals, VA exhibited significant
variation in the tobacco rhizosphere across different planting
years, following a cubic polynomial curve model. Although its
direct inhibitory effect on tobacco was weaker than that of MA,
VA played a pivotal role in fostering pathogen proliferation,
inhibiting the enrichment of beneficial bacteria, and
synergistically exacerbating the challenges associated with
continuous cropping, particularly with EA. This mechanism is
essential for understanding the occurrence and alleviation of
continuous cropping obstacles in tobacco, particularly 15 years
after planting.
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Chickpea (Cicer arietinum L.) is a very important food legume and needs
improved drought tolerance for higher seed production in dry environments.
The aim of this study was to determine diversity and genetic polymorphism in
zinc finger knuckle genes with CCHC domains and their functional analysis for
practical improvement of chickpea breeding. Two CaZF-CCHC genes, Ca04468
and Ca07571, were identified as potentially important candidates associated with
plant responses to drought and dehydration. To study these genes, various
methods were used including Sanger sequencing, DArT (Diversity array
technology) and molecular markers for plant genotyping, gene expression
analysis using RT-gPCR, and associations with seed-related traits in chickpea
plants grown in field trials. These genes were studied for genetic polymorphism
among a set of chickpea accessions, and one SNP was selected for further study
from four identified SNPs between the promoter regions of each of the two
genes. Molecular markers were developed for the SNP and verified using the ASQ
and CAPS methods. Genotyping of parents and selected breeding lines from two
hybrid populations, and SNP positions on chromosomes with haplotype
identification, were confirmed using DArT microarray analysis. Differential
expression profiles were identified in the parents and the hybrid populations
under gradual drought and rapid dehydration. The SNP-based genotypes were
differentially associated with seed weight per plant but not with 100 seed weight.
The two developed and verified SNP molecular markers for both genes, Ca04468
and Ca07571, respectively, could be used for marker-assisted selection in novel
chickpea cultivars with improved tolerance to drought and dehydration.

KEYWORDS

CCHC domain, chickpea, DArT analysis, drought and dehydration, gene expression,
seed yield, SNP, zinc finger knuckle gene
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Introduction

Chickpea (Cicer arietinum L.) is an important food legume in
many countries due to high levels of seed proteins and high nutrient
value (Didinger and Thompson, 2022; Koul et al., 2022). The
chickpea plant shows a degree of tolerance to several abiotic
stresses, including drought, dehydration, heat, and salinity,
making it a versatile crop plant (Arriagada et al., 2022; Asati
et al, 2022; Karalija et al., 2022). However, there is room for
development of new chickpea cultivars with improved growth in
harsh environments, higher yield, and better seed quality (Eker
etal, 2022a, Eker et al,, 2022b). To achieve this goal most efficiently,
the identification of the most important genes requires molecular
breeding tools (Jain et al., 2023). The genomic and genetic study of
chickpea is very well established (Varshney et al., 2021; Ali et al,,
2022; Bohra et al, 2022) with fully sequenced genomes of cv.
Frontier (Kabuli ecotype) and the accession ICC-4958 (Desi
ecotype) now publicly available to researchers in databases
Legume Information System (LIS, https://www.legumeinfo.org)
and Chickpea Portal (http://www.cicer.info/databases.php).
Within these databases, genes with zinc finger motifs can
be identified.

Gene families with zinc finger (ZF) sequences form a large
group and are widely distributed in all living organisms. Within
these, zinc finger knuckles with CCHC (or C,HC) domain are less
well characterized compared to other ZF families. Initially, ZF-
CCHC was reported in retroviruses like HIV, where nucleocapsid
proteins containing CCHC domains play important roles in the
viral lifecycle (Armas and Calcaterra, 2012). The CCHC domain is
highly conserved with a simple consensus sequence as follows: Cys—
X,-Cys-X,~His-X,~Cys, where X can be any amino acid. Any
change in the critical zinc-binding amino acids, i.e., any of the three
Cys or His, results in a protein that is defective for RNA binding and
viral packaging. ZF-CCHC proteins are found in microorganisms,
yeast, plants, animals, and humans and can contain as few as 1
CCHC domain or as many as 11. These proteins play essential
functions in the metabolism of nucleic acids and mediation of
protein—protein interactions (Liew et al., 2000). CCHC domains,
when located in the N-termini of ZF proteins, are often involved in
homodimerization of transcription factors resulting either in
activation or repression of various biological processes in animals
based on the example of a mouse model (Grabarczyk et al., 2018).

In plants, ZF-CCHC proteins were first described as RNA-
binding proteins, and they have since been found to play important
roles in plant growth, development, and stress responses (Reviewed
in: Lee and Kang, 2016). Recently, in a comprehensive study of
bread wheat (Triticum aestivum L.), 50 TaZF-CCHC proteins and
their corresponding genes were identified and found to be
distributed in nine clusters in a molecular dendrogram (Sun et al,
2022). The authors studied 38 out of the 50 genes, and 32 of them
were found to be either up- or downregulated in response to
drought, heat stress, or both. Some, but not all, of the genes had
similar expression patterns (Sun et al., 2022).

Individual ZF-CCHC genes have been functionally described for
various plant species. Arginine/serine (RS)-rich splicing factors with
a CCHC domain, AdRSZ21 and AtRSZp22, were confirmed to be
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related to plant defense and cell death via the hypersensitive
response to pathogen infection found in Arachis diogoi (Kumar
and Kirti, 2012) and in Arabidopsis thaliana with homologs in
mammals and humans (Lopato et al, 1999). Other glycine-rich
RNA-binding proteins (RZ) play an important role in plant growth
regulation and improving plant resistance to bacterial infections in
bread wheat (Xu et al., 2015) and to ascochyta blight in chickpea
(Truela et al., 2009). Similar RZ proteins were identified in the genus
Eucalyptus, but their function remains unclear (Bocca et al., 2005).

The specific ZF-CCHC genes, AIRI and AIR2, encode arginine
methyltransferase-interacting proteins with five CCHC domains,
and they were described as important RNA-binding proteins in
yeast acting as nuclear cofactors for RNA degradation via exosomes
(Fasken et al., 2011; Lange and Gagliardi, 2022). Similarly, gene
GIS2, glucose inhibition of gluconeogenic growth-suppressor 2, was
first described in yeast as encoding a cytoplasmic ZF protein with
seven “retroviral”-type CCHC domains and predicted to interact
with DNA and possibly RNA (Scherrer et al, 2011). The AIRI,
AIR2, and GIS2 proteins were not described in A. thaliana (L.)
Heynh (Aceituno-Valenzuela et al., 2020), but similar proteins were
found in bread wheat and rice (Sun et al., 2022).

Much better known are glycine-rich proteins (GRP) containing
both a CCHC and a cold shock domain (CSD). This group of cold
shock proteins (CSP) or cold shock domain proteins (CSDP) is very
wide and intensively studied in many plant species in response to
cold and freezing but not in other abiotic stresses (Sasaki and Imai,
2012). For example, in A. thaliana, GRP2 proteins contain both zinc
finger CCHC and a cold shock domain (Kingsley and Palis, 1994),
and contribute to the enhancement of freezing tolerance (Kwak
et al, 2011). The expression levels of many of these genes in A.
thaliana were upregulated by cold stress but not by drought or
salinity (Kim et al., 2007, Kim et al., 2010, Kim et al., 2013).

In other plant species, for example, in saltwater cress (Eutrema
salsugineum Pall.), CSDP proteins with a varying number of
CCHC-domains in the C-terminus were found to be similar to
CSDP1 and CSDP2 in A. thaliana (Taranov et al.,, 2018). In bread
wheat, the gene WCSPI (wheat cold shock protein 1) was reported
to be gradually upregulated after cold treatment but otherwise not
affected by other abiotic stresses, like drought, salinity, or heat stress
(Karlson et al.,, 2002). In rice (Oryza sativa L.), two genes encoding
cold shock domain proteins, OsCSPI and OsCSP2, also showed
increased expression, but only after a very short exposure of 0.5-1 h
of cold with a subsequent return back to the initial level (Chaikam
and Karlson, 2008). In cabbage (Brassica oleracea L.), genetic
polymorphism in the BoCSDP5 gene did not affect the gene
expression levels, but other ZF-proteins were produced, with
varying numbers of CCHC domains, in plants with different
alleles of the BoCSDP5 gene (Song et al., 2020).

Additionally, CSDP1 and CSDP2 proteins with seven and two
CCHC domains, respectively, had an important effect on seed
germination in Arabidopsis. The overexpression of the corresponding
genes rescued a mutant for glycine-rich RNA-binding protein from
cold damage (Park et al, 2010). Significantly earlier-flowering
transgenic Arabidopsis plants were reported after silencing of the
similar gene AtGRP2 encoding a glycine-rich protein with both CSD
and CCHC domains (Fusaro et al., 2007). In poplar (Populus x xiaohei
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T.S. Hwang et Liang), “Zn-finger (CCHC)” genes were identified in
RNA-seq transcriptome profiling of seed germination, but exact
identification of the genes and encoded ZF-CCHC proteins were not
provided (Qu et al,, 2019).

Proteins containing a group of three amino acids: glycine-
arginine-phenylalanine, designated by “GRF,” encoding GRF-type
ZF proteins are widely distributed throughout eukaryotes, but in
plants, their structure is very different to yeast and humans sharing
similarity only in the main components (Aceituno-Valenzuela et al.,
2020). In Xenopus, protein ZF-CCHC4 with a GRF domain binding
a Zn>" ion plays a central structural role in coordination with a
partner CCHC domain (Wallace et al., 2017). GRE-ZF proteins are
involved in DNA damage response, transcriptional regulation, and
RNA metabolism both in animals and plants (Aceituno-Valenzuela
et al., 2020; Sun et al., 2022).

Attention has to be paid to the zinc finger CCHC-type protein
in the model legume species Medicago truncatula Gaertn (Radkova
et al, 2019, Radkova et al, 2021). This MtZF-CCHC protein
(ABE91952) was unique and related to flower morphology and
seed size in transgenic M. truncatula and A. thaliana lines.
Overexpression of the MtZF-CCHC transgene caused taller plants
with larger seed size, whereas the exact opposite effect was
demonstrated in knockdown expression in RNAIi lines, with
strongly reduced seed size accompanied by shorter stem length
and internodes (Radkova et al., 2019, Radkova et al., 2021).

ZF-CCHC genes have been reported to play important roles in
plant responses to various abiotic stresses. For example, in rice, the
nuclear-localized protein encoded by the OsZFP6 gene was
upregulated in response to abiotic factors like salinity, alkalinity,
and H,0, oxidative stress. These results were confirmed with
transgenic yeast and Arabidopsis plants with OsZFP6
overexpression, where tolerance to these abiotic stresses was
significantly increased (Guan et al, 2014). The OsZFP6 gene
(LOC_0s502g34760 = LOC4329640) belongs to the
retrotransposon GAG polyprotein (Sun et al., 2022). Additionally,
two genes, OsCSPI and OsCSP2, were upregulated in roots and
downregulated in shoots of rice seedlings exposed to dehydration
(Chaikam and Karlson, 2008). Ecotypes of the reed, Phragmites
communis Trin, a hydrophytic species can adapt well to harsh
drought conditions, and proteomics analysis indicated that at least
two groups of ZF-CCHC proteins are present during plant
adaptation (Li et al., 2021). They include a serine-/arginine-rich
protein, similar to wheat described above (Sun et al., 2022), and
chloroplastic protein DEAD-box ATP-dependent RNA helicase
with homology to rice, Os03t0827700 (Sun et al., 2022),
Arabidopsis, and maize (Zea mays L.) (Aceituno et al., 2020).

In plant research, assessment of genetic diversity is mostly based
on single-nucleotide polymorphism (SNP) analysis, with an
enormous number of publications completed to date (Reviewed
in: Huq et al,, 2016; Morgil et al., 2020), and more specifically in
chickpea (Basu et al,, 2018). There are many methods available for
plant genotyping based on SNP analysis (Schramm et al., 2019),
including next-generation sequencing (Shavrukov et al, 2014).
These include more traditional and manual techniques that are
slow and have low throughput to more expensive methods like
cleaved amplified polymorphic sequences (CAPS), which requires
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the following three steps: PCR-based amplification of a specific
genetic fragment, digestion with a restriction enzyme where the
recognition site specifically targets the SNP, and separation of
digested fragments on gels (Reviewed in: Shavrukov, 2016). In
general, it is much faster to work with medium throughput
methods, for example, based on fluorescence (Forster) resonance
energy transfer (FRET). Recently, allele-specific qPCR (ASQ)
methods for plant genotyping have been developed that are also
suitable for chickpea (Kalendar et al., 2022; Amangeldiyeva et al.,
2023).
simultaneous reactions on a microchip represents the next

Microarray technology employing thousands of

generation of plant genotyping (Varshney et al., 2012), and
diversity array technology (DArT) is also very powerful and
popular for the identification of SNP and haplotypes (a group of
closely located SNPs) in genetic regions of entire genomes (James
et al., 2008; Deres and Feyissa, 2022), including chickpea
(Roorkiwal et al., 2014; Thudi et al., 2014).

However, for functional analysis, it is important to show how
gene expression is changed in response to stress treatment or during
plant development. RT-qPCR or RNA-seq technology thus
becomes a reasonable requirement for gene studies in plants
(Upton et al., 2023), including chickpea (Nguyen et al., 2015;
Borhani et al., 2020). Based on genotyping and gene expression
analysis, the final step for “proof of a hypothesis” is to show how
selected genotypes are more tolerant to stresses and how seed yield
and quality are improved. This is a classical combination of marker-
assisted selection (MAS) with proven functional analysis of the
candidate genes (Boopathi, 2020), and such a strategy is applicable
for crop improvement in general (Ben-Ari and Lavi, 2012) and for
chickpea specifically (Basu et al., 2018; Chahande et al.,, 2021).

The current study represents the first step in determining the
diversity and genetic polymorphism in CaZF-CCHC and their
functional analysis for practical improvement of chickpea breeding.
The following strategies were used: (1) molecular—phylogenetic
analysis of CaZF-CCHC proteins in chickpea and other legume
species, (2) SNP analysis in two CaZF-CCHC genes (Ca04468 and
Ca07571) selected as potential candidates for improved plant
response to drought, (3) SNP genotyping using ASQ and CAPS
markers in parents and hybrid breeding lines of chickpea, (4) 6K
DArT microarray analysis for haplotypes of genetic regions in the
selected hybrid breeding lines, (5) RT-qPCR expression analysis of
Ca04468 and Ca07571 genes in parents and hybrid breeding lines
under drought and dehydration, and (6) evaluation of yield-related
traits in chickpea genotypes in field trials in Kazakhstan under mild
and strong drought conditions.

Materials and methods

Identification of zinc finger genes with
CCHC domains, Ca04468 and Ca07571,
and encoded proteins

A candidate gene from the family CaZF-CCHC in chickpea

with a potential role in tolerance to abiotic stresses was identified
in the NCBI database for SNP in C. arietinum L. (https://
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www.ncbinlm.nih.gov/snp). The gene family with full-length
nucleotide sequences and corresponding polypeptide sequence
was retrieved from the same database and used for both BLASTN
and BLASTP in databases NCBI and GenomeNet, Kyoto
University, Japan (https://www.genome.jp/tools/blast). After the
identified CaZF-CCHC gene family was studied, based on
differences in SNP databases, two genes, Ca04468 and Ca07571,
with a specific combination of Zn-finger domains, were selected for
further analysis as the most suitable candidates for plant response to
drought and dehydration. All sequences of genes and encoded
proteins in chickpea and other legume species were identified and
downloaded from GenomeNet and NCBI databases. Chromosome
locations, positions on the physical map, and gene identification for
chickpea was found in the Legume Information System database
(LIS) using BLAST, cv. Frontier v1.0 assembly (https://
www.legumeinfo.org/taxa/cicer).

The molecular-phylogenetic dendrogram was constructed
using CLUSTALW Multiple Sequence Alignment at GenomeNet
Database Resources (https://www.genome.jp/tools/blast) with the
ETE3 FastTree program. The result file was converted into a “nex”
file for further use in SplitsTree4 version 4.14.4 from algorithms in
the bioinformatics website at the University of Tiibingen, Germany
(https://uni-tuebingen.de).

Plant material and hybridization

Initially, six chickpea germplasm accessions were studied,
including three Kabuli-type cultivars, Kamila, Krasnokutsky-123, and
Looch, and three Desi-type accessions, ICC-1083, ICC-10945, and
ICC-12654. Additionally, accession ICC-4958 was used as a reference
genotype. Seeds of the Kabuli-type cultivars were obtained from the
collection of S.Seifullin Kazakh AgroTechnical Research University,
Astana, Kazakhstan, and included locally adapted genotypes
originating from both Russia and Kazakhstan. The remaining
chickpea accessions were obtained from the ICRISAT Reference set
collection, India, and distributed for research purposes in Australia.

Selected chickpea accessions were crossed using manual
emasculation and controlled pollination. The true hybrid F; plants
were confirmed by flower color, with maternal and paternal parents
bearing white and colored flowers, as well as PCR analysis of the
marker KATU-C22 developed earlier (Khassanova et al., 2019). Each
F, plant was used as the progenitor of breeding line families, and Fq
breeding lines were used in the analysis. For the purpose of this study,
two hybrid populations were studied as follows: (1) @ Krasnokutsky-
123 x @ ICC-12654 and (2) @ ICC-10945 and & Looch. Cultivars
Krasnokutsky-123 (with dark seeds) and Looch (with light seeds),
Kabuli-type, originated from Russia and Kazakhstan, respectively.
Chickpea ICRISAT accessions, ICC-12654 and ICC-10945, both with
dark seeds, Desi-type, originated from Ethiopia and India,
respectively. In hybrid populations 1 and 2, originally 12 Fq4
breeding lines were developed in each population with subsequent
selection of six and seven, respectively, for DArT analysis, and three
and four for qPCR and field trial testing, respectively.
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Drought and dehydration experiments

Seeds were sown in 6-L plastic pots filled with BioGro,
Australia, potting media with the addition of “NoduleN” chickpea
legume inoculant, New Edge Microbial, Australia. For each
genotype, four plants per pot and two pots per treatment were
grown in a greenhouse with 26°C/18°C day/night, with natural light
and, on cloudy days, supplemented with LED with a photon flux

257!, The relative humidity was controlled at

density of 800 pmol m™
40%, and pots were watered with tap water twice per week.
Placement of plants in the greenhouse was fully randomized.

For slowly developed drought, plants were grown for 1 month
in well-watered conditions. Four time-points were designated for
sampling starting from “day 0,” before the start of drought
treatment, and 5, 7, and 9 days after watering was withdrawn.
Leaf wilting symptoms in stress-treated plants were observed
gradually. Watering was continued unchanged for control plants.
Leaf samples were collected from three randomly selected plants
(three biological replicates) for each time-point, genotype, and
treatment, then frozen in liquid nitrogen and stored at —80°C for
further analyses.

For rapid dehydration of detached leaves, a separate set of 1-
month-old well-watered plants was used. For each genotype, leaf
samples were split into four batches, designated as 0, 2, 4, and 6 h,
with three biological replicates in each batch. The first group of
samples (0 h) was frozen immediately in liquid nitrogen, whereas
other leaf samples were exposed to dehydration on paper towel on
the lab bench at room temperature (22°C). Consequently, after 2, 4,
and 6 h of exposure to dehydration, leaf samples were frozen in
liquid nitrogen and stored for further analyses.

DNA extraction, sequencing, and
SNP identification

DNA was extracted as described earlier (Weining and
Langridge, 1991; Khassanova et al., 2019) with the following
adjustments. Leaf samples were collected in 10-ml tubes from
individual plants and frozen in liquid nitrogen. They were ground
with two 8-mm stainless ball bearings using a Vortex mixer. One
microliter of DNA was checked on a 1% agarose gel to assess
quality, and concentration was measured by Nano-Drop (Thermo
Fisher Scientific, USA).

To identify SNPs in the identified gene fragments, they were
compared with reference genotypes of cv. Frontier and accession
ICC-4958, then primers were designed in coding regions and
promoters (Supplementary Material S1) covering approximately 1
kb of amplification fragments. PCR was performed in 60-pl-volume
reactions containing 6 pl of template DNA adjusted to 50 ng/ml and
with the following components in their final concentrations as
listed: 1x PCR buffer, 2 mM of MgCl,, 0.2 mM each of dNTPs, 0.25
mM of each primer, and 4.0 U of GoTaq Flexi DNA polymerase
(Promega, USA) in each reaction. PCR was conducted on a Thermal
iCycler (Bio-Rad, USA) using a program with the following steps:
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initial denaturation, 94°C, 2 min; 35 cycles of 94°C for 15 s, 55°C for
15's, 72°C for 1 min, and a final extension of 72°C for 3 min. Single
bands of the expected size were confirmed after visualization of 5 ul
of the PCR product in 1% agarose gel. The remaining PCR reaction
volume (55 pl) was purified using a FavorPrep PCR Purification kit
(Favorgene Biotec Corp., Taiwan) following the manufacturer’s
protocol. The concentrations of purified PCR products were
measured using NanoDrop (Thermo Fisher Scientific, USA) and
later used as a template for Sanger sequencing at the Australian
Genome Research Facility (AGRF), Adelaide, Australia. SNPs were
visualized using the Chromas computer software program version
2.0 with manual comparison and SNP identification.

SNP genotyping using ASQ and
CAPS methods

The ASQ method was used for plant genotyping following the
protocol described recently (Amangeldiyeva et al., 2023). In brief,
option A with a short 4-bp tag was used, and two allele-specific
forward primers and one reverse primer were developed targeting
two SNPs, Ca04468-SNP1 and Ca07571-SNP4. The sequence of the
primers and three universal probes with attached FAM, HEX, and
quencher Dabcyl are presented in Supplementary Material S1.
Primers and universal probes were ordered from Sigma-Merck
(Australia). Master-mix preparation was the same as described by
Amangeldiyeva et al. (2023). Each reaction had a 10-pl cocktail in
total and was loaded in a 96-well BioRad microplate sealed with
clear tape prior to amplification in a CFX96 Real-Time PCR
Detection System (Bio-Rad, USA) with automatically recorded
fluorescence using the described protocol (Amangeldiyeva et al,
2023). Amplification of FAM and HEX was checked and controlled,
whereas genotyping results were determined in a post-run step
automatically using the software CFX Manager accompanying the
qPCR instrument.

The CAPS method was used for verification of Ca07571-SNP4.
Primers were re-designed to make the amplicon shorter to avoid
multiple cutting. Sequences of the primers are present in
Supplementary Material SI. The PCR reaction mix was as
described above for sequencing but reduced 2x proportionally for
all components with a total PCR volume of 30 pl. The PCR
amplification protocol was also adjusted for shorter steps but
maintained the same temperatures as follows: initial denaturation,
94°C, 2 min; 35 cycles of 94°C for 10 s, 55°C for 10 s, 72°C for 25 s,
and final extension, 72°C for 1 min. After amplification, the entire
30-pl reaction was subjected to digestion with 4 ul (20 U of enzyme
activity) of Mnll (NEBiolab, England), 4 pl of supplied 10x
CutSmart buffer, and 2 pl of sterile water making 40 ul of total
digestion mix volume. After 2 h of digestion in an incubator at 37°C,
digested PCR products were separated by running in 12%
polyacrylamide gel, visualized with ethidium bromide using a
GelDoc imaging system (BioRad, USA). In both ASQ and CASP
methods, the sources of potential error could be related to the
accuracy of instruments, “human error,” and reproducibility of the
received results. All experiments were carried out with three
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biological replicates (plants) and two technical replicates
(repeated runs) for each studied sample, so that all potential
errors are eliminated in the preliminary steps.

DArT microarray analysis

DNA extracted from leaves of individual plants as described
above was adjusted to 100 ng/pl and aliquoted into 50-pl volumes
and submitted to Diversity Array Technology Co., Canberra,
Australia (https://www.diversityarrays.com) for genotyping using
chickpea DArTseq (1.0) with 6K DArT clones. Results were
presented in two major files with the Silico-DArT and SNP map
used for further analysis.

RNA extraction and RT-gPCR analysis of
gene expression

Leaf samples were collected from individual plants, frozen, and
ground as described for DNA extractions. TRIzol-like reagent was
used for RNA extraction following the protocol developed earlier
(Shavrukov et al, 2013), then ¢cDNA synthesis and RT-qPCR
analysis as described previously (Sweetman et al., 2020). Briefly,
after 1 pl of DNase treatment (NEBiolab, England) and reverse
transcription with 2 pug of RNA using the Protoscript Reverse
Transcriptase kit (NEBiolab, England), cDNA samples were
diluted with sterile water (1:10), resulting in a DNA quantity of
around 10 ng of cDNA, and used for RT-qPCR analysis. KAPA
SYBR Fast Universal Mix (KAPA Biosystems, USA), was used in
10-pl total volume containing 0.5 uM primers and 3 pl of cDNA,
and run in a CFX96 Real-Time qPCR system (BioRad, USA).
Thermal cycling conditions involved an initial melt at 95°C for
3 min, followed by 40 cycles of 95°C, 5 s, and 60°C, 20 s, with post-
PCR melt curve from 60°C to 95°C increasing by 0.5°C increments
every 5 s. Expression levels of target genes were normalized relative
to the geometric average of two reference gene transcript levels
(Bustin et al., 2009): CaELFIc, elongation factor 1-alpha
(AJ004960) and CaHsp90, and heat shock protein 90 (GR406804)
(Garg et al,, 2010). Sequences of all gene-specific and reference
primers are present in Supplementary Material S1. At least three
biological replicates (individual plants) and two technical repeats
were used for each genotype and treatment.

Field experiments and seed-related
traits analysis

For field experiments, the same three Fq breeding lines and
parents were used from hybrid population 1 (@ Krasnokutsky-123 x
3 ICC-12654) and four Fq breeding lines and parents from hybrid
population 2 (@ ICC-10945 x & Looch). Field experiments were
carried out in 2021 and 2022 in the Akmola region (Kazakhstan) in
a research field of S.Seifullin Kazakh AgroTechnical Research
University. Volumetric water content (VWC) in the soil was
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measured using a portable Moisture meter (Model CS616,
Campbell Scientific, Australia). At the stage of fully developed
plants (45 days since seed sowing), VWC value was decreased
from 80% field capacity (sowing time) to 48% (mild drought) in
2021 and to 35% (strong drought) in 2022, respectively. These mild
and strong drought conditions corresponded to 10% and 30% less
precipitation during the crop growth period recorded in 2021 and
2022 compared to the average for many previous years.

Chickpea seeds of the selected genotypes were included in the
field test and sown at the regular scheduled time, in 10-13 May.
Plots were 1 m* with a density of 10 plants per m*. Each genotype
had three replicated plots in a randomized block design. Seeds sown
manually were watered once immediately after sowing with no
further watering. Seed-related traits were measured individually in
each plant after harvesting, as used in other chickpea studies (Purdy
et al., 2023; Tiwari et al,, 2023). For the purpose of this study, only
two traits were considered as follows: seed weight per plant (SWP)
and hundred seed weight (HSW), which was measured and
calculated directly for the seeds of each plant.

Statistical treatment

Excel 365 (Microsoft) and SPSS 25.0.0.0 (IBM) packages were
used to calculate and analyze means, standard errors, and
significance levels using unpaired t-test, ANOVA, and post-hoc
Tukey test. Three biological and two technical replicates were used
for RT-qPCR experiments, whereas two repeats were used for seed
yield traits and field trials.

10.3389/fpls.2024.1354413

Results

Molecular phylogenetic analysis of
ZF-CCHC proteins in chickpea and
other legumes

Based on bioinformatic analysis for chickpea, 21 zinc finger
proteins with a CCHC domain were identified (Supplementary
Material S2). The molecular-phylogenetic tree was constructed for
chickpea and several legume species, generating six clades, A-E
(Figure 1). Clade A represents a diverse group among legumes but
almost all proteins contained six CCHC domains and are annotated
as ZF-CCHC protein 7. In chickpea, two genes were identified as
belonging to Clade A. The first protein, Cal0268, contains seven
CCHC domains while the more typical second protein, Ca07571,
had six CCHC domains.

Stronger similarity of ZF-CCHC proteins among legumes was
found in Clade B, with all of them containing five CCHC domains.
However, the annotations of these proteins (e.g. NCBI, https://
www.ncbinlm.nih.gov) were quite variable. In chickpea, only a
single gene, Ca4468, was found in Clade B encoding ZF-CCHC
domain protein 9. In contrast, Clade C contained five loosely related
chickpea proteins, together with two proteins from M. truncatula.
Two genes in Clade C, Cal1100 and Ca25010, encoded zinc knuckle
proteins with a single CCHC domain, but other genes with three
CCHC domains had different annotations and variable functions.
Clade D appears isolated, where all proteins in legumes clustered
very tightly, including a single chickpea gene Ca04752 encoding a
ZF-protein with nine CCHC domains. All genes in Clade D were
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FIGURE 1

Molecular-phylogenetic tree of zinc finger proteins containing CCHC domains in chickpea and other legume plant species. The chickpea proteins
are coded as Ca, Cicer arietinum with the following species in alphabetical order: A.duranensis, Arachis duranensis (wild ancestor peanut, A

genome); A.ipaensis, Arachis ipaensis (wild ancestor peanut, B genome);

Ca.cajan, Cajanus cajan (pigeon pea); G.max, Glycine max (soybean); G.soja,

Glycine soja (wild soybean); Lo.japonicus, Lotus japonicus (wild model legume); Lu.angustifolius, Lupinus angustifolius (narrowleaf, blue lupine);
M.truncatula, Medicago truncatula (barrelclover); P.vulgaris, Phaseolus vulgaris (common bean); V.angularis, Vigna angularis (adzuki bean); V.radiata,
Vigna radiata (mung bean). The proteins were retrieved from the NCBI database (https://www.ncbi.nlm.nih.gov), and chickpea proteins were
converted into those annotated in LIS, the Legume Information System database (https://www.legumeinfo.org). The full sequence of the chickpea

and other legume proteins are presented in Supplementary Material S2.
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annotated as GIS2, Glucose inhibition of gluconeogenic growth
suppressor 2, and are involved in interaction with DNA.

Clade E contained the largest number of proteins, including
several from chickpea, and these were annotated as CSDP, cold
shock domain proteins, and GRP, Glycine-rich RNA-binding
proteins RZ1. The proteins in this Clade contained a diverse
number of CCHC domains with as many as 11 domains in
Cal7110 to the more typical five domains in Ca09965, and the
rest contained only one or two CCHC domains. The last Clade F
contained only two chickpea proteins, Ca24838 and Ca26496, and
was identified as a typical Zinc knuckle family protein with two
CCHC domains but unrelated to CSP or GRP.

For this study, two chickpea genes, Ca07571 and Ca04468, from
Clades A and B, respectively, different in a combination of zinc finger
domains, were selected for further analysis and functional
characterization representing genes potentially responsive to
drought and dehydration (Figure 1; Supplementary Material S2).
The first gene, Ca07571 (accession: XM_012716319), encoded “Zinc
finger CCHC domain-containing protein 7” with six CCHC motifs,
528 aa (accession: XP_004502023), UniProt: AOA1S2YAP2. The gene
Ca07571 was located in the annotated reference genome of chickpea
cv. Frontier, Ca5: 40,504,781-40,507,811, and has similarity with two
genes in A. thaliana, At3g43590 and At5g36240, annotated as “Zinc
knuckle (CCHC-type) family protein”.

The second selected gene, Ca04468 (accession: XM_004496505),
encoded “Zinc finger CCHC domain-containing protein 9” with five
CCHC motifs, 262 aa (accession: XP_004496562), UniProt:
AO0A1S2XZY1. The gene was located in the reference genome of
chickpea cv. Frontier, Ca4: 12,446,515-12,449,051, and has a
similarity with the A. thaliana gene, At5g52380, annotated as
“Vascular-related NAC-domain protein 6”.

Sequencing and SNP identification in the
promoter regions of two genes, Ca04468
and Ca07571, encoding ZF-CCHC proteins
in chickpea

Sanger sequencing results for open reading frames (ORF) of both
genes, Ca04468 and Ca07571, in six chickpea germplasm accessions
as follows: Kamila, Krasnokytsky-123, and Looch (Kabuli type) and
ICC-1083, ICC-10945, and ICC-12654 (Desi type) revealed strong
conservation, and no SNPs were identified (data not shown). In

10.3389/fpls.2024.1354413

contrast, promoter regions of both genes contained four SNPs each
(Figure 2; Supplementary Material S3). The distribution of the
identified SNP was different in each gene among chickpea
accessions in comparison to two reference chickpea genomes cv.
Frontier (Kabuli type) and accession ICC-4958 (Desi type).

For gene Ca04468, in chromosome Ca4, all four SNP were
present in the reference genomes of cv. Frontier and accession ICC-
4958 (Figure 2A). SNP1 [C/T] was widely distributed among the
accessions, while SNP2 [T/C], SNP3 and SNP4 [both A/T] also
represented haplotypes for Frontier and ICC-4958, respectively.

For gene Ca07571, in chromosome Ca5 (Figure 2B), the first three
SNPs, at the greatest distance from the Start codon, represented rare
alleles and occurred in a single accession only, i.e., SNP1 [A/T] and
SNP3 [A/T] in cv. Looch, while a “doubled” SNP2 (two very closely
located SNP with just five bp between them), both [T/C], was found
only in cv. Kamila. These SNPs were not found in either reference
chickpea genome. In contrast, SNP4 [G/A], the most proximally
located to the ORF (-261 bp) was equally distributed among six
accessions: three Kabuli-type cultivars (Kamila, Krasnokutsky-123,
and Looch) had SNP4 [G] similar to reference cv. Frontier, while
SNP4 [A], as in reference genome of ICC-4958, was also identified in
three Desi-type accessions (ICC-1083, ICC-10945, and ICC-12654).
Additionally, SNP5 [T/C] was common between the reference
genomes of cv. Frontier and accession ICC-4958, but all six studied
chickpea germplasms were monomorphic for SNP5 [C] (Figure 2B).

Finally, one SNP was selected for each gene and confirmed in
the parents of two hybrid populations as follows: Ca04468-SNP1
[C/T] was suitable for parents, @ Krasnokutsky-123 and 3 ICC-
12654, labeled as hybrid population 1, while Ca07571-SNP4 [A/G]
was selected for the other parents, @ ICC-10945 and & Looch,
hybrid population 2 (Figure 3).

SNP genotyping of chickpea plants using
the ASQ method for two targeted genes,
Ca04468 and Ca07571

Genotyping of chickpea plants was carried out based on SNP in
each targeted gene, Ca04468-SNP1 and Ca07571-SNP4, as described
above. Parents and breeding lines developed from the progenies were
examined. For Ca04468-SNP1, hybrid population 1 [@ Krasnokutsky-
123 and 3 ICC-12654] was used, while hybrid population 2 [@ ICC-
10945 x @ Looch] was selected for Ca07571-SNP4 genotyping.

i ¥ ¥
¥
SNP1=-1,213 SNP2=-812 SNP3=-320 SNP4=-302 Start-codon =0
B
LA Y ¥
SNP1=-1,074 SNP3=-939 SNP5 =-470 SNP4 =-261 Start-codon =0

SNP2 =-955/-960

FIGURE 2

SNP identified in the promoter regions of two ZF-CCHC genes, Ca04468 (A) and Ca07571 (B), in chromosomes Ca4 and Cab, respectively. The
position of each SNP is indicated by the number of nucleotides before the Start-codon. Full description of the identified SNP, corresponding
sequences from two reference genomes, cv. Frontier and accession ICC-4958, and their comparisons are present in Supplementary Material S3.
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FIGURE 3

Fragments of Sanger sequencing with two SNPs selected for further study. (A) SNP1 [C/T] in gene Ca04468 in the parents of hybrid population 1, @
Krasnokutsky-123 and @ ICC-12654, and (B) SNP4 [A/G] in gene Ca07571 in the parents of hybrid population 2, @ ICC-10945 and @ Looch. The SNP

is designated by arrows in the corresponding color.

The parents of both hybrid populations were used as reference
genotypes for comparison with their breeding lines (Figure 3).

Genotyping was based on the ASQ method and examples of
clear amplification of FAM or HEX fluorescence in parents
Krasnokutsky-123 or ICC-12654 for Ca04468 gene are shown
(Figures 4A, B). Examples of allele discrimination are shown in
Figures 4C, D for genes Ca04468 and Ca07571, respectively. Results
of SNP genotyping for Ca04468 and Ca07571 genes are present in
Supplementary Material S4.

Validation of SNP genotyping for the
Ca07571 gene using a CAPS marker

The results from SNP genotyping via the ASQ method were
confirmed using CAPS, but only for SNP4 in the Ca07571 gene,
because there was no suitable restriction enzyme site targeting the
SNP1 fragment in the Ca04468 gene.

For CAPS marker Ca07571-SNP4, a Mnll restriction site was
suitable, with the recognition sequence “CCTC” and “GGAG” (in
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FIGURE 4

Example of genotyping for Ca04468 gene in parents, Krasnokutsky-123 and ICC-12654, with FAM (A) and HEX (B), respectively, using the ASQ
method. Examples of allele discrimination for genes Ca04468 (C) and Ca07571 (D), respectively, in two hybrid populations, 1 and 2, respectively.
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the complemented strain). Due to the presence of several
recognition sites in the region surrounding the SNP, a shorter
amplification fragment was designed producing a 77-bp digested
fragment easily visible for allele [G] in Kabuli-type chickpea
(Kamila, Krasnokutsky-123, and Looch). In contrast, there was no
such fragment in genotypes with allele [A] in Desi-type chickpea
(ICC-1083, ICC-10945, and ICC-12654).

Results of CAPS marker analysis of ICC-10945 and Looch,
parents of hybrid population 2, and eight of their breeding lines are
shown in Figure 5 after separation either in agarose or in
polyacrylamide gels. The paternal genotype Looch and three
breeding lines confirmed the [G] allele in Ca07571-SNP4.

Analysis of 6K Diversity Array Technology
(DArT) markers for haplotype study in
Ca04468 and Ca07571 genes

DATrT-seq analysis was applied to study genetic polymorphism
and variability among a set of chickpea accessions and several
hybrid populations, including hybrid populations 1 and 2, described
above. After an initial filtration of the 6,000 DArT markers, 3,600 of
them were polymorphic, and following that, 1,600 DArT markers
had known mapping locations in the chickpea genome. For this
study, DArT markers identified in the physical map of
chromosomes Ca4 and Ca5 cv. Frontier were used for further
analysis (Figure 6). Sequences and genetic positions of the used
DArT markers and raw-data for DArT microarray analysis are
present in Supplementary Materials S5, S6, respectively.

Among 298 DArT markers in chromosome Ca4 with
approximately 59M bp in length, five major genetic blocks were
found indicating differences in the haplotypes between parents of
hybrid population 1, Krasnokutsky-123, and ICC-12654. These
DArT haplotype blocks varied in size from 0.22M bp (Block 2) to
5.9M bp (Block 3), and blocks 1-3 and 4-5 were located in opposite
arms of chromosome Ca4 (Figure 6A).
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FIGURE 5

Validation of SNP genotyping for Ca07571 gene using CAPS marker
Ca07571-SNP4-Mnll separated in 12% polyacrylamide gel, in parents
(lanes 1 and 2) and selected breeding lines (lanes 3-10) from hybrid
population 1 [@ ICC-10945 X & Looch]. Fragments of 77 bp after
digestion with Mnll are indicated by arrows
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For chromosome Ca5, which is approximately 69M bp in
length, only 176 DArT markers were suitable for the analysis.
Haplotypes of ICC-10945 and Looch, parents of hybrid
population 2, were also characterized by five major genetic blocks.
Blocks 5 and 2 were the shortest and longest DArT haplotype blocks
and accounted for about 1M and 5.3M bp, respectively. The five
haplotype blocks were distributed relatively similarly along
chromosome Ca5 and without a tendency for concentration on
the chromosome arms (Figure 6B). The density of DArT markers in
chromosome Ca5 was fewer by 1.7-fold, compared to chromosome
Ca4, and resulted in less identified SNPs in each haplotype block in
chromosome Ca5 compared to chromosome Ca4, respectively.

A more detailed zoom of the genetic regions is shown in Figure 6C.
For gene Ca04468 in chromosome Ca4, the region between DArT
markers 13146196 and 10263426 covered approximately a 1.8M-bp
fragment of the chromosome. DArT markers 50759538 and 5824740
were identified as flanking the target gene Ca04468. Based on the
flanking genetic region, four out of six hybrid breeding lines had a
DATrT haplotype identical to the maternal parent cv. Krasnokutsky-
123. The haplotypes of two breeding lines H18-1 and H18-5 were
identical to the paternal parent ICC-12654. All recombination events in
the entire genetic region took place in four breeding lines, but all in the
proximal part, i.e., between DArT markers 5825634 and 10263417 in
lines H18-1 and H18-4, and between DArT markers 5824874 and
5826066 in lines H18-5 and H18-6 (Figure 6C).

Similarly, for gene Ca07571 in chromosome Ca5, the region
between DArT markers 10269623 and 35486562 covered a
chromosome fragment of approximately 1.9M bp. The flanking
DArT markers 23889105 and 23886128 surrounded the target gene
Ca07571. Three hybrid breeding lines (H35-1, H35-5, and H35-7)
had a DArT haplotype identical to the maternal parent ICC-10945.
The haplotype of the paternal parent cv. Looch was found in the
remaining four hybrid breeding lines. Four breeding lines, H35-2,
H35-4, H35-6, and H35-7, have undergone various recombination
events in the entire genetic region, both in proximal and distal parts
from the target gene Ca07571 (Figure 6C).

For further studies on gene expression, the following genotypes
were selected: (1) the first three breeding lines (H18-1, H18-2, and
H18-3) from hybrid population 1 together with their parents,
Krasnokutsky-123 and ICC-12654; and (2) the first four breeding
lines (H35-1, H35-2, H35-3, and H35-4) from hybrid population 2
and their parents, ICC-10945, and Looch.

RT-qPCR expression analysis of Ca04468
and Ca07571 genes in response to drought
and dehydration in chickpea parents and
breeding lines

Under drought stress, chickpea plants from the parental
accessions and breeding lines from hybrid populations 1 and 2
showed both some similarities and differences. The expression of the
Ca04468 gene was diverse among genotypes in each hybrid
population (Figure 7A). For example, in parent Krasnokutsky-123,
the expression level of Ca04468 was significantly higher at all time-
points of drought treatment compared to Controls. A similar pattern
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FIGURE 6

Distributions of DArT haplotype blocks in chromosomes Ca4 (A) and Ca5 (B) in parents and selected breeding lines from hybrid population 1
(Krasnokutsky-123 and ICC-12654) and hybrid population 2 (ICC-10945 and Looch), respectively. Five identified haplotype blocks with numbers
above are designated by green and brown lines according to the position on the physical map of chickpea cv. Frontier, 50M bp in each
chromosome. Green and brown dots correspond to SNPs found in parents and their breeding lines. Red arrows indicate positions of the target
genes Ca04468 in chromosome Ca4 (A) and Ca07571 in chromosome Ca5 (B). Representative “zoom” of these genetic regions with both target
genes (C) shows the distribution of eight surrounding DArT markers in parents and hybrid breeding lines. Maternal and paternal alleles are designated
by red and blue boxes, respectively. Sequences and genetic positions of the used DArT markers are present in Supplementary Material S5.

was observed in breeding line H18-3, and it was very high in line
H18-2 especially after 7 days of drought stress. In contrast, no
changes in Ca04468 expression under drought was found in parent
ICC-12654 and breeding line H18-1. A different situation was found
in hybrid population 2, where both parents, ICC-10945 and Looch, as
well as two breeding lines, H35-2 and H35-3, showed increased
mRNA level and corresponding gene expression. Unexpectedly, no
changes in Ca04468 expression were found in line H35-1, while only

A
Ca04468 - drought
> 12 ++ H5days m7 days m9days
£ 10
=
s 8 :
3
8 6 : .
s Py
: . iF | i
2 * . ax
£ .
g 2
e - -
0
N N o9 5 ) N .9, .5 >
RS R SRR G R
SEOIIE S & FILEILE L
& &0 ©

FIGURE 7

delayed increase in expression was recorded in line H35-4 after 9 days
of drought treatment. The reference genotype ICC-4958 with a high
level of mRNA production was closer to genotypes of Looch and
ICC-10945 rather than to ICC-12654 (Figure 7A).

The situation was dramatically different when the genes were
studied in plants after dehydration treatment (Figure 7B). For the
Ca07571 gene, the parents and breeding lines of hybrid population 1
showed constantly low expression and downregulation in some

Ca07571 - dehydration

®m2hrs m4 hrs m6 hrs is

Relative expression (units)

RT-qPCR expression analysis of Ca04468 under drought stress (A) and Ca07571 after dehydration treatment (B) in chickpea plants of parents and
selected breeding lines from two hybrid populations. On the left-hand side of each panel, parents Krasnokutsky-123 and ICC-12654 and three
breeding lines H18 represent hybrid population 1, while parents ICC-10945 and Looch and four breeding lines H35, on the right-hand side of the
panels, belong to hybrid population 2. Plants of ICC-4958 were included as a reference genotype with a fully sequenced genome and are indicated
in pink. For drought, leaf samples were collected from soil-grown plants when water was withdrawn, whereas detached leaves were exposed to
dehydration on paper-towel at room temperature. Four consecutive time-points were used for sampling, and “point 0" was arranged as controls in
both treatments. For all genotypes and experiments, the expressions of controls were set as unit level 1, indicated by dashed lines. Expression data
were normalized using two reference genes, CaELF1o (elongation factor 1-alfa) and CaHSP90 (heat shock protein 90), and are present as the
average + SE of three biological replicates (individual plants) and two technical repeats for each genotype and treatment. Significant differences (*p <
0.05 and **p< 0.01) from level 1 were calculated using two-way ANOVA with post-hoc Tukey test.
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cases. However, the Ca07571 mRNA level was quite different in the
parents and breeding lines from hybrid population 2. The parent
ICC-10945 had no change in Ca07571 expression, while parent
Looch and three breeding lines, in contrast, had a high increase in
gene expression. The exception is in breeding line H35-1, which
showed an increased expression level after 4 h of dehydration, but it
was still much smaller than the other three breeding lines in hybrid
population 2. The reference genotype ICC-4958 showed no changes
in Ca07571 expression under dehydration, similar to the majority of
the studied genotypes, but differing from Looch (Figure 7B).

Seed-related traits in parents and selected
breeding lines based on Ca04468 and
Ca07571 genes

The parents and selected breeding lines from hybrid
populations 1 and 2 were evaluated for seed-related traits (seed
weight per plant, SWP; and 100-seed weight, HSW) in field
experiments in Northern Kazakhstan for 2 years under mild and
strong drought conditions (Figure 8).

SWP did not vary significantly among genotypes during mild
drought stress in 2021 regardless of their alleles of both Ca04468 and
Ca07571 (Figure 8A). In contrast, clear discrimination for SWP was
found between genotypes in conditions of strong drought in the field
study in 2022. Parent ICC-12654 and breeding line H18-1 showed a
significantly lower SWP, and they also shared the same allele
Ca04468-SNP1, which can be described as “unfavorable” for this
trait. Other breeding lines H18-2 and H18-3 with Ca04468-SNP1
allele identical to the maternal parent Krasnokutsky-123 showed
significantly higher SWP. Similarly, in hybrid population 2, a
significantly lower SWP was recorded in maternal parent ICC-
10945 and one breeding line H35-1. They have the same allele
Ca07571-SNP4, which is also unfavorable for this trait. Another
allele is present in the paternal parent Looch and the remaining three
breeding lines H35 with a significantly higher SWP (Figure 8A).

02021 m2022

FIGURE 8
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Different results were found for HSW, where alleles of Ca04468
and Ca07571 were not associated with this trait (Figure 8B). In
hybrid population 1, the seeds of paternal parent ICC-12654 and
breeding line H18-2 showed a significantly smaller HSW, while
other genotypes had a significantly higher HSW. In hybrid
population 2, no significant differences were recorded for HSW
among all genotypes, while the maternal parent ICC-10945
recorded a slightly lower HSW, probably the result of smaller
seeds, but not significantly lower compared to other genotypes.
The results indicate that alleles of Ca04468 and Ca07571 did not
affect the HSW trait in chickpea genotypes under conditions of mild
and strong drought (Figure 8B).

Discussion

Genes encoding zinc finger proteins with CCHC domains are
important in various processes of plant life, but little information is
available about their function in chickpea. The two genes selected
for this study, Ca04468 and Ca07571, belong to different Clades B
and A in a molecular-phylogenetic tree (Figure 1). They encode
zinc finger CCHC domain-containing proteins 7 and 9 with
unknown functions in chickpea plants. Forward and reverse
genetic approaches are often used to address this issue. Instead of
going from phenotype to sequence as in forward genetics, reverse
genetics works in the opposite direction—from known sequence
toward assigned gene function (Alonso and Ecker, 2006). However,
reverse genetics was used in a different way in our study. We
focused on genes described in Arabidopsis and other plants species
that showed a high degree of similarity to the genes in chickpea,
Ca04468 and Ca07571, and these were characterized for the first
time in the current research. These two selected candidate genes
with a specific combination of Zn finger domains were shown to be
expressed in the chickpea genome (Supplementary Material S2).
Therefore, our research leverages selected genes studied earlier in
other plants species for the discovery of novel genes in chickpea;
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Seed-related traits: seed weight per plant (A) and hundred seed weight (B) in parents and selected breeding lines from hybrid populations 1 and 2.
Data were calculated as the average of the plants grown in the field experiments, 1 m? plot (n = 10), with three replicates, in the Akmola region,
Northern Kazakhstan, over 2 years, 2021 (lighter color) and 2022 (darker color) with mild and strong drought, respectively. Parents and breeding lines
that carried unfavorable alleles of Ca04468 and Ca07571 genes are shown in bars with stripes and dots. Error bars represent standard errors.
Significant differences (*p < 0.05) are shown for genotypes compared to another parent and breeding lines in each hybrid population, and were

calculated using two-way ANOVA with post-hoc Tukey test.
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and this method is very different from forward genetics with QTL
and linkage analysis (Aklilu, 2021).

However, a confusing situation exists in cluster 6 with wheat
and rice ZF-CCHC proteins, where the same or similar proteins
have different annotations (Sun et al., 2022). For example, protein
LOC_Os04g46920, of 277 aa in length, was described as a “Zinc
knuckle domain-containing protein” (Rice Genome Annotation
Project: http://rice.uga.edu), while the same protein sequence,
NP_001406677 = LOC129456122 = Os04g0555800, was
annotated as “Arginine methyltransferase-interacting protein”
(NCBIL: https://www.ncbi.nlm.nih.gov). Furthermore, the closest
homolog in A. thaliana, At5g52380, was annotated as “Vascular-
related NAC-domain 6,” 268 aa in length (Yamaguchi et al., 2008).
Such dissimilar protein descriptions reflect the complexity and wide
diversity of ZF-CCHC proteins, including those containing NAC-
domains or interactivity with arginine methyltransferase, perhaps
relating to different motifs and structural elements within
the proteins.

The other chickpea ZF-CCHC genes do not have clear similarity
with wheat and rice homologs. For example, genes from Clade E in
chickpea (cold shock proteins and glycine-rich proteins with CCHC
domains) were similar to several clusters in wheat and rice,
including clusters 7 (CSP) and 1-3 (GRP), respectively (Figure 1).
Proteins in Clade C had altogether weak similarity with ZF-CCHC
proteins in clusters with wheat and rice (Sun et al., 2022).

Based on the ORF sequences of the two selected genes, Ca04468
and Ca07571, their encoded proteins were highly conserved.
Nevertheless, our results demonstrate significant genetic
polymorphism in the promoter regions of several chickpea
accessions (Figures 2, 3). This could indicate that the regulation of
Ca04468 and Ca07571 genes occurs via additional transcription
factors differentially binding the promoters of these genes to
enhance or inhibit their expression. However, there is no evidence
for this yet, but this may be a promising area for future experiments,
where potential transcriptional factors regulating the studied ZF-
CCHC genes may be identified using, for example, RNA-seq
technology. Any SNP in coding or non-coding regions of genes can
be used for molecular marker development and further plant
genotyping, as demonstrated by previous successful applications for
molecular breeding in chickpea (Hiremath et al., 2012; Kujur et al,
2015; Shimray et al., 2017), including marker KATU-C22 developed
by the authors (Khassanova et al., 2019). In the current study, suitable
SNPs, Ca04468-SNP1 and Ca07571-SNP4, were identified in
promoter regions of the genes (Figures 2, 3).

In the current study, the ASQ method was adapted and
successfully used for the first time for the genotyping of chickpea
plants. In the established hybrid populations, two parents (vs.
Krasnokutsky-123 and Looch), known to be well-adapted to the
dry environments of Kazakhstan, were crossed with germplasm
accessions with superior seed quality and protein content. Based on
plant genotyping performed using the ASQ method and verified via
CAPS markers, parents and hybrid breeding lines were assessed for
alleles of Ca04468-SNP1 and Ca07571-SNP4 in two CaZF-CCHC
genes in chickpea. The ASQ method based on fluorescence
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measurement showed strong amplification of either FAM or HEX
signals (Figure 4). The allele discrimination and genotyping results
are clear using this ASQ method with medium throughput working
effectively in 96- or 384-well microplates and qPCR instruments.
Successful results for the ASQ method were recorded earlier in the
genotyping of barley (Kalendar et al., 2022), sugar beet, and tomato
(Amangeldiyeva et al., 2023).

CAPS markers are useful for the verification of genotyping
results. However, the CAPS method has also significant limitations.
For example, only one marker, Ca07571-SNP4-Mnll, was developed
with a single restriction enzyme. In the current study, this CAPS
marker was generated and used, but the application of this CAPS
marker was much slower and more expensive. For the other marker,
Ca04468-SNP1, there was no restriction enzyme available with a
recognition site targeting the SNP. In this situation, it may have
been possible to develop a dCAPS marker (derived CAPS), where a
restriction site can be introduced at the SNP position using specific
primers. However, this additional step further complicates the
process. In a comparison between both methods, ASQ genotyping
definitely has an advantage. Nevertheless, in chickpea research, both
CAPS and dCAPS markers have also been used effectively (Gujaria
et al,, 2011; Jaganathan et al., 2015). They remain slower and more
expensive compared to other modern methods of plant genotyping.

DArT-seq microarray analysis is a very different and powerful
approach. Our results demonstrated that the genetic regions with
the identified SNPs were included in the DArT-based haplotype
groups. Therefore, microarray and DArT markers confirmed the
genotyping results for the two genes studied using an alternative
technology. A similar DArT method was used for the mapping and
identification of genetic regions with candidate genes in chickpea
hybrid populations (Thudi et al., 2011; Atieno et al., 2021).

RT-qPCR analysis revealed that the gene Ca04468 was strongly
expressed in both hybrid populations under slowly developed
drought, and it was associated with Ca04468-SNP1 genotypes in
parents and breeding lines of hybrid population 1. In contrast,
under rapid dehydration, no change, or downregulation of
Ca04468, gene expression was evident in genotypes of hybrid
population 1, while a strong association was found in parents and
breeding lines of hybrid population 2 associated with Ca07571-
SNP4 genotypes exposed to dehydration. Therefore, both genes,
Ca04468 and Ca07571, were specific in their expression to drought
and dehydration, and genotype-dependent in hybrid populations 1
and 2, respectively.

The expression analysis of the two studied genes was associated
with genotyping results using ASQ markers, Ca04468-SNP1 and
Ca07571-SNP4. These markers were developed based on SNP in
promoter regions of the genes, and at the current stage, we can
hypothesize that chickpea haplotypes with different SNPs can
confer the regulation of gene expression in plants under drought
and dehydration. Additionally, in further experiments, the two ASQ
molecular markers, Ca04468-SNP1 and Ca07571-SNP4, developed
for the studied genes, must be tested in broader application in
chickpea breeding programs, with analysis of their advantages and
potential limitations.

frontiersin.org


http://rice.uga.edu
https://www.ncbi.nlm.nih.gov
https://doi.org/10.3389/fpls.2024.1354413
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Khassanova et al.

Finally, from seed-related traits, SWP was strongly associated
with Ca04468 expression in plants of hybrid population 1, while a
similar significant association with Ca07571 was found in hybrid
population 2. This indicates that both genes play an important role
in plants grown under mild and especially severe drought
conditions. However, their mechanisms of action differed in soil-
based drought and under dehydration in detached leaves. These
results are similar to many others published earlier during
comparisons of the slow drying of soil or substrate, where plants
can adapt to drought gradually, or dehydration shock, with the
sudden detaching of leaves or removal of plants from hydroponics.
For example, drought and dehydration have different effects for
aquaporin genes in resurrection plants (Craterostigma
plantagineum Hochst.) (Mariaux et al., 1998), two genes encoding
enzymes of the abscisic acid biosynthesis pathway in tomato
(Lycopersicon esculentum Mill.) (Thompson et al., 2000),
ascorbate peroxidase genes in cowpea [Vigna unguiculata (L.)
Walp.] (D’Arcy-Lameta et al., 2006), dehydrin genes in Bermuda
grass [Cynodon dactylon (L.) Pers.] (Hu et al., 2010), and several
antioxidant-related genes and transcription factors in barley
(Hordeum vulgae L.) (Giirel et al., 2016). It can be concluded that
experiments with drought and dehydration must be considered
very differently.

In our study, seeds were analyzed in individual plants grown in
real field experiment under different levels of drought, and this
method is used often in chickpea (Chetariya et al., 2022; Patil et al.,
2023; Sundaram et al, 2023). Seed-related traits are complex
(Sundaram et al., 2018), where many genes are involved, including
chickpea (Shimray et al., 2017; Kivrak et al., 2020). For the SWP trait,
Ca09705, an ABC transporter gene for glutathione conjugates was
reported and mapped to chromosome Ca2 in chickpea collections
and hybrid populations (Basu et al., 2019). The authors reported an
enormous 20% increase in seed yield in hybrid plants with favorable
haplotypes of the CaABC transporter gene under growing conditions
without drought or dehydration. In the same chromosome Ca2,
another gene Ca03044, encoding a pentatricopeptide repeat (PPR)-
containing protein, was closely associated with SWP in chickpea
using genome-wide genotyping of informative SNPs under non-
stressed conditions (Basu et al., 2018).

Seed number per pod was not analyzed in this study, but it
ultimately relates to seed yield in chickpea, and was regulated by the
Cal7942 gene, cellulose synthase, CesA3, mapped to chromosome
Ca5 (Kujur et al, 2015). It was found during genome-wide SNP
scanning for strong association in a chickpea grown without
stresses. In proteomics analysis, drought-tolerant and sensitive
chickpea genotypes showed changes in 29 and 30 proteins,
2020). Such
massive changes need careful analysis of the identified proteins

respectively, under drought stress (Vessal et al.,

and encoding genes. Among more than 430K studied SNPs, the
NAC transcription factor (Ca05696, chromosome Ca6) and
possible downregulated gene-encoded histone H3 protein
(Cal5001, chromosome Ca2) harbor the major QTL for seed
yield under drought in chickpea (Sharma et al., 2019). Therefore,
many genes have been identified as involved in seed yield in
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chickpea, both in normal conditions and under drought; in our
study, CaZF-CCHC genes for the first time showed some promising
results for seed weight per plant grown in a dry environment.
Additionally, phenotypic variability of seed-related traits and
tolerance to drought and dehydration must be studied and
verified in different chickpea accessions and breeding lines grown
in diverse environments in future experiments.

No associations between ZF-CCHC genes and seed yield in
plant species have been published to our knowledge. However, in an
interspecific cross between bread wheat and Triticum spelta (3338 x
Di7), the glycine-rich protein with RNA-binding and CCHC
domains, AG5, was very strongly indicated in young leaves of F;
hybrid plants compared to both parents (Ni et al., 2000). These
hybrid plants showed 40% more grain yield compared to the high-
yielding wheat parent 3338. The authors hypothesized about the
AGS5 gene role in wheat heterosis, but they also indicated that many
other genes were expressed specifically in this hybrid (Ni et al.,
2000). The AG5 was reported to have a strong similarity to the RZ1
gene in tobacco and belongs to cluster 3 in the wheat study by Sun
etal. (2022). We identified from NCBI, the wheat protein, accession
AAKO01176, identical to AG5 and annotated it as “RNA-binding
protein with zinc knuckle CCHC domain,” with the corresponding
gene accession AF315811. BLAST comparison revealed that the
closest homolog of AG5 protein in chickpea was Ca05223
(accession: XP004504758), which is located in Clade E (Figure 1).
This discovery indicates the very diverse functions of ZF-CCHC
genes in different crop species, and each candidate gene needs
careful evaluation in future analysis.

In our study, both genes, Ca04468 and Ca07571, showed no
influence on HSW. These results differed from those published
earlier for chickpea, where two genes, Ca04364 and Ca04607, were
identified as strongly associated with HSW. These genes were
mapped to chromosome Ca4 and encoded a cell division protein
kinase and a transmembrane protein, respectively (Singh et al,
2016), and a very different chickpea hybrid population was used in
that study [ICC 4958 x ICC1882].

The HSW trait is presumably directly related to seed size. Our
findings were also different from those for the MtZF-CCHC gene in
Medicago truncatula, where seed size was significantly enlarged in
plants with overexpression of this gene (Radkova et al, 2019,
Radkova et al., 2021). However, the MtZF-CCHC protein was
similar to those in Clade C presented here (Figure 1) and very
different from Clades A and B including the chickpea proteins
encoded by Ca04468 and Ca07571.

In summary, the two genes, Ca04468 and Ca07571, which code
for zinc finger knuckle motifs with CCHC domains, were identified
as potential important candidate genes associated with plant
response to drought and dehydration. The SNP-based genotypes
had different roles in traits of seed weight per plant but not 100-seed
weight. The developed and verified two SNP molecular markers for
both genes, Ca04468 and Ca07571, could be used for marker-
assisted selection for improving tolerance to drought and
dehydration and may be applied to the production of novel
chickpea cultivars in the future.
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Introduction: It has been suggested that the mechanism of phloem loading, that
is apoplastic or symplastic loading, may affect a plant’s ability to adapt to elevated
CO;, levels. Strawberry (Fragaria X ananassa) and tomato (Solanum lycopersicum)
are two fruit crops that use different mechanisms to load sugars into the phloem
— the former symplastically and the latter apoplastically — yet both species can
increase their yields when grown in a CO,-enriched environment. In this study,
we subjected strawberry and tomato plants to long-term CO, enrichment to
determine the morphological and physiological adaptations that enable them to
increase their yields in response to higher CO; levels.

Methods: Transplanted tomato and strawberry plants were subjected to ambient
(400 ppm) and elevated (800 ppm) CO, for three months. We examined various
parameters associated with growth, yield, photosynthesis, and carbon allocation
by means of phenotyping, gas exchange analysis, and B¢ labelling combined
with isotope ratio mass spectrometry.

Results: We found that CO, enrichment promoted growth and reproductive
development in both species, resulting in more flowers per plant (tomato and
strawberry), larger crown (strawberry), and, eventually, higher yields. Gas
exchange analysis and A/c; curves revealed that elevated CO, increased
carbon assimilation rate in strawberry, but not in tomato - the latter being
limited by Rubisco’s carboxylation efficiency. Finally, whereas both species
prioritized fruit development over the development of other sink organs, they
were both limited by carbon export at elevated CO,, since new photoassimilates
were equally distributed to various sinks between CO, treatments.

Discussion: The findings suggest that both species will benefit from future
increases in CO, levels and support current glasshouse practices entailing CO,
enrichment. Those benefits probably stem from an enhanced performance of
both species at early developmental stages, as differences in carbon assimilation
rate (tomato) and carbon allocation between treatments at late developmental
stages were absent. Moreover, crop adaptation to elevated CO, seems to
depend on the ability of each species to respond to elevated CO,, rather than
on the phloem loading mechanism per se.

KEYWORDS

apoplastic loader, carbon dioxide, carbon allocation, fruit crops, phloem loading
mechanism, photosynthesis, symplastic loader
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1 Introduction

Phloem loading is the first step in photoassimilate translocation
from source leaves to heterotrophic sink organs (e.g., roots, flowers,
and fruits), comprising the transport of photoassimilates from
photosynthetic mesophyll cells to the long-distance transport
tissue, the phloem (Rennie and Turgeon, 2009; Ainsworth and
Lemonnier, 2018). Depending on the species, plants use primarily
two distinct routes to load sugars (mainly sucrose) into the phloem,
involving either an apoplastic or a symplastic pathway. In apoplastic
loading, sucrose moves from mesophyll cells to the cell wall space
(apoplast) and is subsequently loaded energetically into the phloem
by the action of specific transport proteins, including members of
the SWEET and sucrose transporter (SUCs or SUTs) protein
families. In symplastic loading, sucrose moves cell-to-cell towards
phloem through numerous narrow cytoplasmic channels, called
plasmodesmata (Rennie and Turgeon, 2009; Braun et al, 2014;
Ainsworth and Lemonnier, 2018).

Current evidence suggests that several features associated with
phloem loading and carbon export are subject to environmental
control to balance source supply with sink demand (Amiard et al,
2005; Adams et al., 2007; Bishop et al., 2018; Xu et al., 2018). These
responses to environmental cues involve anatomical and molecular
changes and depend on the mode of phloem loading. For example,
growth under high light conditions resulted in a higher number of cell
wall invaginations in minor vein companion cells to facilitate more
sugar transporters (apoplastic loaders), or in a higher vein density to
increase total plasmodesmatal frequency (symplastic loaders),
ensuring in both cases greater delivery of photoassimilates to
heterotrophic organs as a result of higher photosynthetic rates
(Adams et al, 2007). Similarly, environmental stresses that limit
carbon assimilation rate reduced SUTs expression in various
apoplastic species (Xu et al., 2018).

A current gap in our knowledge is how plants with different
phloem loading mechanisms respond to elevated CO, with only few
studies having dealt with this question so far (Korner et al.,, 1995;
Bishop et al, 2018). Korner et al. (1995) investigated the
accumulation of non-structural carbohydrates in leaves of
apoplastic and symplastic species to test the hypothesis that
symplastic species are less efficient than apoplastic species in
exporting carbohydrates into the phloem for long distance
transport to heterotrophic organs. The authors additionally
hypothesized that if symplastic species were limited in their
ability to export carbohydrates into the phloem, then they would
have exhibited an excess of non-structural carbohydrates in their
leaves when subjected to elevated CO, conditions (Kérner et al,
1995). Indeed, the authors found a higher accumulation of non-
structural carbohydrates in the leaves of most symplastic species,
but they did not investigate further what would be the impact of this
differential accumulation of non-structural carbohydrates between
symplastic and apoplastic species on their photosynthesis or other
important agronomic parameters such as yield. Likewise, Bishop
et al. (2018) examined the impact of elevated CO, levels on
photosynthesis and carbohydrate accumulation in leaves of three
apoplastic (pea, beet, and sugar beet) and three symplastic species
(strawberry, melon and peony). The authors concluded that species
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differing in phloem loading mechanism had similar photosynthetic
responses to elevated CO,, while, contrarily to Korner et al. (1995),
they did not observe a higher sucrose build up in the leaves of
symplastic species compared to apoplastic species. Again, however,
there was no information about the distribution of photoassimilates
to different sink organs or changes in yield in response to
elevated CO,.

Strawberry (Fragaria x ananassa) and tomato (Solanum
lycopersicum) are two important fruit crops that use different
mechanisms to load sugars into the phloem - strawberry is a
symplastic loader (Rennie and Turgeon, 2009; Bishop et al., 2018)
and tomato is an apoplastic loader (Osorio et al.,, 2014) - yet both
species benefit from CO, enrichment by increasing their yields
(Mamatha et al, 2014; Tagawa et al, 2022). In this study, we
investigated the long-term effects of CO, enrichment on strawberry
and tomato plants to determine the morphological and
physiological adaptations that enable these two contrasting crops
to adapt and benefit from elevated CO, levels. Determining how
these two species respond to elevated CO, levels could eventually
inform practices involving CO,-enrichment in the glasshouse and
reveal potential barriers that may limit their productivity.

2 Materials and methods
2.1 Plant material and growth conditions

The experiment took place at the glasshouse facilities of the
Department of Food Science, Aarhus University, from November
2022 to March 2023. Seeds of tomato (Solanum lycopersicum)
cultivar ‘Roma’ were obtained from a commercial supplier
(SeedCom A/S, Denmark), sown directly in peat substrate in 96-
cell plastic trays, and grown to ~ 4-week-old seedling stage
according to standard protocols. The everbearing strawberry
(Fragaria x ananassa) cultivar ‘Bravura’ was propagated from our
own stock (initial plants were obtained by SW Horto A/S,
Denmark) by cutting runner tips from mother plants and
planting them in 50-cell plastic trays to develop roots.

In mid-November 2022, newly established tomato and
strawberry plants were transplanted in 5.5 L plastic pots
containing commercial peat substrate (Pindstrup 2; Pindstrup
Mosebrug A/S, Ryomgaard, Denmark) and transferred to two
separate but adjacent glasshouse rooms, corresponding to each of
the two CO, treatments. For each fruit species and each treatment,
we placed 13 plants in the glasshouse rooms that were selected
based on their uniformity and vigor. In the control treatment, CO,
was applied at 400 ppm concentration, while in the elevated CO,
treatment, CO, was applied at 800 ppm concentration, the latter
corresponding to projected CO, levels for the year 2100 (Valone,
2021). Both species were grown under long-day conditions (16 h
light and 23-25°C day-temperature/8 h dark and 18-20°C night
temperature) with natural and supplemental artificial light (~320 to
~ 720 pmol m? s), the latter provided via LED lamps (FL300
Grow, Senmatic A/S, Senderso, Denmark). The relative humidity in
the glasshouse was maintained between 50-60%. All plants were
fertigated with fertilizer suitable for tomatoes and strawberries by
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flooding the tabletop for 12 minutes twice a day. To ensure
pollination of strawberry and tomato plants, flowers of both
species were brushed at the full bloom stage using a paint brush.
Since plants were flowering throughout the experimental period, we
ensured that plants were brushed two to three times per week until
the end of the experiment. Any damaged or diseased plants were
excluded from further analysis. Finally, tomato plants were only
lightly pruned to reduce the probability for disease infections but at
the same time resemble how they are being produced in the field for
industrial purposes.

2.2 Plant phenotypic analysis

Phenotypic analysis was performed to confirm the beneficial
effect of elevated CO, on growth and productivity of both species,
and to determine which phenotypic characteristics may have
contributed to any of those benefits. For most traits and both
species, phenotypic analysis was performed at weekly intervals. This
time-course evaluation of certain phenotypic traits was necessary in
order to determine how they change in time in response to CO,
enrichment, which in turn would indicate the timing in which
potential benefits may occur for both crops. Besides a basic
understanding of when the two crops can capitalize on CO,
enrichment, this knowledge is also important because it can
inform management practices in the glasshouse (e.g., to inform
the duration of CO, enrichment period).

For tomatoes, we measured primary shoot length (length
between first leaf and apical meristem), number of inflorescences
per plant, number of open flowers, closed flowers and fruits,
flowering time, and yield. For strawberries, we measured leaf
length and width, crown diameter, flower number, and yield.

Regarding tomato phenotypic traits, primary shoot length was
measured with standard 30 cm or 100 cm rulers, while the number
of inflorescences and flowers/fruits per inflorescence were measured
by counting. Fruit yield was measured by weighing all fruits of a
plant when 75% of the fruits had turned red.

For strawberry phenotypic traits, leaf length and width were
measured using a ruler, while crown diameter using a digital caliper
(Fowler, Cole Parmer, UK). Yield was measured by weighing all
berries of a plant when the most mature fruits of the plant were on
the ‘brick red’ stage.

2.3 Photosynthetic gas
exchange measurements

Gas exchange measurements were conducted at the fruiting
stage on the youngest, fully developed leaf of tomato and strawberry
plants according to Petridis et al. (2018) with minor modifications
related to temperature and gas flow rate. For each species and
treatment, we used three independent replicate plants. Net carbon
assimilation rate (A), stomatal conductance (g;), and intercellular
CO, concentration (¢;) were measured using a GFS-3000 portable
gas exchange system (Heinz Walz GmbH, Effeltrich, Germany)
equipped with a 2.5 cm? leaf cuvette, which provided light through

Frontiers in Plant Science

10.3389/fpls.2024.1356272

an integrated LED light unit. Leaf temperature was maintained at
23°C and relative humidity at 60%. Except for A/c; curves, CO,
concentration was supplied at 400 (for control) or 800 (for elevated
CO;) pmol mol ™ with a gas flow rate of 300 mL min’’.

Alc; curves were generated at 1200 umol m™ s™' using the
following stepwise gradients: 400, 200, 100, 50, 400, 500, 600, 800,

1000, 1200, 1400, and 1600 umol mol! (Petridis et al., 2018).

2.4 Labeling with **C isotope

Labeling with *C isotope was performed in both tomato and
strawberry plants. In total, we used five tomato (three replicates for
eCO, and two replicates for control treatments) and five strawberry
plants (three replicates for eCO, and two replicates for control
treatments). Whole plants were enclosed in transparent plastic bags,
transferred in a growth chamber, and labelled for 2 hours. To
generate *CO,, 3 ml of 70% lactic acid was injected into glass vials,
containing 1 g of NaH"CO; (**CO,, treated plants) or NaH'"CO;
(**CO,, control plants). The glass vials were mounted on the pots
before covering the plants with the bags. When the labelling period
ended, the bags were removed. 13C was chased for 24 h before
harvesting the plants.

After chasing for 24 h, the above ground organs (fully developed
and developing leaves, flowers, fruits, and crown) were separated
and immediately frozen in liquid N,. The roots were washed to
remove soil and then frozen to liquid N, too. Frozen samples were
placed in an oven at 70°C for 3 days, milled to fine powder, and
stored at room temperature until elemental analysis.

The stable carbon isotopic composition (§ **C) and carbon
content of lyophilized powdered material were analyzed by OEA
Laboratories LTD (Callington, UK) using a dual-pumped Sercon
20-20 isotope ratio mass spectrometer (IRMS, Sercon Ltd, Crewe,
UK) coupled to a Thermo EA110 elemental analyzer (Thermo
Fisher Scientific, Waltham, MA, USA). For each sample,
approximately 0.94-1.2 mg of tissue were weighed, and 2
standards were used to calibrate the data (USGS L-glutamic acid
and USGS41a L-glutamic acid). Excess 8 '*C (%) of a given organ
was calculated by subtracting 8 '*C values after 24 hours of chasing
from & '*C values of control plants.

2.5 Data analysis

The exact number of individuals (#) used for quantitative
analysis are presented in each figure. Depending on the examined
parameter, we used a minimum of 3 and a maximum of 13
replicates, with the only exception of the control treatment of *C
labeling experiment in which we used 2 replicates. In the latter case
the analysis is valid, but the statistical power is lower. Data analysis
and calculation of 95% confidence interval of the CO, response
curves were performed using GraphPad Prism, version 9.5.1
(Dotmatics, Boston MA, USA). Data from '>C labeling
experiment were subjected to two-way analysis of variance
(ANOVA). Significant differences (P < 0.05) between means were
determined using either Tukey’s test or unpaired t-test.
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3 Results
3.1 Phenotypic responses to elevated CO,

To determine the effect of elevated CO, on tomato and
strawberry plants, we assessed several parameters associated with
vegetative growth and productivity, across the entire experimental
period. Specifically, for tomato we measured plant height, number
of inflorescences per plant, number of flowers and fruits per plant,
and yield, whereas for strawberry leaf length and width, crown
diameter, number of flowers and fruits per plant, and yield.

Overall, tomato plants grown under elevated CO, levels had a
higher growth rate compared with plants grown under ambient
CO; levels, specifically during the first month of the experiment,
corresponding to the vegetative growth stage (Figure 1A).

Regarding the generative structures, tomato plants grown at
elevated CO, had more inflorescences per plant compared with
plants grown at ambient CO, (Figure 1B). However, the number of
fruits per inflorescence was similar between treatments (Figure 1C). In
addition, CO, enrichment accelerated transition to fruiting, as
evidenced by the lower number of closed flowers and the higher
number of fruits measured in the elevated CO, treatment compared
with the control treatment. Finally, CO, enrichment resulted in a 37.7%
yield improvement (Figure 1E), presumably as a result of the greater
number of inflorescences measured in that treatment (Figure 1B).
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Like tomato, eCO, treatment promoted vegetative and generative
growth of strawberry plants (Figure 2). Specifically, elevated CO, levels
resulted in increased leaf size as evidenced primarily by the increased
leaf width and to a lesser extent the increased leaf length (Figure 2A).
Elevated CO, levels also increased crown diameter (Figure 2B), a trait
that is positively correlated with yield, and the number of flowers per
plant, especially after the second half of the flowering period
(Figure 2C). The better performance of strawberry under elevated
CO, conditions (Figures 2A-C), was reflected on yield, which increased
by 64.1% as a result of CO, enrichment (Figure 2D).

3.2 Photosynthetic responses to
elevated CO,

To determine the effect of elevated CO, on photosynthetic responses
of tomato and strawberry plants, we measured carbon assimilation rate
(A), stomatal conductance (g;) and intercellular CO, concentration ().

Tomato plants grown under elevated CO, conditions had
higher intercellular CO, concentration in their leaves compared
with plants grown under ambient CO, conditions (Figure 3). The
percentage increase in intercellular CO, concentration in response
to CO, enrichment was 103%.Carbon assimilation rate and
stomatal conductance, however, were similar between the two
CO, treatments (Figure 3).
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The effect of elevated CO, on growth and yield-related parameters of tomato plants. (A) Stem length. The numbers in parentheses indicate the number
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per inflorescence (D) Total number of reproductive structures. (E) Yield. Error bars indicate the mean standard error, while dots in each bar represent the
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The effect of elevated CO, on growth and yield-related parameters of strawberry plants. (A) Leaf length and width. The numbers in parentheses
indicate the number of plants used in the analysis. (B) Crown diameter. (C) Number of flowers per plant. (D) Yield. n, number of plants used in the
analysis. Error bars indicate the mean standard error, while dots in each bar represent the number of replicates. Percentage indicates changes in
yield in response to CO, enrichment. Significant differences (P < 0.05) between means were determined using t-test. The asterisks above data points
indicate significant differences (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

In contrast, strawberry plants grown under elevated CO,
conditions had higher carbon assimilation rate and intercellular
CO, concentration compared with plants grown under ambient
CO, conditions (Figure 3). The percentage increase in carbon
assimilation rate and intercellular CO, concentration was 43.6%
and 109%, respectively. No differences were observed in stomatal
conductance between the two CO, treatments (Figure 3).

To assess the extent to which Rubisco carboxylation efficiency
influences carbon assimilation rate in tomato and strawberry, we
estimated carbon assimilation rate as a function of CO, concentration
(A/c; curves) at saturating light intensity (Figure 4). For both species,
carbon assimilation rate increased with increasing CO, levels until a
certain concentration after which it reached a plateau. The CO,
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concentration in which carbon assimilation rate saturated was lower
in tomato compared to strawberry. Upon that, carbon assimilation
rate was lower at elevated-CO,-grown tomato plants compared with
ambient-CO,-grown plants at any given CO, concentration, whereas
the opposite trend was observed for strawberry plants (Figure 4).

3.3 Partitioning of newly assimilate carbon
(**C) during fruit development under
elevated CO,

Having established how elevated CO, affects the phenotypic
and photosynthetic responses in tomato and strawberry, we then
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Photosynthetic responses of tomato and strawberry plants grown under ambient and elevated CO, conditions. Error bars indicate the mean
standard error, while dots in each bar represent the number of replicates (n). Percentage indicates changes in photosynthetic parameters in
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CO, concentration.

labelled plants with *C to understand how elevated CO, influences
the distribution of newly assimilated carbon to different organs.

In tomato, under ambient CO, conditions, all organs recovered
a similar concentration of '>C, except for roots, which had the
lowest '>C concentration (Figure 5A). Under elevated CO,
conditions, the highest concentration of 13C was found in
developing (sink) leaves, followed by flowers, fruits and developed
(source) leaves, and lastly roots (Figure 5A).

A similar allocation pattern to that found in tomato, was also
observed in strawberry under ambient CO, conditions (Figure 5A).
However, under elevated CO, conditions, all organs had a similar
3C concentration, except for roots, which again had the lowest
concentration (Figure 5A).

When considering the mass of the different organs to estimate
the relative distribution of newly assimilated carbon, we found that,
in tomato, the majority of new assimilates remained associated with
the developed (source) leaves or were allocated to fruits in both CO,
treatments, indicating that fruits are stronger sinks than other
organs (Figure 5B).

Similarly, in strawberry, most new assimilates were allocated to
fruits, regardless of CO, treatment. For the remaining organs, new
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assimilates were equally distributed among them in both CO,
treatments (Figure 5B).

4 Discussion

One of the key findings of this study is that elevated CO,
treatment promoted growth and reproductive development in both
tomato and strawberry. In tomato, the higher yield (Figure 1E) can
be attributed to the higher number of inflorescences (Figure 1B),
but not to the number of fruits per inflorescence (Figure 1C). In
strawberry, the higher yield at elevated CO, conditions (Figure 2D)
can be attributed to increased crown growth (Figure 2B), which
enabled the formation of more flowers (Figure 2C), and presumably
the number of fruits per plant. The findings agree with those of
other studies that found an increase in flower and fruit number in
both tomato and strawberry under elevated CO, (Deng and
Woodward, 1998; Mamatha et al., 2014; Rangaswamy et al., 2021;
Tagawa et al., 2022). Overall, these data suggest that elevated CO,
levels in the atmosphere will have a positive impact on the yield of
field-grown tomato and strawberry crops in the future and support

frontiersin.org


https://doi.org/10.3389/fpls.2024.1356272
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Davoudi et al.

A (umol m2 s'1)

FIGURE 4

A (umol m2 5'1)

Alc, curves
Tomato

609 o Control

50 - eCO,

40

30

20+

10—

n=3

0 T T T T T T T 1
10 200 400 600 800 1000 1200 1400 1600

Ci (ppm)

60 —

50—

40

30

~®- Control
-8~ eCO;

Strawberry

10.3389/fpls.2024.1356272

n=3

¢ (ppm)

I 1 1 I I I I
200 400 600 800 1000 1200 1400

CO, assimilation rate (A) as a function of internal CO, concentration (c;) in tomato and strawberry plants grown under ambient and elevated CO,
conditions. A/c; curves were generated using a photosynthetic photon flux density of (PPFD) of 1200 pmol m™? s and leaf temperature of 23°C.
Each data point represents the mean value of three replicates + SE, n=3. Dotted lines denote the 95% confidence interval.

A

8¢ (mg g W)

Newly assimilated carbon (mg plant'1)

FIGURE 5

Allocation of newly assimilated carbon

15 409
Tomato = Control === Control  Strawber
A wem eCO, === eCO, =
a
o 30~ °
10 = A
L o ab a
AB o ° T :
AB . ab 20— PY
A N
b £
. ~ EETE A ab . .
0 ' | B ‘
‘ ‘ B ‘ (] A b mﬁ
A | 525
n= 23 273 2'\3 2'\3 2:3 n= 113 173 2'\3 2T T3 2:3
2 2 N 2 D N
@ @ & N g @ O & W < «©
& & < < &9 & &@ <& © < ~
NG @
Source Sinks Source Sinks
Carbon distribution across organs
4 T 8-
Tomato ws - Control c me Control Strawberry
s eCO, 3 = eCO,
[o2]
3 £ 6+
=
o
2
2 8 44
kel
A L
? A a g b °
o i 2 1N @ b A
"[. 7] A o b
B ° © i s+ b .P b
B b B b 2> Y AL
Y T  Pa— T P g o T T T T T =
n= 23 2.3 2,3 2.3 2 3 2 o= 1.8 1.3 2.3 203 13 23
@ @ & & W & @ I S Q W
é\@"’ & <& 3 &9 b\@,b & & S < ~
I & & ¢
Source Sinks Source Sinks

Newly assimilated carbon in individual organs of tomato and strawberry plants grown under ambient and elevated CO, conditions. Plants were
labelled for 2 h with **CO, and harvested after chasing for 24 h. *C concentration was estimated in each individual organ (A), and data were used to
estimate the mean total **C-assimilation in plants normalized to whole plant fresh weight (B). Dashed lines separate source from sink tissues. Bars
for control plants are the mean value of two replicates (n) + SE, while bars for elevated CO, plants are the mean value of three replicates (n) + SE.
Data were subjected to two-way ANOVA and significant differences (P < 0.05) between means were determined using Tukey's test. Uppercase and
lowercase letters denote differences between tissues from plants grown under ambient and elevated CO; levels, respectively.

Frontiers in Plant Science

127

frontiersin.org


https://doi.org/10.3389/fpls.2024.1356272
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Davoudi et al.

current glasshouse management practices entailing
CO, enrichment.

To determine the underlying mechanisms responsible for yield
improvements under elevated CO, conditions and to identify potential
barriers limiting yield, we examined tomato and strawberry
photosynthetic responses to ambient and elevated CO, conditions.
Interestingly, gas exchange analysis showed that carbon assimilation
rate was higher in strawberry plants under elevated CO,, but there was
no difference between tomato plants grown under ambient and
elevated CO, (Figure 3), despite the higher levels of CO, in the
mesophyll cells of elevated-CO,-treated tomato plants (Figure 3).
The latter could be explained by the decrease in Rubisco’s
carboxylation efficiency of tomato plants subjected to elevated CO,
compared with plants grown under ambient CO,, as evidenced by the
lower CO, assimilation rate of the former to increasing CO, levels
(Figure 4). In contrast, strawberry plants subjected to elevated CO,
conditions not only had higher CO, concentration in the mesophyll
space of their leaves, but also higher Rubisco carboxylation efficiency
compared with plants grown under ambient CO, conditions. The latter
observation indicates that the symplastic loader, strawberry, can better
adjust its photosynthesis to elevated CO, levels than the apoplastic
loader, tomato. Ainsworth and Lemonnier (2018) reported the results
of a meta-analysis in which they compared the photosynthetic
acclimation of apoplastic and symplastic species that had been
studied to date in Free Air CO, Enrichment (FACE) experiments.
They found that the light-saturated photosynthetic rate, the maximum
rate of Rubisco carboxylation (V¢ i), and the maximum rate of
electron transport (J,x) of symplastic species were significantly higher
than that of apoplastic species, and they attributed those differences to
the better adaptation of passive loaders to high mesophyll sugar
concentrations, which in turn renders them less susceptible to
carbohydrate-mediated downregulation of photosynthesis. The
findings of this study agree with those of Ainsworth and
Lemonnier (2018).

In agreement with this study, Bishop et al. (2018) observed an
increase in carbon assimilation rate in strawberry plants grown at
elevated CO, conditions; however, they also found an increase in
carbon assimilation rate in all three apoplastic species as a result of
elevated CO, levels in the atmosphere. This contrasts with the
findings of our work, in which we observed a similar carbon
assimilation rate between tomato plants grown under either
ambient or elevated CO, conditions. One reason for that
discrepancy might be associated with differences among apoplastic
species in altering their photosynthetic responses to elevated CO,
levels. Another reason could be related to the fact that tomato plants
in this study were only lightly pruned, resulting in higher shoot-to-
root ratio and thus lower sink strength. This alteration in source-sink
relationship in tomatoes may have disrupted the balance between
production of sugars in source leaves and their utilization in sink
organs. Indeed, as Arp (1991) indicated, whereas photosynthesis of
C3 plants is stimulated when the CO, levels in the atmosphere
increase, their photosynthetic capacity is often reduced after long-
term exposure to elevated CO, levels, especially under conditions of
low sink strength. The latter explanation is further supported by the
data from "’C-labelling experiment in which we found that the
distribution of newly assimilated carbon to sink organs was similar
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between tomato plants grown under ambient and elevated CO,
conditions (Figure 5B), suggesting that tomato plants are sink
limited under elevated CO,. Hence, future breeding efforts,
focusing on improving tomato productivity at elevated CO,
conditions, could revolve around enhancing sink strength,
particularly that of flowers and fruits, and therefore the utilization
of photoassimilates by harvestable organs.

Photosynthesis is generally considered a major determinant of
yield, providing heterotrophic organs with carbon skeletons and
energy for growth and development (Jones et al., 2013; Ort et al,
2015; Petridis et al., 2018). Here, we found that carbon assimilation
rate was unaffected in tomato, but increased in strawberry, in
response to long-term CO, enrichment (Figure 3). Hence, based on
their photosynthetic response, one would expect that tomato plants
grown under elevated CO, would have had similar yields to those
grown under ambient CO,, whereas CO, enriched strawberry plants
would have had higher yields compared to those grown under
ambient CO,. However, we found that not only strawberry plants,
but also tomato plants had higher yields as a result of CO,
enrichment (Figures 1, 2). In addition, we also observed that
carbon distribution across organs was similar between treatments
in both species (Figure 5B). If both species increase their yield in
response to elevated CO,, irrespective of carbon assimilation rate and
carbon distribution, then a question that arises is what triggers them.
Although further research is needed to answer this question, we
speculate that the yield benefits may arise from early developmental
events, probably prior to photosynthetic acclimation to elevated CO,,
promoting floral initiation and differentiation and thus the formation
of more flowers. If this hypothesis is true, then it would be interesting
to investigate the connection between photosynthesis and early stages
of development, especially in relation to the maturation rate of shoot
apical meristem, as this process can be a major driver of yield by
altering inflorescence architecture and the number of flowers on
inflorescences (Lippman et al., 2008; Park et al., 2012, 2014).

5 Conclusions

Our work confirms previous studies indicating that CO,
enrichment enhances strawberry and tomato yields (Mamatha
et al., 2014; Tagawa et al., 2022). For both species this
improvement in yield was the result of greater vegetative growth
and flower formation. We also found that at elevated CO, conditions
carbon assimilation rate in tomato was limited by Rubisco’s
carboxylation efficiency, but this limitation was not observed in
strawberry. Furthermore, in both species most newly assimilated
carbon had been allocated to fruits during fruit ripening; however,
neither species allocated more carbon to sink organs of CO,-enriched
plants, suggesting that the observed yield improvements in response
to CO, may have resulted from differences between treatments at
earlier developmental stages. The similar response between
strawberry and tomato plants, that is both species had similar levels
of newly assimilated carbon in their sink organs between the two CO,
treatments, may additionally suggest that symplastic and apoplastic
species are limited by their ability to export carbon at elevated CO,
conditions, at least at later developmental stages. Finally, based on
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this as well as previous studies (Bishop et al., 2018), we conclude that
the phloem loading mechanism does not seem to affect crop
adaptation to elevated CO, per se, but any potential differences
among species should be attributed to the individual ability of a
species to adapt to elevated CO,.
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Introduction: The ability of transgenic plants to respond to sudden
environmental pollution accidents has become viable. Nonetheless, there is a
dearth of research regarding the mechanism by which transgenic plants degrade
organic pollutants. Hence, this study aimed to elucidate the process of organic
pollutant degradation by plants, offering theoretical support for the application of
transgenic plant emergency phytoremediation technology.

Methods: In this investigation, we developed a 3D-QSAR pharmacophore model
to represent the collective impact of plant resistance and phytodegradation. This
was achieved by employing integrated effect values following treatment with a
sine function approach. Moreover, we have undertaken an inaugural exploration
of the coregulatory mechanism involved in plant resistance and pollutant
degradation within plants. Additionally, we applied virtual molecular
modification techniques for analysis and validation, striving for a more indepth
understanding of the molecular-level enhancement mechanism related to the
degradation of pollutants within plant organisms.

Results and discussion: The mechanism analysis results of the Hypo 1
pharmacophore model were verified, indicating that hydrophobic
characteristics affect the resistance and degradation of PCBs in plants,
significantly affecting the degradation effect of pollutants in plants.

KEYWORDS

sudden environmental pollution accidents, emergency phytoremediation techniques,
plant resistance, phytodegradability, molecular dynamics, quantitative molecular
surface analysis

1 Introduction

With the rapid advancement of industrialization, human social activities have
significantly expanded, leading to a surge in the frequency of sudden environmental
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pollution accidents (SEPAs). These incidents pose a substantial
threat to human development and ecological security due to their
high uncertainty, intricate evolution, rapid propagation, and
severe wide-ranging damage (Lei et al., 2018; Wang and Wang,
2021). In light of the increase in environmental pollution, finding
a method capable of promptly eliminating pollutants at their
source and addressing pollution issues arising from SEPA holds
vital practical significance for global ecological wellbeing and
sustainable human development.

The primary techniques for addressing environmental
pollution include physical, chemical, biological, and integrated
remediation methods (Li and Sun, 2022). Among these,
phytoremediation, as a biological approach, offers the
advantages of simplicity and cost-effectiveness compared to
traditional methods, with the added benefit of minimizing
secondary pollution. However, traditional phytoremediation
suffers from protracted remediation cycles (Terzaghi et al,
2019). With the maturation of transgenic technology, scientists
have begun enhancing phytoremediation efficiency from a
transgenic standpoint to overcome its lengthy remediation time.
For instance, Kong et al. (2022) introduced the N-demethylase
gene into soybeans, resulting in the removal of 98% and 84% of
isoproturon from water and soil within 5 and 14 days, respectively,
in transgenic soybeans. This achievement outpaced that of
conventional soybeans, underscoring the efficacy of transgenic
plants in organic matter remediation (Kong et al, 2022). The
researchers incorporated two bacterial genes designed to degrade
RDX, a military explosive residue, into Panicum virgatum,
demonstrating its ability to remove and degrade RDX at a rate
of 27 kg per hectare (Cary et al., 2021). These studies illustrate the
potential of transgenic plants for addressing SEPA, yet there is
limited research on the mechanism of pollutant degradation
within phytoremediation technology. Therefore, this paper aims
to investigate the mechanism of organic pollutant degradation by
plants, providing a theoretical foundation for the use of transgenic
plants in emergency remediation technology.

The activity of the plant antioxidant system closely correlates
with the development of stress tolerance. During plant growth,
various abiotic stresses can increase intracellular reactive oxygen
species concentrations, leading to oxidative stress and plant damage
(Gechev et al., 2006). In response to oxidative damage, plants have
evolved various antioxidant mechanisms, including peroxidase
(POD), which significantly influences plant stress resistance
(Kawano, 2003). When organic pollutants infiltrate plants, they
can induce oxidation in cell membranes and various organelles,
inhibiting POD enzyme activity and compromising plant health
(Zhang et al., 2017). Additionally, during the degradation of organic
pollutants by plants, plants can secrete bioxygenases related to
organic pollutant degradation, affecting the overall degradation
efficiency (Mohammadi et al,, 2007). Among these pollutants,
polychlorinated biphenyls (PCBs) are among the 12 persistent
organic pollutants (POPs) regulated under the Stockholm
Convention due to their environmental persistence, high
biotoxicity, substantial bioconcentration, and long-range transport
characteristics (Hayat et al, 2019; Terzaghi et al., 2020).
Nevertheless, PCBs continue to leach into the soil environment as
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by-products of incinerating chlorinated compounds or producing
and using chlorine-containing chemicals, potentially causing
sudden environmental incidents. In summary, the enzymatic
structures of peroxidase (1CCK), an enzyme related to plant
resistance, and dioxygenase (3GZX), an enzyme related to plant
degradability, were derived from the Protein Data Bank (http://
www]l.rcsb.org), and these enzymes were utilized as target enzymes
to jointly analyze phytoremediation techniques using PCB
molecules as representatives of the degradation mechanism.

3D-QSAR models integrate structural information of
molecules in three dimensions with their biological activities,
enabling a more accurate and comprehensive understanding of
the underlying mechanisms involved in phytoremediation.
Given the complexity and diversity of POPs, there is a pressing
need for the development of advanced 3D-QSAR models tailored
specifically for phytoremediation. These models could not only
help researchers select the most promising plant species for
remediation but also guide the design of novel virtual
modifications to pollutants that could improve their
degradability by plants. In this paper, we established a 3D-
QSAR pharmacophore model for predicting the plant
resistance and phytodegradability of PCBs based on their
molecular structural parameters. We selected PCBs with
documented plant resistance and phytodegradability data as
dependent variables and employed molecular structural
parameters as independent variables to construct the model.
Furthermore, we validated the model by incorporating molecular
virtual modification techniques, molecular dynamics methods,
and quantitative molecular surface analysis. Based on these
results, additionally, it provides a theoretical reference for the
genetic modification of highly efficient repair plants in
the future.

2 Materials and methods

2.1 Characterization of plant resistance
receptor enzymes and plant degradative
enzymes that bind to PCBs—

molecular docking

From the PDB database, we selected a representative plant
resistance receptor enzyme (PDB ID: 1CCK) and a plant
degradation receptor enzyme (PDB ID: 3GZX) as acceptors,
along with 60 PCBs as ligands. These proteins were loaded into
Discovery Studio 2020 software for analysis. The LibDock
module was employed to investigate the interaction between
the receptor enzymes and the ligand molecules (Zhang et al,
2019). Using the LibDock module, we defined the two selected
enzymes as two enzyme receptors. Subsequently, molecular
docking was conducted for each of the 60 PCB ligands with
these two enzyme receptors using the “Find Sites from Receptor
Cavities” option under the Define module to identify potential
binding sites within the receptors. Docking preferences were
configured as custom, Max Hit to Save was set to 10, and all
other settings remained at their default values. The resulting
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TABLE 1 Calculated values for the combined effect of plant resistance
and degradability for 60 PCBs.

WUPAG) | resmance | PPYtodesadabiity  CTREEIS
1 75.426 71.577 1.865
2 81.624 73.685 191
4 73.822 76.604 1.867
6 83.766 78.019 1.929
7 83.786 74.232 1.923
8 87.006 76.220 1.943
9 80.980 71.669 1.900
10 72.398 77.082 1.857
11 87.533 74.788 1.943
12 88.323 78.408 1.952
13 88.073 75.084 1.946
14 87.991 73.595 1.942
16 69.318 79.249 1.836
17 83.794 77.495 1.929
18 71.252 70.436 1.831
20 79.668 76.524 1.905
23 82.007 71.477 1.905
25 89.403 74.420 1.950
28 89.893 75.407 1.954
31 86.392 67.811 1913
33 90.196 75.792 1.956
36 91.012 68.505 1.936
39 90.431 71.216 1.944
40 73.154 80.691 1.865
46 65.282 78.958 1.803
52 67.751 77.703 1.822
59 79.861 74.233 1.901
61 93.144 76.448 1.968
67 92.454 60.891 1.896
74 85.467 70.231 1.919
77 99.318 73.871 1.98
81 99.705 75.858 1.985
85 64.546 70.043 1.775
90 75.506 62.585 1.820
95 70.561 78.021 1.844

101 71.570 65.686 1.811

105 99.271 65.437 1.945

110 71.019 56.458 1.740
(Continued)
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TABLE 1 Continued

PCBs Plant

Comprehensive

(IUPAC) resistance Phytodegradability effect value
114 98.329 66.982 1.951
118 85.897 72.296 1.928
123 95.620 70.652 1.960
126 105.165 69.209 1.973
128 66.586 64.601 1.765
130 72.689 72.932 1.850
135 72.564 74.071 1.852
138 69.900 58.690 1.750
153 67.731 55.717 1.708
156 89.360 51.817 1.803
157 88.695 51.693 1.799
164 73.038 48.786 1.677
167 89.597 55.942 1.844
169 109.961 49.844 1.825
174 67.737 43.346 1.571
180 72.489 44.462 1.622
189 84.203 53.788 1.799
196 74.020 44223 1.629
200 76.580 53.269 1.749
201 70.293 47.688 1.644
207 76.815 56.916 1.785
209 79.575 53.317 1.769

scoring function values X;; and X;, (i = 1, 2), the principal
parameters of the LibDock module, were separately computed to
better characterize the interaction between the two plant receptor
enzymes and the 60 PCB ligands, and the results are presented
in Table 1.

2.2 Comprehensive effect values for plant
resistance and degradability of PCBs
corrected by the sine

normalization method

The scoring function is normalized using Equation 1 as follows:

xi, 1 xi, 2

i1 TR T A .,23) (1)
x1lmax x2max

Following the normalization of Equation 1, a simple sine
function was chosen to further normalize the data. A lower score
after docking with plant resistance enzymes indicates a lower
toxicity of PCBs to plants. Conversely, higher SFs after docking
with plant degradation enzymes suggest that PCBs are less resistant
to degradation by these enzymes, thus enhancing their
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environmental remediation potential. To ensure consistency in the
direction of change for both effects, a negative sign was introduced
before the scoring function of PCBs and plant resistance enzymes.
This produced a combined activity value reflecting the synergy of
the two effects in an inverse direction. The sine method (Wang
etal., 2017; Julien et al., 2007; Liu and Marukawa, 2004) generated a
combined score k; (i = 1, 2, 3, 4,...,60), representing the impact of
PCBs on both types of plant receptor enzymes, as shown in
Equation 2:

X;
k=1 - sin(—=21

)+sin(%) (i=1,2) ()

The calculated values of the combined effect of resistance and
degradability of the PCB plants after sine normalization treatment
are shown in Table 1.

2.3 Pharmacophore modeling of the
comprehensive effects of plant resistance
and PCB degradability

A “pharmacophore” represents the molecular structure of a
wide range of active features common to PCB congeners (Langer,
2010). These pharmacophore elements can include hydrophobic
groups, specific chemical groups, etc (Huang et al., 2014; Feng et al.,
2016). The development of 3D-QSAR pharmacophore models helps
reveal the relationship between PCB activity and structural
characteristics, aiding mechanistic analysis (Kubo et al, 2003).
We employed the combined effect of PCB resistance and
degradation as the dependent variable and PCB structure as the
independent variable. The 3D-QSAR Pharmacophore Generation
module within Discovery Studio 2020 was utilized to construct the
3D-QSAR model for the combined effect of PCB resistance and
degradation. This module allowed us to investigate the mechanisms
influencing the combined effect of PCB resistance and degradation.

The selected 3D-QSAR pharmacophore features included
hydrogen bond acceptors, hydrogen bond donors, hydrophobic
groups, hydrophobic-aliphatic groups, and aromatic rings. The
module parameters were set as follows: Fast for conformation
generation, an energy threshold of 20 kcal/mol, maximum
conformations per homolog set to the default 255, and minimum
interference distance set to 0. The energy threshold for similarity
conformation generation was set to 10 (Zhao et al., 2021;
Zhang et al., 2021).

The HypoGen module within Discovery Studio 2020 software
was chosen to evaluate the constructed 3D-QSAR pharmacophore
model for the combined effects of plant resistance and degradation
of PCBs. The cost function, a key metric, reflects the model’s
suitability and includes its complexity, chemical properties, and
error between predicted and experimental data (Chen and Li, 2021).
According to Occam’s Razor, the optimal pharmacophore model
should have the lowest total cost among all models and be close to
the fixed cost value (Vincent and Bellini, 2002). Another significant
parameter is the configuration cost, which is determined by the
model’s spatial complexity. A meaningful pharmacophore
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model should possess a configuration cost value of no more
than 17 (Arooj et al,, 2011).

2.4 Molecular dynamics methods

The magnitude of the binding of plant resistance receptor
enzymes (1CCK) and plant degrading enzymes (3GZX) to PCBs
indicates the strength of the interaction between contaminants and
enzymes (Gu et al., 2020). In this study, we performed molecular
dynamics simulations using Gromacs software for PCB molecules
and enzymes before and after modification utilizing the Dell
PowerEdge R7425 server. Each complex was placed in a periodic
dodeca cube with a side length of 10 nm. Molecular confinement
was conducted using the GROMOS96 43al force field, and Na* ions
were added to neutralize the system charge. The PCB-enzyme
complex system underwent energy minimization simulations via
the steepest gradient method, with 50,000 simulation steps. The
simulation duration for both the hot and pressure baths was set to
100 ps, with the pressure bath size maintained at a constant
standard atmospheric pressure of 1 bar. Kinetic simulations
lasting 200 ps were performed for each step group to calculate the
changes in binding energy between PCBs and enzymes. Finally, the
binding energy data generated via the molecular dynamics method
were combined with quantitative molecular surface analysis to
analyze the phytoremediation capacity.

2.5 Quantitative molecular surface analysis

Interactions between proteins and ligands are typically
governed by weak interactions among biomolecules (Xie et al,
2006). Common weak interactions include van der Waals forces,
hydrogen bonding forces, and hydrophobic forces (Johnson et al.,
2010). In this study, we utilized the quantitative molecular surface
analysis function of Multiwfn software (Lu and Chen, 2012a, b) to
calculate the van der Waals surface area before and after molecular
modification, with the electron density of the equivalent surface set
to 0.002 a.u. We analyzed the reasons for changes in van der Waals
forces resulting from alterations in indicators before and after PCB
molecular modification. Subsequently, we investigated the factors
influencing changes in the binding energy between plant resistance
receptor enzymes and plant-degrading enzymes and PCBs.

3 Results and discussion

3.1 Construction and evaluation of a 3D-
QSAR pharmacophore model for the
comprehensive effects of plant resistance
and degradability of PCBs

The program generated a total of nine 3D-QSAR
pharmacophore models for the combined effect of plant
resistance and degradation of PCBs, as outlined in Table 2.
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TABLE 2 Nine pharmacophore models and their statistical data. TABLE 3 Statistical data of 60 PCBs based on Hypo 1.
. PCBs :
RMS  Correlation Features (IUPAC) Fit value = Est value Act value Error
1 216.167 0.05 0.6 H, RA*2 1 3.881 1.061 1.104 -1.040
2 216.065 0 0 HA, RA*2 2 3.896 1.026 1.072 -1.045
3 216.173 0.06 0.5 H, RA*2 4 3.858 1117 1127 ~1.009
4 216.065 0 0 H, RA®2 5 3.870 1.089 1.087 1.002
5 216.178 0.06 0.5 RA*2 7 3.865 1.101 1.061 1.038
6 216.065 0 0 RA*2 8 3.867 1.096 1.049 1.045
7 216.182 0.06 0.48 H*2, RA 9 3.883 1.055 1.069 -1.013
8 216.065 0 0 H*4 10 3.864 1.102 1.138 -1.032
9 216.888 0.16 -0.01 HA, H, RA 11 3.898 1.021 1.044 -1.023
) Fixed 12 3.922 0.966 1.046 -1.083
Configuration 13.12 cost 201.816
13 3.899 1.017 1.043 -1.025
Null cost 227.037
14 3.919 0.972 1.039 -1.069
HBA, hydrogen bond acceptor; HBD, hydrogen bond donor; H, hydrophobic group; HA,
hydrophobic aliphatic group; RA, aromatic ring. 16 3.870 1.089 1.163 -1.068
. 17 3.873 1.081 1.067 1013
Based on the parameter values of the nine 3D-QSAR
pharmacophore models (Table 2), five valid models (Hypo 1, 18 3.870 1.088 1.129 -1.038
Hypo 3, Hypo 5, Hypo 7, and Hypo 9) were selected because 20 3.871 1.085 1.089 ~1.004
their RMS (Root mean square) and correlation values were both
) 23 3.865 1.100 1.063 1.035
greater than zero. Among the five effective 3D-QSAR
pharmacophore models, Hypo 1 exhibited the most promising 25 3.888 1.043 1.035 1.007
performance. Its Total cost value (216.167) was closest to the 28 3.867 1.096 1.036 1.058
Fixed cost value (201.816) and the Nullcost value (227.037). The
31 3.886 1.047 1.025 1.022
RMS value (0.05) and Total cost value (216.167) were also the
smallest among the five models. These parameters collectively 3 3892 1.034 1035 ~1.001
indicated that Hypo 1 outperformed the others in representing 36 3.898 1.021 1.008 1.013
the combined pharmacophore characteristics of plant resistance
] } ) 39 3.895 1.028 1.022 1.006
and degradation of PCBs. The configuration parameter, which
should be less than 17 for a pharmacophore model to be 40 3866 1099 1135 -1033
considered significant, was 13.12 for the Hypo 1 model, 46 3.867 1.095 1.196 -1.093
conﬁrm1-ng its significance. Table 3 shows that the error values of 5 2872 Losa L17s Losa
the predicted values from the Hypo 1 pharmacophore model for the
combined effect values of the 60 PCBs were less than 2, which falls > 3870 1.089 1.083 1.005
within an acceptable error range. This outcome further validated 61 3.896 1.025 1.025 ~1.000
the reliability of the Hypo 1 pharmacophore model and its ability to P 3889 Lod1 0958 1086
represent the combined pharmacophore characteristics of plant
resistance and degradation of PCBs. 4 3883 1.057 1.040 1.016
77 3.922 0.965 1.003 -1.040
. . 81 3.952 0.902 1.006 -1.116
3.2 Mechanistic analysis of the effect of
PCBs on plant resistance and degradation 8 3901 Lo12 1182 “les
based on the characteristic map of the 3D- 90 3873 1.082 1.057 1.023
QSAR pharmacophore model 95 3.877 1.071 1.153 -1.077
The Hypo 1 pharmacophore model comprised one 101 3874 1077 1104 Loz
hydrophobic and two aromatic ring features. Figure 1 shows an 105 3.901 1.013 0.968 1.046
overlay of the Hypo 1 pharmacophore model with the three- 110 387 1083 Lo42 1040
dimensional spatial relationships of PCBs, where blue represents
(Continued)

hydrophobic features and yellow represents aromatic ring features.
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TABLE 3 Continued

PCBs :

(IUPAC) Fit value Est value Act value Error
114 3.923 0.963 0.978 -1.016
118 3.920 0.971 1.045 -1.077
123 3912 0.988 1.002 ~1.014
126 3.953 0.899 0.977 ~1.087
128 3.879 1.067 1.137 ~1.066
130 3.899 1.017 1.127 ~1.109
135 3.875 1.075 1131 ~1.052
138 3.869 1.091 1.069 1.021
153 3.869 1.092 1.061 1.029
156 3.938 0.930 0.889 1.046
157 3.887 1.047 0.891 1.175
164 3.878 1.067 0.949 1.125
167 3.931 0.945 0.928 1.018
169 3.953 0.898 0.825 1.088
174 3.933 0.941 0.924 1.019
180 3.884 1.054 0.901 1.170
189 3917 0.976 0.933 1.046
190 3.880 1.063 1.013 1.050
200 3.899 1.017 0.972 1.046
201 3.884 1.053 0.957 1.101
207 3.882 1.058 1.005 1.053
209 3.880 1.063 0.954 1.114

Using PCB-46, which had the highest combined effect value, and
PCB-1, which had the lowest number of chlorine atoms, as
examples, the positions of the hydrophobic and aromatic ring
features were visualized (Figure 1). Although the number of
molecules with varying aromatic ring features differed slightly, all
the molecules contained these two features. This indicated that

FIGURE 1

Spatial relationship of Hypol and alignment with PCBs, PCB-1 and PCB-46.
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these two features had a significant impact on the combined effect of
plant resistance and degradation of PCBs. Since the aromatic ring is
an inherent property of PCB structures, modifying the hydrophobic
features of PCBs in plants can further mitigate their resistance and
enhance their phytodegradability.

Furthermore, the aromatic ring feature reflects the susceptibility
of PCBs to electrophilic substitution reactions, where they tend to
lose electrons in this region. Previous studies have shown that the
Enomo parameter, which measures the electron loss ability
(reducibility) of PCBs, can influence plant resistance to some
extent (Li et al, 2021). Therefore, the aromatic ring indirectly
reflects the Egono parameter of PCBs (electron loss property or
reducibility). Hydrophobic features represent hydrophobic
functions contained in aliphatic atoms. The literature indicates
that the primary influential parameter for plant degradation of
PCBs in vivo is LogP, which measures the hydrophobicity of organic
compounds (Li et al., 2021). Hydrophobic features partially reflect
the influence of LogP parameters on PCB plant degradability. In
summary, the 3D-QSAR pharmacophore model for the combined
effect of plant resistance and degradation of PCBs somewhat
corroborates the literature findings (Li et al., 2021). However,
further analysis is needed to understand how the hydrophobic
characteristics of pollutants indirectly affect PCB resistance in
plants.Figure 1 shows that the hydrophobic feature significantly
influences PCB plant resistance and degradability and is located at
the 2’ position of the benzene ring, indicating that the hydrophobic
group at this position can affect PCB plant resistance and
degradability. Therefore, this chapter validates the mechanism of
the effect of hydrophobic features on PCB plant resistance and
degradability using molecular virtual modification techniques.

3.3 Validation and investigation of the
mechanism analysis results based on
molecular virtual modification technology

3.3.1 Validation of the mechanism analysis results

using molecular virtual modification techniques
We selected three common hydrophobic groups as substituents:

hydroxymethylol (-CH,OH), trifluoromethyl (-CF;), and nitryl
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(-NO,). PCB-46, which had the greatest comprehensive effect,
served as the template molecule for molecular virtual
modification to adjust PCB resistance and degradation. We
conducted molecular virtual modification to adjust PCB
resistance and degradation using PCB-46 as the template
molecule. The Hypo 1 pharmacophore model was used to predict
the combined effects of three molecules (2'-CH,OH-PCB-46, 2’'-
CF;-PCB-46, and 2'-NO,-PCB-46) after virtual modification of
PCB-46 (Figure 2).

Table 4 presents the changes in the combined effect values of
plant resistance tolerance and degradability before and after PCB-46
modification. The combined effects of all three PCB-46 virtual
modification molecules (2’-CH,OH-PCB-46, 2’'-CF;-PCB-46, and
2’-NO,-PCB-46) tended to increase, with changes of 10.03%,
50.92%, and 97.66%, respectively. These changes indicated
significant alterations in plant resistance and degradability after
introducing hydrophobic feature group modifications to PCBs,
confirming the results from the mechanistic analysis of the Hypo 1
pharmacophore model, which indicated that hydrophobic features
significantly affected PCB resistance and degradability changes.

Using the 2D-QSAR model of plant resistance and plant
degradability of PCBs constructed in previous literature (Li et al.,
2021), we further predicted and analyzed the plant resistance and
plant degradability data for the three molecules after virtual
modification of PCB-46 (Table 5). The results revealed that 2’-
CH,OH-PCB-46 exhibited improved plant stress resistance and
plant degradability, consistent with the trend of the combined effect
values. Hence, we employed 2'-CH,0OH-PCB-46 as an illustrative
case study to conduct an in-depth examination of plant stress
resistance and plant degradability alterations before and after
virtual modification with PCBs. Thus, we selected 2’-CH,OH-
PCB-46 as a representative example to scrutinize the changes in
plant stress resistance and enhancement in phytodegradability
mechanisms before and after PCB modification.

TABLE 4 Changes in the comprehensive effect before and after virtual
modification of PCB-46.

No. PCBs Comprehensive Chfnge
effect value (VA]
1 PCB-46 1.196
2 2'-CH, OH-PCB-46 1316 10.03
3 2/-CF; -PCB-46 1.805 50.92
4 2'-NO, -PCB-46 2364 97.66

10.3389/fpls.2024.1324144

Based on the results from the 2D-QSAR model analysis of PCB
phytodegradability [31], reducing hydrophobic interactions and
increasing hydrophilic interactions between PCBs and
phytodegradable enzyme binding facilitated PCB degradation. An
analysis of the phytodegradability improvement mechanism of 2'-
CH,OH-PCB-46 revealed that although the hydrophobic -CH,OH
group was introduced, the hydrophobicity of 2’-CH,OH-PCB-46
decreased to 4.81 after this addition, showing a slight decrease
compared to the hydrophobicity of PCB-46 (4.83). This decrease
improved the affinity of 2’-CH,OH-PCB-46 for plant degradation
enzymes, leading to enhanced plant degradability of the molecule.
Similarly, in comparison to that of PCB-46, the hydrophobicity of 2'-
NO,-PCB-46 (4.68) decreased, while that of 2’-CF;-PCB-46 (6.30)
increased, resulting in opposite trends in the phytodegradability
changes for both, with 2’-NO,-PCB-46 and 2'-CH,OH-PCB-46
demonstrating positive trends in phytodegradability improvement.

3.3.2 Analysis of the mechanism using molecular
docking and molecular dynamics

Reactions between enzymes and ligands are typically governed
by intermolecular forces (Li et al., 2022). Common weak interaction
forces include van der Waals forces, hydrogen bonding forces, and
hydrophobic forces, among others (Johnson et al., 2010). To analyze
the mechanism of plant resistance improvement by PCBs, the
“Show 2D Diagram” function in the “View Interaction” module
of Discovery Studio 2020 software was used to extract the active
pockets of PCB-46 and 2’-CH,OH-PCB-46 bound to plant
resistance enzymes. This allowed us to analyze the virtual
modification of PCB-46 before and after the changes in weak
forces within the active pocket. Green represents interactions
involving van der Waals forces between amino acid residues and
the molecule, light pink indicates electrostatic forces, purple
signifies m-1 stacking, red represents unfavorable donor-donor
interactions, and yellow signifies m—cation interactions.

Van der Waals forces, as attractive forces, become stronger as
the distance between the molecule and the protein decreases
(Staahlberg et al., 1992). We extracted the situation near the
binding site between PCB molecules and plant enzymes, and
found that the van der Waals force is the highest. Figure 3
illustrates that the main force around PCB-46 binding to plant
resistance enzymes is van der Waals forces (involving amino acid
residues SER81, ARG48, TRP191, THR180, SER185, TYR187, and
TRP51), followed by electrostatic forces (involving amino acid
residues HIS52, LEU144, HIS175, LEU232, ALA147, and
PRO145). After docking, 2'-CH,OH-PCB-46 with plant resistance
enzymes exhibited peripheral forces, including van der Waals forces

TABLE 5 Changes in plant resistance and phytodegradability before and after PCB-46 modification.

Molecular Plant resistance Range of variation (%) Phytodegradability = Range of variation (%)
PCB-46 65.2815 78.9577
2/-CH,OH-PCB-46 41.1463 ‘ -36.97 87.0085 1020
2'-CF5-PCB-46 103862 ‘ -84.09 59.4146 ~24.75
2'-NO,-PCB-46 115.2215 ‘ 76.50 90.5838 14.72
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FIGURE 2
2D structure diagram of three PCB-46 virtual modification molecules.

(involving amino acid residue HIS181), electrostatic forces
(involving amino acid residues HIS175 and LEU232), n-m
stacking (involving amino acid residue TPR191), unfavorable
interactions (involving amino acid residue ASN184), and m-
cation interactions (involving amino acid residue ARG48).

Molecular dynamics methods were used to calculate the binding
energies and van der Waals forces of PCB-46 and 2’-CH,OH-PCB-
46 with plant resistance enzymes. The results showed that PCB-46
had a binding energy of 122.444 kJ/mol and van der Waals force of
149.006 kJ/mol with plant resistance enzymes, while 2’-CH,OH-
PCB-46 had a binding energy of 110.059 kJ/mol and van der Waals
force of 128.887 kJ/mol with plant resistance enzymes. Compared to
PCB-46, 2'-CH,0H-PCB-46 exhibited a decrease in binding energy
and a significant decrease (by 13.50%) in the surrounding van der
Waals forces. These results from molecular dynamics calculations
further supported the idea that PCB-46 had a greater binding
energy due to greater surrounding van der Waals forces, resulting
in an opposite effect for 2'-CH,OH-PCB-46, where the reduced van
der Waals forces led to increased distance between the molecule and
the enzyme, resulting in weaker binding and reduced toxicity of 2'-
CH,0OH-PCB-46 on plants.
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Furthermore, an analysis of the impact of introducing the -CH,OH
group on the changes in van der Waals forces of PCB-46 revealed that
the molecular volume of 2’-CH,OH-PCB-46 increased by 3.84%
compared to that of PCB-46, with volumes of 71.95 cm>/mol and
69.29 cm*/mol, respectively. A larger molecular volume increases the
distance between the molecule and the protein, weakening the van der
Waals forces and attraction between the protein and the molecule
(Roth et al., 1996). Therefore, the introduction of the -CH,OH group
resulted in an increased molecular volume and weakened van der
Waals forces of 2’-CH,OH-PCB-46, ultimately improving its plant
resistance compared to PCB-46.

Additionally, the van der Waals surface area fraction of the
virtually modified fragments in PCB-46 and 2'-CH,OH-PCB-46
was calculated using the “Quantitative Molecular Surface Analysis”
function of Multiwfn software (Qu et al., 2012), with the electron
density of the equivalent surface set to 0.002 a.u. In this study, the -Cl
substituent region of PCB-46 was designated fragment 1, and the
-CH,OH substituent region of 2'-CH,OH-PCB-46 was designated
fragment 2. Figure 4 illustrates the van der Waals surface effects of
PCB-46. The calculations revealed that the van der Waals surface area
of fragment 1 (depicted in blue) constituted 1.91% of the total van der

A8
A9

ol
o A

B 2’-CH,OH-PCB-46

A2%2

2D diagram of PCB-46 (A) and 2’-CH,OH-PCB-46 (B) binding to plant-degrading enzymes.
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FIGURE 4

B 2°-CH,OH-PCB-46

Van der Waals surface area of segments 1 and 2 of PCB-46 (A) and 2'-CH20H-PCB-46 (B).

Waals surface area of PCB-46, while the van der Waals surface area of
fragment 2 (depicted in blue) constituted 17.93% of the total van der
Waals surface area of 2'-CH,OH-PCB-46. Dispersion forces, an
important form of van der Waals forces, exist between all
molecules or atoms (Roth et al, 1996). The greater the molecular
weight of a molecule is, the greater its deformability, leading to
stronger intermolecular dispersion forces (Liu et al., 2019). Compared
with fragment 1 of PCB-46, the reduction in the molecular weight of
fragment 2 results in a decrease in the dispersion force exhibited by
2'-CH,OH-PCB-46. Additionally, fragment 2 occupies a larger
portion of the limited total van der Waals surface, further
diminishing the dispersion force of 2’-CH,OH-PCB-46 and
reducing the van der Waals force. The reduction of molecular
weight leads to a decrease in the energy of dispersion forces, while
the larger molecular volume occupies a greater area within the limited
van der Waals surface area, thus resulting in an overall decrease in the
van der Waals force. Consequently, when introducing hydrophobic
groups, it is important to consider both the molecular weight of the
group itself and the alteration in molecular volume following virtual
modification. This approach is beneficial for enhancing plant
resistance to PCBs.

4 Conclusion

A 3D-QSAR pharmacophore model for the combined effects of
PCBs on plant stress resistance and degradation was constructed,
which can better express the combined pharmacophore
characteristics of PCBs on plant stress resistance and degradation.
The Hypo 1 pharmacophore model contains one hydrophobic and
two aromatic ring features, indicating that these two features have a
significant impact on the combined effects of pollutants on plant
stress resistance and degradation. Since the aromatic ring feature is
a characteristic of PCB structure, adjusting the hydrophobic
characteristics of PCBs in plants can further alleviate PCB stress
resistance and improve PCB degradation.

Using PCB-46 with the highest comprehensive effect value as a
template molecule, molecular virtual modification technology was
used to improve the resistance and degradation of PCBs in plants.
The mechanism analysis results of the Hypo 1 pharmacophore

Frontiers in Plant Science

model were verified, indicating that hydrophobic characteristics
affect the resistance and degradation of PCBs in plants, significantly
affecting the degradation effect of pollutants in plants.

In-depth analysis of the mechanism changes in plant stress
resistance and plant degradation improvement before and after
virtual modification of PCBs revealed that hydrophobic groups have
a greater impact on plant degradation of pollutants. The
improvement in plant degradation is biased toward hydrophobic
groups with weaker hydrophobicity compared to chlorine atoms,
while the improvement of plant stress resistance tends to be
associated with hydrophobic groups with smaller molecular
weights compared to chlorine atoms and an increase in the
overall molecular volume after virtual modification.
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