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Editorial on the Research Topic 


Bio-based solutions for sustainable development of agriculture, volume II


The modern cropping industry has to address food security challenges related to the increasing world population, the pressure of climate change on crop production, and the adverse effects of anthropogenic activities on agro-ecosystems (Boix-Fayos and de Vente, 2023; Grigorieva et al., 2023). Therefore, various strategies have been suggested (e.g. Green Deal, Soil Deal, Farm to Fork, and European Biodiversity) focusing on a gradual and mild transition toward sustainable cropping systems and agronomic solutions. Biostimulants and bio-based solutions in general have been considered viable solutions to be integrated into the current agronomic schemes to overcome the challenges that the cropping sector is facing or is expected to face in the near future.

In this context, this Research Topic invited contributions related to the development of alternative bio-based solutions (e.g. biofertilizers, biostimulants, or biocontrol agents) and their effects on plant growth, physiological processes, quality features of the final product, and tolerance to biotic and abiotic stressors, as well as contributions that provide novel information regarding the mechanisms that underlie the suggested effects.

In the work of Tang et al., a literature review regarding the application of antimicrobial peptides as a means of sustainable crop protection and disease management was performed. The authors summarized the recent reports on the positive aspects of using antimicrobial peptides, including their steep dose-response relations, ability to rapidly kill pathogens, broad synergistic effects with other antimicrobial agents and the immune system of plants, and the slow selection of pathogen resistance. Based on these effects, possible applications of antimicrobial peptides and their integration into sustainable plant protection strategies were also discussed. In addition, Santos et al. reviewed the progress of various strategies to promote sustainable management of Kiwifruit Bacterial Canker (KBC), caused by the bacterium Pseudomonas syringae pv. actinidiae (Psa). In this paper, the authors focused on two aspects: (i) precision agriculture, where early non-invasive methods to detect the disease and forecast models to predict the risk of Psa infection were addressed, and (ii) biotechnological tools, with emphasis on plant breeding, aiming at Psa tolerance and the use of several novel substances of natural origin to combat Psa. To assess the beneficial effect of fungi in improving plant defense against pathogenic agents, Meesters et al. inoculated tomato (cv. Moneymaker) seeds with the fungi Beauveria bassiana, Metarhizium brunneum, and Trichoderma harzianum. The study revealed that the three fungi had a marginal effect on the volatile organic compounds profile of tomato plants. Nonetheless, the authors observed that the insect Nesidiocoris tenuis was deterred on plants inoculated with M. brunneum, compared to those non-inoculated (control), which opens up good prospects for using this fungus in new biocontrol strategies against N. tenuis. In another work, the antifungal activity of 6-deoxy-6-aminochitosan in the protection of tomato plants against Botrytis cinerea was studied for the first time by Moola et al. The authors tested various concentrations of aminochitosan in two scenarios: (i) on B. cinerea growth and sporulation (in vitro) and (ii) as a foliar pre-treatment in tomato leaves (in vivo). Botrytis cinerea infection was prevented when aminochitosan was applied as a foliar spray to 5- week-old tomato leaves and the in vivo biological activity was improved when aminochitosan was directly applied and when used as a systemic treatment for up to 30 days after inoculation. Zhang et al. investigated the inhibitory effect of aqueous extracts of Trifolium repens L. (white clover) and Lolium perenne L. (ryegrass) manures on the germination and growth of Eleusine indica L. (goosegrass). Highly concentrated (≥ 30%) extracts or decomposed liquids of both manures inhibited the germination of goosegrass, making the ryegrass treatments more effective than the white clover treatments. However, further studies are needed to understand the effects of the decomposition residues on modifications of nutrients, microorganisms and the composition of the soil.

The literature review performed by Khan focused on the interaction of beneficial phytomicrobiome species under stress conditions and how they can enhance plant growth and crop productivity by improving nutrient uptake, the biosynthesis of secondary metabolites and plant resistance to pathogens and abiotic stressors. Moreover, special attention was given to the interaction of the bacterial and fungal biome with archaea, viruses, oomycetes, protozoa, algae, and nematodes, as well as to understanding the stress signaling mechanisms and the responses of phytomicrobiome species under the climate change conditions on organism and ecosystem levels.

In the review report of Rétif et al., the use of seed fungal endophytes as biostimulant and biocontrol agents was investigated focusing on their capacity to improve seed quality and benefit seed biology, while the mechanisms involved in the physiological processes of the improvement of seed performance were also assessed. On the other hand, Swiatczak et al. investigated the effect of six strains of plant growth–promoting rhizobacteria (PGPR) in both sterile and non-sterile conditions on the growth of canola. Additionally, the genomic profile of the two PGPR strains (Pseudomonas sivasensis 2RO45 and Peribacillus frigoritolerans 2RO30) that demonstrated the highest growth-promoting effect was compared. The authors verified that P. sivasensis 2RO45 was enriched with additional genes responsible for ACC deaminase and siderophore production, evidenced antifungal effect against the phytopathogens tested, and presented various biosynthetic gene clusters compared to P. frigoritolerans 2RO30. In the work of Carrascosa et al., the effect of various types and doses of fertilizers (inorganic and compost tea) on the growth of Purslane (Portulaca oleracea L.) as well as soil quality parameters and their microbial community structure were studied. The first insights of this study pointed out that the fungal and bacterial diversity and loss of bacterial function decreased for the majority of the fertilizer treatments, which needs to be confirmed by long-term experiments and samples collected at different seasons.

Leporino et al. studied the foliar application of two protein hydrolysates (PH) obtained from Malvaceae (PH1) or Fabaceae (PH2) on the tolerance of tomato plants to repeated drought stress. The application of PH1 was more efficient in inducing plant resistance to water stress, while PH2 was only adequate for the first water stress event. PH1 increased the production of the compounds associated with the primary and secondary metabolism of the plant. However, compared to the control, the authors observed a down-regulation of hormones and signaling molecules or molecules involved in the fight against oxidative stress. On the other hand, Hamoud et al. studied the application of calcium lignosulfonate (CLS) to mitigate the stress associated with irrigation of soil with saline water. Soils amended with CLS presented improved chemical characteristics, which had a positive impact on nutrient absorption by maize (Zea mays) plants. The application of CLS led to less cellular damage (due to the reduction of oxidative stress), greater plant growth (increased root and shoot length), maize yield, and grains with higher starch, fat, and protein content.

Finally, Zhong et al. investigated the mechanisms associated with Lilium brownii F. E. Brown ex Miellez var. viridulum Baker (Longya lily) autotoxicity. The analysis of plant tissues revealed the presence of 2,4-di-tert-butylphenol (2,4-DTBP) as the autotoxic substance. Genes linked with phytohormones, reactive oxygen species, and MAPK signaling cascades were significantly changed in response to 2,4-DTBP. The autotoxic substance also affected chloroplasts and ribosome integrity. The information obtained on the mechanisms underlying the autotoxicity of L. brownii may be useful in managing the obstacles associated with its successive cultivation.

In summary, this second volume of the Research Topic brings together 12 works that present new advances in biocontrol and the production of biofertilizers and biostimulants to improve the quality and nutritional value of crops, disease resistance, and resilience to environmental stressors. The new and relevant information presented here, together with those presented in the first volume of this Research Topic (Soares et al., 2022) can be useful in establishing best practices that can lead to the development of modern and more sustainable agriculture.
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Introduction

Soil fertility is a major determinant of plant-microbial interactions, thus, directly and indirectly affecting crop productivity and ecosystem functions. In this study, we analysed for the first time the effects of fertilizer addition on the cropping of purslane (Portulaca oleracea) with particular attention to the taxonomic and functional characteristics of their associated soil microbiota.





Methods

We tested the effects of different doses of inorganic fertilization differing in the amount of N:P:K namely IT1 (300:100:100); IT2 (300:200:100); IT3 (300:200:200); and IT4 (600:100:100) (ppm N:P:K ratio) and organic fertilization (compost tea) which reached at the end of the assay the dose of 300 ppm N.





Results and discussion

Purslane growth and soil quality parameters and their microbial community structure, abundance of fungal functional groups and prevailing bacterial metabolic functions were monitored. The application of compost tea and inorganic fertilizers significantly increased the purslane shoot biomass, and some soil chemical properties such as pH and soil enzymatic activities related to C, N and P biogeochemical cycles. The bacterial and fungal community compositions were significantly affected by the organic and chemical fertilizers input. The majority of inorganic fertilization treatments decreased the fungal and bacterial diversity as well as some predictive bacterial functional pathways.





Conclusions

These findings suggest that the inorganic fertilization might lead to a change of microbial functioning. However, in order to get stronger evidence that supports the found pattern, longer time-frame experiments that ideally include sampling across different seasons are needed. Thus, further research is still needed to investigate the effects of fertilizations on purslane productivity under commercial field conditions.





Keywords: Portulaca oleracea, crop, nitrogen application, Illumina sequencing, bacterial community, fungal community, functional composition




1 Introduction

Mediterranean agro-ecosystems host a high diversity of wild edible plants (WEPs) that have been always an important food source and basic ingredients for the rural communities (Chatzopoulou et al., 2020; Corrêa et al., 2020). Currently, the increasing demand for healthy food and natural antioxidants from Central and Northern European countries, combined with the development of local cuisine, has rekindled the interest for the culinary use of WEPs in the so called “Mediterranean diet” (Sánchez-Mata et al., 2012; Ceccanti et al., 2018). Among them, purslane (Portulaca oleracea L.) is acknowledged as one of the most important medicinal and nutritional herbs because of its high content in omega-3 fatty acid (α-linolenic acid) and antioxidants (Petropoulos et al., 2015; Hosseinzadeh et al., 2021). Purslane is a palatable vegetable crop with mild flavour which can be consumed raw or cooked, typically in Turkey and other Mediterranean countries, and also in Asia (Kaymak, 2013).

To achieve the world agricultural needs, the increases in crop yields have been addressed through the application of chemical and organic fertilizers (Bebber and Richards, 2022; Dincă et al., 2022). Numerous studies have shown the negative effects of the long-term application of chemical fertilizers, especially nitrogen fertilizers, e.g. nitrate pollution of groundwater, eutrophication of surface waters, soil acidification or increasing greenhouse gas emissions (Singh and Craswell, 2021). Moreover, the excessive application of inorganic fertilizers has been recognized to be the most important factor contributing to the loss of soil health, mostly related to the loss of soil organic matter, the degradation of soil structure, and the decrease of soil biological activity (Zhao et al., 2016; Tian et al., 2017; Bebber and Richards, 2022; Dincă et al., 2022). Thus, it is urgent to find strategies to control and mitigate nitrogen loss from agricultural systems as well as to define the appropriate and optimized N application doses for each crop (Stark and Richards, 2008).

Conversely, organic fertilizers are known to improve soil health (Lewu et al., 2020), as well as the abundance, diversity and function of the soil microbial community (Jannoura et al., 2014; Insam et al., 2015; Bebber and Richards, 2022). These aspects make organic fertilizers a sustainable and environmentally friendly alternative to inorganic fertilization. Between organic fertilizers, compost teas (CTs) are oxygenated compost water extracts obtained through a suitable liquid-phase blowing process, that may improve the plant physiological status by increasing the crop yield and quality (Shaheen et al., 2013; Ros et al., 2020), while it could to be related to the reactivation and enhancement of the rhizosphere microbial communities that improve the plant nutrient uptake (Luo et al., 2022).

Soil microbial communities are considered to play a vital role in ecosystem functions, maintaining soil health, sustainability and productivity and regulating key processes, such as the carbon and nitrogen cycles (Mercado-Blanco et al., 2018). In fact, soil microorganisms have essential roles in organic N biosynthesis, N fixation, ammonification, nitrification, and denitrification (Kuypers et al., 2018; Hörstmann et al., 2021). Microbial communities are also determinants in promoting the plant growth and disease control and, consequently, the crop production (Saleem et al., 2019). It has been well documented that soil fertilization management influences the plant-microbial interactions and thus, the soil fertility and crop productivity (Sun et al., 2015; Pan et al., 2020; Ren et al., 2021; Dincă et al., 2022). Previous studies have found that fertilization changes the diversity, community structure and activity of soil microorganisms (Wei et al., 2017; Chen et al., 2019; Bebber and Richards, 2022; Dincă et al., 2022). In general, these studies have suggested that mineral fertilization, in particular N addition, decreases microbial diversity including plant-beneficial microbial taxa (Francioli et al., 2016; Cui et al., 2020). By contrast, the organic fertilization provides more stable conditions that favour the increase of microbial abundance and activity, probably due to an improvement of the soil structure and organic matter content (Zhan et al., 2018; Enebe and Babalola, 2020). Nevertheless, the beneficial effects of organic fertilization on the plant-soil system may vary depending on the fertilizer form, its nutrient content (NPK), soil structure, soil type, pH, crop type, etc. (Dincă et al., 2022).

In spite of numerous studies analysing the responses of the soil microbial communities to organic and chemical fertilizers for different crops (Dincă et al., 2022), the functional aspects of these impacts on bacterial and fungal communities have been scarcely investigated. Moreover, the effect of the addition of chemical and organic (such as compost tea) fertilization on the microbial community associated to purslane rhizosphere is completely unknown. In order to select a suitable management strategy for the establishment of a more stable and sustainable agroecosystems (Pan et al., 2020), it is of vital importance to understand the role that microbiota of purslane rhizosphere plays after the application of chemical and organic fertilizers.

We hypothesized that the addition of chemical and organic fertilizers (based on compost tea) on the short-term could alter the structure and function of the soil rhizosphere microbial community and promote the purslane growth and that this change could be dependent on the type and doses of fertilizer. In order to verify this hypothesis and to gain further insights into the relationship between fertilization and purslane crop, we assessed the effects of different doses of inorganic fertilization (NPK) compared to organic fertilization (compost tea) on the microbial community structure, the abundance of the fungal functional groups and the prevailing bacterial metabolic functions including functional genes associated with nitrogen cycling. Likewise, the changes in the soil quality properties and purslane growth parameters mediated by the different fertilization treatments were also evaluated.




2 Materials and methods



2.1 Design of the experiment

The topsoil (0–20 cm) used in the experiment came from the CEBAS-CSIC Experimental Farm (Santomera, Murcia, Spain 38°06’14.0”N 1°02’00.1”W), corresponding to a semi-arid Mediterranean climate with 19.2 °C as annual mean temperature, 300 mm annual rainfall and a high potential evapotranspiration of 1000 mm y-1. The soil, classified as Lithic xeric haploxeroll, is stony and shallow, with a clay-loam texture (clay fraction: 41% illite, 17% smectite, and 30% palygorskite). The chemical characteristics of the soil were: total N 05.7 g kg−1, available P 6.0 mg kg−1, available K 33.9 mg kg−1, organic matter 12.6 g kg−1, CaCO3 3 g kg−1, pH 7.14 and EC 0.10 dS m-1.

The compost tea (organic fertilizer) was prepared weekly by mixing compost with distilled water in the ratio of 1:200 w/v after agitation for 2 h at ambient temperature. The raw materials to produce the compost were three at the following proportions: 45.6% vine pruning, 20.8% leek waste and 33.7% olive mill waste. The water extracts were filtered through a cheesecloth and stored at 4 °C until further use. The chemical properties of the compost tea were the following: total N 18.1 mg L-1, total C 69.06 mg L-1, C/N 3.8, P 5.8 mg L-1, K 99.8 mg L-1, Ca 23.6 mg L-1, Na 8.02 mg L-1, pH 8.33 and EC 0.45 dS m-1.

The growth substrate consisted of a mixture of sand, vermiculite and the above mentioned soil (1:1:1; w:w:w). Two kilograms of natural soil were placed in 2-litre pots (15.7-cm diameter, 12.5-cm height). In April 2021, seeds of purslane (Portulaca oleracea L.) provided by the Department of Agriculture Crop Production and Rural Environment (University of Thessaly, Greece) were directly sown in the pots in order to obtain one plant per pot after thinning. The experiment consisted of a mesocosm assay with four inorganic fertilization treatments which differed in the amount of N:P:K namely IT1: 300:100:100; IT2: 300:200:100; IT3: 300:200:200; IT4: 600:100:100 (ppm N:P:K ratio); one treatment of compost tea which reached at the end of the assay the dose of 300 ppm N; and one non-fertilizer control treatment. Each treatment was replicated in seven pots (n=7), making a total of 42 pots. The treatments were applied via nutrient solution to the pots, starting when plants developed 3-4 true leaves, e.g. May 2021. All the plants received 100 mL of nutrient solution per pot by manual irrigation once a week.

The experiment was maintained for three months (from seed sowing) under greenhouse conditions at CEBAS-CSIC Experimental Farm (Santomera, Murcia, Spain). Day/night temperature was 35 °C/25 °C. Plants were irrigated regularly with water to keep growth substrate at 60% of field capacity.

At experiment completion, plants were harvested and soil samples were collected. For each pot, the root system was placed into polyethylene bags and gently shaken to collect the rhizosphere soil. One portion of the rhizosphere soil was stored at -20 °C for DNA sequencing. The remaining soil was sieved through a 2-mm mesh for chemical and biochemical analyses. Fresh samples of shoots were also collected for further analyses.




2.2 Analyses of plant tissues

Fresh and dry (at 105 °C for 5 h) shoot biomass was measured. Dried shoots were ground with a mill before nutrient analysis. Shoot N was determined using a TruSpec CN Analyzer (LECO, St. Joseph, MI, USA). Shoot P and K contents were analysed by ICP/OES (Thermo Elemental Co. Iris Intrepid II XDL).




2.3 Chemical, biochemical, and biological analyses of rhizosphere soil

Soil pH and electrical conductivity were determined at 1:2.5 and 1:5 soil/water ratios, respectively. Available P was extracted with bicarbonate according to Olsen (1954) method and determined colorimetrically (viz., by using molybdate‐reactive P according to Murphy and Riley (1962)). Organic C (%) was quantified by dichromate oxidation method (Walkley and Black, 1934). Organic C values were transformed into organic matter by multiplication using an empirical factor (1.724). Total nitrogen (TN) and total carbon (TC) were determined using an elemental CHNS-O analyzer (EA- 1108, Carlo Erba, Barcelona, Spain); total phosphorous (TP) and total potassium (TK) using inductively coupled plasma-mass spectrometry (ICP-MS; ICAP 6500 DUO, Thermo Fisher Scientific, Hayward, California, USA). β-glucosidase activity (β-Glu) was assessed by using 25 mmol L−1 p-nitrophenyl-β-D-glucopyranoside as substrate according to Eivazi and Tabatabai (1988), and dehydrogenase activity (DHA) by measuring the amount of triphenyl formazan (TPF) released by incubating the soil with 2,3,5 triphenyltetrazolium chloride (Tabatabai, 1994). Urease activity was determined as described by Kandeler et al. (1999) using urea as substrate (Nannipieri et al., 1980). Alkaline phosphomonoesterase activities were determined colorimetrically as the p-nitrophenol released during the incubation (at adequate pH) of soil with the substrate p-nitrophenyl phosphate disodium (Naseby and Lynch, 1997).




2.4 DNA extraction and Illumina sequencing

Genomic DNA was extracted from 0.25 g of rhizosphere soil from each sample by using the DNeasy PowerSoil DNA Isolation kit (Qiagen), following the manufacturer protocol. DNA yield and quality were checked both by electrophoresis in 0.8% (w/v) agarose gels stained with GelRed and visualized under UV light, and by using a Qubit 3.0 fluorometer (Life Technologies, Grand Island, NY). DNA from each individual sample was sequenced using the Illumina MiSeq platform at the genomics service of the Institute of Parasitology and Biomedicine “López Neyra” (CSIC), Granada, Spain. Prokaryotic libraries were constructed by amplifying the hyper-variable V3–V4 regions of the 16S rRNA gene using the primer pair 341F (5′-CCTACGGGNBGCASCAG-3′) and 806R (5′-GACTACNVGGGTATCTAATCC-3′) according to Takahashi et al. (2014). These amplicons were tagged to be attached to PNA PCR clamps to reduce plastid and mitochondrial DNA amplification (Lundberg et al., 2013). Fungal libraries were constructed by amplifying the ITS2 region using the primer pair ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) (White et al., 1990) and fITS7 (5′-GTGARTCATCGAATCTTTG-3′) (Ihrmark et al., 2012). Both runs were sequenced using a paired-end 2x300bp (PE 300) strategy.




2.5 Sequencing data processing

Raw sequence data was analyzed by following the DADA2 v. 1.16 analytical pipeline, adapted for ITS data in case of the fungal run (DADA2 ITS Pipeline Workflow v 1.8) (Callahan et al., 2016). Briefly, forward and reverse primers were removed using cutadapt (Martin, 2011). Reads were quality filtered and sequences dereplicated using standard settings in DADA2 pipeline. The rate error model was inferred and used to implement the sample inference algorithm. Forward and reverse reads were merged and chimeric sequences removed. To further curate for possible sequencing errors, we applied the LULU algorithm (Frøslev et al., 2017). In order to correct for mistagging, Amplicon Sequence Variants (ASVs) occurring at a frequency below 0.01% in each sample were removed. Taxonomic assignment was determined using the RDP algorithm implemented in DADA2 against the UNITE fungal database v. 8.2. (Abarenkov et al., 2022) for fungi and the 16S/18S SILVA release 132 for bacteria. ASVs not assigned to a known fungal phylum level were discarded as done for ASVs not assigned to the Bacteria kingdom for fungi and bacteria datasets, respectively. Finally, 1,227 ASVs (1,386,034 reads) and 3,204 ASVs (646,616 reads) were obtained for fungal and bacterial communities, respectively.

Fungal functional guilds were determined by matching fungal ASVs’ assigned genera and the genus-guild database Fungal Traits (Põlme et al., 2020). From this analysis, 838 ASVs (84.5% of reads) were assigned to a primary-lifestyle (sensu Põlme et al., 2020).

As a result, the ASVs were grouped into five fungal functional groups: Saprotrophs, Plant Pathogens, Parasites, Mycorrhizal fungi and Endophytes.

Bacterial metagenome prediction was performed on the basis of the ASV table using PICRUSt (Phylogenetic Investigation of Communities by Reconstruction of Unobserved States) (Langille et al., 2013). PICRUSt is used to estimate the bacterial genes present in the metagenomes of a microbial community under study, using 16S rRNA data, and to estimate the profile of the potential microbial functions associated with each of the groups. A normalization of each of ASV was carried out dividing each ASV by the known 16S copy number abundance. The functional profile of the genes was determined with the identification in Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (Kanehisa et al., 2012).




2.6 Statistical analyses

The normality and homogeneity of the variance of the environmental variables were checked using the Kolmogorov-Smirnov and the Levene’s tests, respectively. Data that were not normally distributed were transformed using a log transformation. One-way ANOVA was used to test the effect of the different treatments on measured variables and comparisons among means were made using the Tukey’s HSD (Honestly Significant Difference) test (P < 0.05).

To avoid bias in further analyses due to differences in sequencing effort between samples, the number of sequences per sample was rarefied to the lowest one when necessary. The rarefied ASVs table was used in further analyses.

A non-metric multidimensional scaling (NMDS) ordination based on the Bray-Curtis distance was performed to visually compare the taxonomic composition of the bacterial and fungal communities independently, and potential functional pathways of the bacterial communities, using the “metaMDS” function implemented in “vegan” package for R (Oksanen et al., 2019). To test the effect of the different treatments, on the rhizosphere microbial communities’ composition and structure, a permutational multivariate analysis (perMANOVA) using 999 permutations was conducted on the same Bray-Curtis matrix with the “adonis” function in vegan.

Canonical correspondence analyses (CCA) were carried out to quantify the relative importance of soil and plant properties in driving the changes in the composition of bacterial and fungal communities. Variance inflation factors (VIFs) were calculated to check the presence of collinearities among environmental variables using the function vif.cca in the “vegan” package and those with a VIF > 10 were sequentially removed. The remaining variables were then subjected to a forward selection procedure to select the subset of constraining variables that better explained the communities’ variation in the CCA final model. The significance of the CCA final models, for bacterial or fungal communities, was tested by Monte-Carlo permutational test (999 permutations). Heat maps correlations were constructed using R and vegan package.

The influence of the treatments on bacteria functional profiles were evaluated individually for each function by using the Kruskal-Wallis test. The Benjamini–Hochberg false discovery rate (FDR) (Benjaminit and Hochberg, 1995) correction method was applied to the results and all features with a p value ≥0.05 were removed.




2.7 Data availability

The sequences retrieved in this study were submitted to the NCBI Sequence Read Archive repository (www.ncbi.nlm.nih.gov/sra) and they are accessible through the BioProject PRJNA934288.





3 Results



3.1 Effects of the fertilization treatments on plant growth parameters

The application of fertilization (inorganic and organic) increased significantly the plant biomass (fresh and dry) (Figure 1 and Table S1). In particular, inorganic fertilizer treatments resulted in significantly higher fresh and dry shoot biomass, compared to the tea compost and the control treatment, while significant differences were also recorded between the organic fertilizer and the control.




Figure 1 | Shoot dry biomass of purslane plants grown under five different fertilization treatments (n = 4). For each treatment, bars followed by the same letter are not significantly different according to Tukey’s HSD-test (p < 0.05). Bars represent standard error.



The treatment with the highest N doses (IT4) showed the highest plant growth (84% respect to the control plants), as well as the highest N content. By contrast, the P leaf content was significantly decreased for all the fertilization treatments used in this study compared to the control, showing the lowest content in the IT4 treatment (higher N doses) and the highest content in the control plants.




3.2 Effects of the fertilization treatments on rhizosphere soil properties

The TC, TN, OC, OM and EC of rhizosphere soil were not significantly affected by the fertilization treatments (Table 1). The pH increased significantly by all fertilization treatments (inorganic and organic) compared to the control treatment. Only the IT2 treatment significantly increased the total P content in the soil compared to the rest of the treatments (except for IT1 treatment where no significant differences were detected).


Table 1 | Chemical, physico-chemical and biological properties of the rhizosphere of purslane plants grown under different fertilization treatments.



The AP was significantly higher in inorganic fertilizers (IT1, IT2, IT3, IT4) compared to OT. On the other hand, K content was higher in IT1, IT2 and IT4 than the IT3 and OT treatments, while no significant differences were recorded over the control.

In general, the fertilization treatments significantly affected the soil enzyme activities (Table 1). All inorganic fertilization treatments (IT1, IT2, IT3 and IT4) significantly increased the four enzymatic activities measured, while the alkaline phosphomonoesterase and urease activities increased significantly by all fertilization treatments, including inorganic and organic ones.




3.3 Effects of the fertilization treatments on the rhizosphere soil bacterial community

Sequencing of 16S amplicon of rhizosphere samples yielded a total of 2,110,216 raw sequences. After applying all the quality filters and cleaning criteria, we obtained 561,086 high-quality bacterial sequences across all the samples (on average, about 24,395 reads per sample), represented by 2,725 ASVs.

The rarefaction curves showed a full coverage of the bacterial diversity for every sample, indicating that the sequencing effort was similar and making the diversity across samples comparable (Figure S1A).

The bacterial richness (S) under the OT treatment was significantly higher than the control and inorganic treatments, except IT3 (Table S2). In the case of Shannon diversity index (H), the inorganic treatment with higher N doses (IT4) resulted in a significant decrease in relation to the control and the rest of the treatments.

The perMANOVA analysis showed that fertilization treatments significantly affected the bacterial community composition of rhizosphere soil of purslane (F= 1.52, p= 0.001). The NMDS ordination plots showed that the bacterial communities belonging to the inorganic fertilization treatments were significantly different from the control and the organic treatment (Stress=0.13, R2 = 0.984) (Figure 2A).




Figure 2 | (A) Non-metric multidimensional scaling (NMDS) analysis on a Bray-Curtis dissimilarity matrix based on the ASVs dataset retrieved from the bacterial communities of the rhizospheric soil of purslane under different fertilization treatments. Ellipsoids represent 95% confidence for each treatment mean. (B) Non-metric multidimensional scaling (NMDS) analysis on a Bray-Curtis dissimilarity matrix based on the ASVs dataset retrieved from the fungal communities of the rhizospheric soil of purslane under different fertilization treatments. Ellipsoids represent 95% confidence for each treatment mean.



A total of 25 bacterial phyla were found across all the rhizosphere soil samples from purslane. The most abundant phyla were Proteobacteria (23%), Actinobacteria (22%) and Chloroflexi (21%), followed by Cyanobacteria (13%), Patescibacteria, Acidobacteria and Planctomycetes (all three around 5%). The relative abundance of the remaining phyla was below 1.5% (Figure S2A). The treatment with the highest doses of N (IT4) decreased significantly the Chloroflexi and Acidobacteria phylum. On the other hand, the Gemmatimonadetes and Entotheonellaeota phylum were also significantly decreased for the inorganic fertilization treatments (Figure S2A).




3.4 Effects of the fertilization treatments on the rhizosphere soil fungal community

The ITS2 amplicon sequencing generated 2,595,367 raw reads. After applying the subsequent filtering and cleaning processes we obtained 905 fungal ASVs (572.447 sequences). The rarefaction curves calculated for the rarefied dataset (24.889 sequences per sample) indicated that the sequencing effort covered the whole ASV richness per sample (Figure S1B).

The richness (S) and Shannon diversity index (H) were significantly affected by the fertilization treatments (Table S3). Except for the organic (OT) and inorganic fertilization IT3 treatments, the rest of inorganic treatments significantly decreased the richness and diversity index of the fungal community.

Fertilization treatments had a significant effect on fungal community composition of rhizospheric soil of purslane (F= 2.01, p= 0.001), as was easily visualized in the NMDS ordination plot (Figure 2B). In this ordination analysis, three groups were clearly observed, the control and IT3 fungal communities, the other inorganic fertilizers (IT1, IT2, IT4) and the OT fungal communities (Stress=0.15, R2 = 0.975).

The fungal community was composed of 14 fungal phyla. The most abundant phylum was Ascomycota accounting for 65% of relative abundance, followed by Mortierellomycota (17%), Basidiomycota (8.7%), Chytridiomycota and Olpidiomycota (both phyla around 4%). The remaining phyla accounted for less than 1% of the fungal sequences (Figure S2B). Only the Rozellomycota phylum was significantly negatively affected by the inorganic fertilization treatments, except for the IT3 treatment where no significant effects were recorded (Figure S2B).




3.5 Effects of the fertilization treatments on predicted functions of rhizosphere soil bacterial and fungal communities

Functional analysis using PICRUSt revealed a total of 35 significant pathways for the bacterial communities of the purslane rhizosphere under the different fertilization treatments (Table S4). In general, the chemical fertilization, mainly the IT2 and IT4 treatments decreased significantly the pathways related to cellular processes, membrane transport, genetic information processing and metabolism, such as: amino acid, carbohydrate, lipid and cofactors and vitamins. By contrast, the pathways related with the metabolism of terpenoids and polyketides and the biosynthesis and biodegradation of secondary metabolites were significantly increased by the inorganic fertilization (IT1, IT2 and IT4). The organic fertilization did not affect the predictive functions. These results can be observed also in the ordination plot of the NMDS analysis, where it is shown that this predictive functional profiling of the bacterial communities belonging to the inorganic fertilization was separated from both the organic fertilization and the control treatment (Figure 3). The influence of the treatments on the functional capabilities of the bacterial community was also corroborated by the perMANOVA analysis (F= 3.90, p= 0.001).




Figure 3 | Non-metric multidimensional scaling (NMDS) analysis on a Bray-Curtis dissimilarity matrix based on the predicted functional pathway profiles associated with the bacterial communities of the rhizosphere of purslane under different fertilization treatments. Ellipsoids represent 95% confidence for each treatment mean.



With respect to the N-cycling pathway genes (Table 2), we found that in the nitrification process, the ammonia oxidation-predicted genes (amoA, amoB and amoC) were significantly increased in the chemical treatments IT3 and IT4. The relative abundance of nitrite reductase predicted gen (nirK) belonging to denitrification process also was increased by the inorganic fertilization, being significantly affected by the IT2 and IT4 treatments. The rest of predicted N-cycling genes were not affected by the inorganic and organic fertilization.


Table 2 | Predicted N metabolism pathway genes count detected under the five different fertilization treatments.



The fungal functional guilds analysis assigned 825 ASVs (67.23% of the total ASVs) to the main functional guilds: saprotrophs, parasites, plant pathogens, endophytes and mycorrhizal fungi (Figure S3A).

Only the relative abundances of mycorrhizal fungi and endophytes were significantly influenced by the fertilization treatments (F=3.44, P=0.027; F=9.433, P<0.001, for mycorrhizal fungi and endophytes, respectively). The relative abundance of endophytes decreased significantly with all fertilization treatments (organic and inorganic) with respect to the control treatment. In the case of mycorrhizal fungi, all the inorganic fertilization treatments (IT1, IT2, IT3 and IT4) decreased significantly (on average, about 76%) the relative abundance of sequences with respect to the control treatment (Figure S3B).




3.6 Relationship between the soil properties and plant parameters and the composition of the rhizosphere soil microbial communities

The forward selection procedure in CCA carried out for the rhizosphere bacterial community dataset revealed three variables (dehydrogenase activity, total K and foliar K) in the final CCA model, as shown in Figure S4A. This CCA final model explained 20.4% of the total inertia from which the first two axes explained a 14.8% of the total inertia.

In the case of the rhizosphere soil fungal communities, only urease activity was selected in the CCA procedure. This CCA final model explained 8% of the total inertia (Figure S4B).

A correlation heat map generated to examine the relationships between the microbial phyla and soil and plant parameters revealed more notable variations among the bacterial phyla than fungal phyla (Figures 4A, B). Acidobacteria, Chloroflexi, Entotheonellaeota and Gemmatimonadetes showed significant negative correlations with the shoot nitrogen content (Figure 4A). Acidobacteria, Chloroflexi, Entotheonellaeota, Gemmatimonadetes and Verrucomicrobia also revealed significant negative correlations with plant biomass and soil enzymatic activities. Cyanobacteria only showed significant positive relation with the soil potassium content. Chloroflexi, Entotheonellaeota, Nitrospirae and Patescibacteria were negatively related with the soil phosphorous content. The soil pH only showed significant negative relation with Entotheonellaeota phylum. A positive significant relation with the plant phosphorous content was also found for Entotheonellaeota Gemmatimonadetes and Verrucomicrobia. Finally, Chloroflexi and Gemmatimonadetes showed positive significant relation with plant potassium content.




Figure 4 | (A) Correlations between the dominant bacterial phyla and soil properties and plant parameters. The R value is shown in different colours in the figure. If the P-value is < 0.05, it is marked with an asterisk. *0.01 < P ≤ 0.05; **0.001 < P ≤ 0.01; ***P ≤ 0.001. (B) Correlations between the dominant fungal phyla and soil properties and plant parameters. The R value is shown in different colours in the figure. If the P-value is < 0.05, it is marked with an asterisk. *0.01 < P ≤ 0.05; **0.001 < P ≤ 0.01; ***P ≤ 0.001.



In the case of the fungal phyla, our analysis revealed that Blastocladiomycota showed significant positive correlations with the nitrogen content in plant and the urease and dehydrogenase enzymatic activities (Figure 4B). The soil carbon content was positively related with Ascomycota and negatively with Basidiomycota, while Kickxellomycota and Rozellomycota revealed significant positive relation with the soil potassium content.





4 Discussion

The results of this experiment showed that soils receiving different N doses of inorganic fertilization or compost tea as organic fertilization increased significantly the plant growth of purslane, particularly the inorganic fertilization treatments which resulted in the highest plant growth. This could be a result of the more efficient assimilation of nutrients from crops in the case of inorganic fertilization (Wang et al., 2017). Several studies have found that soils with N input exhibit greater microbial activities than soils receiving low-N fertilisation or no fertilization, and thus a higher production of extracellular enzymes involved in the biogeochemical cycles related to C, N and P transformations, (Sinsabaugh et al., 2014; Francioli et al., 2016; Murugan et al., 2019). In accordance, the rise of the rhizosphere microbial activity (urease, phosphatase, glucosidase and dehydrogenase) in response to fertilization with N was evidenced in our study under all the inorganic fertilization treatments (IT1, IT2, IT3 and IT4), while it improved slightly under the organic fertilization treatment (OT). Francioli et al. (2016) also found higher N-acetylglucosaminidase and phosphatase activities in mineral fertilized soils (NPK) compared to the organic fertilized ones indicating that mineral fertilization affects to a greater extent the enzymes involved in N and P cycling in soil. A possible explication for the increased enzymatic activities might be attributed to the higher biomass of the fertilized purslane plants that could induce the higher root exudation. In fact, in our study there was a strong positive significant correlation between plant biomass and glucosidase (r=0.62**), phosphatase (r=0.55**), dehydrogenase (r=0.70**) and urease (r=0.70**) activities. It has been suggested that increases in the aboveground (Geisseler and Scow, 2014; de Vries and Bardgett, 2016; Murugan et al., 2019) and belowground biomass (Pérès et al., 2013; Kumar et al., 2016) may promote changes in rhizodeposition patterns, which, in turn, can alter soil C storage that further influences belowground microbial processes (Murugan et al., 2019; Bebber and Richards, 2022).

On the other hand, these shifts in the microbial enzymatic activities related to nutrient cycles also could be explicated by alterations in the soil microbial community composition (Nannipieri et al., 2003). In our study, the organic treatment based on tea compost was the only one in which bacteria richness increased significantly; on the other hand, the bacterial diversity measured by Shannon diversity index was significantly decreased only for the plants that received the highest doses of N (e.g. IT4). Regarding the fungal diversity and richness, it was decreased by all the chemical fertilization treatments, except for the treatment IT3. In accordance, Wang et al. (2018b) suggested that the addition of other nutrients (P, K) along with N generally could mitigate the negative effects of N addition on microbial diversity to some degree. In general, the mineral fertilization reduced the diversity of soil microbial communities, being the fungal community more affected than bacterial community to N fertilizer inputs. Our findings are supported by previous studies (Wang et al., 2018a; Wang et al., 2018b; Ye et al., 2020; Dincă et al., 2022) and although there is currently no consensus on what drives this decrease in diversity, it could be related to changes in competition and/or adaptation processes, with fast-growing taxa that are able to take advantage of increased nutrients availability under fertilized soils outcompeting slower growing taxa better adapted to low nutrient conditions (Fierer et al., 2012a; Leff et al., 2015).

The NMDS ordination and PERMANOVA analyses revealed a significant effect of mineral and organic fertiliser applications on the soil microbial community structure.

Fertilizers addition altered fungal communities more strongly than bacterial ones a finding which is in agreement with previous studies indicating that fungi react more sensitively to nutrients addition than other microbial groups (Freedman et al., 2015; Widdig et al., 2020). We found that the fungal communities of the rhizosphere soil of purslane were completely different between organic and inorganic treatments. In the case of the bacterial communities, the organic fertilizer and control treatment shared the same community; being significantly different from that of the chemical fertilization treatments (IT1, IT2 and IT4). Therefore, alterations of the bacterial community distributions seem to be more closely related to chemical fertilization than organic fertilizer. Similarly to our results, several researchers also found differences in the rhizosphere fungal and bacterial communities composition with N fertilizer addition from different origin (inorganic and organic), both at long (Francioli et al., 2016; Wang et al., 2017; Pan et al., 2020; Widdig et al., 2020) and short-term (Paungfoo-Lonhienne et al., 2015; Enebe and Babalola, 2020; Craig et al., 2021). It has been suggested that variations in the soil microbial community composition are linked to the soil properties in a bidirectional way (van der Heijden et al., 2008). In this respect, we observed that the bacterial community composition was linked to foliar and soil potassium and dehydrogenase activity, while urease activity accounted for the shifts in the fungal community composition observed among the fertilization treatments. This is in agreement with other studies that have highlighted the relevance of soil properties to driving the rhizosphere microbial community in fertilized soils (Pan et al., 2020; Ren et al., 2021). The shifts in microbial community assembly induced by N fertilizers inputs from inorganic and organic origin may also be reflected in functional differences of the dominant taxa (phylum). Our results confirmed a decrease in predicted oligotrophic (K-strategists) groups (Chloroflexi, Acidobacteria and Gemmatimonadetes, Entotheonellaeota) with the addition of N (Zeng et al., 2016; Ling et al., 2017), mainly for the treatment with the highest N doses. This result was in line with the shifts in bacterial community composition following N manipulation that has been previously explained by the oligotrophic hypothesis (Fierer et al., 2012a), according to which oligotrophic bacteria have slow growth rates and their abundance could decrease in nutrient-rich conditions. In fact, we found a negative correlation between these bacterial phyla and soil nutrient content for the enzymatic activities related to nutrient cycles. Our findings were consistent with several studies carried out at long- (Yao et al., 2014; Eo and Park, 2016; Wang et al., 2018b; Ren et al., 2020) and short-term (Herzog et al., 2015) where the authors found a decrease of Acidobacteria with increased N fertilization. On the other hand, it has been suggested that soil pH has even a greater impact than N fertilization on soil microorganisms community structure and abundance (Zhao et al., 2014; Ling et al., 2017; Widdig et al., 2020; Chen et al., 2021), being Acidobacteria one of the phyla more influenced/correlated with this soil parameter (Fierer et al., 2012b; Liu et al., 2015; Francioli et al., 2016). By contrast, we did not find a correlation between the abundance of this phylum and soil pH. In our study, only the phylum Entotheonellaeota was negatively correlated with soil pH, suggesting that pH range in our fertilized soils does not provide insight into the relationship between soil pH and soil bacterial communities. The pH significantly increased under all treatments with application of inorganic and organic fertilizers. In general, pH tends to decrease with N addition and the majority of authors studying the effect of N mineral fertiliser on different agricultural systems both, at long and short-time, have found decreases in pH values (Ling et al., 2017; Verdenelli et al., 2019; Pan et al., 2020; Widdig et al., 2020; Bebber and Richards, 2022). Although increases in the pH values as observed here, has also been found in some experiments (Luo et al., 2017; Craig et al., 2021). These results suggest that responses can vary across ecosystem types because of different soil type, application dose, nitrification process, climate, irrigation, timing, etc. (Tian and Niu, 2015; Wei et al., 2017; Pan et al., 2020).

Regarding the fungal community, the predominant phylum in our study was Ascomycota, in accordance with several authors that showed this phylum as one of the most diverse and ubiquitous phyla of eukaryotes predominating in agroecosystems and whose principal role is decomposing organic substrates (Lienhard et al., 2014; Paungfoo-Lonhienne et al., 2015; Francioli et al., 2016; Wang et al., 2017; Pan et al., 2020). In accordance, we found a positive correlation between this phylum and total carbon in soil. The fungal phylum more negatively affected by the chemical fertilization in our study was Rozellomycota. Yu et al. (2020) also found that this phylum decreased with chemical fertilization (NPK) in a rice-wheat cropping system. By contrast, Muneer et al. (2021) and Ma et al. (2022) found the highest percentage of this phylum under the treatment with higher NPK input in a pomelo orchard and rice yield, respectively. Ali et al. (2022) reported that the significant decrease in the relative abundance of Rozellomycota was mainly attributed to the alteration in soil enzyme activities due to the fertilization, a result which is in line with our findings. The relative abundance of the rest of the most abundant fungal phyla was not affected by fertilization in our study. Regarding the fungal functional guilds, we could observe that only the abundance of mycorrhizal fungi and endophytes guilds, were significantly affected by fertilization. Chemical fertilization decreased the abundance of arbuscular mycorrhizal fungi (AMF). In agreement to our results, Paungfoo-Lonhienne et al. (2015) also found that nitrogen fertilizers negatively impacted on arbuscular mycorrhizae in a sugarcane crop system, suggesting that chemical fertilizers could cause deleterious effects on soil and plant functions. The AMF are one of the main components of the soil microbiota in most agroecosystems because of their important role in improved nutrient uptake and plant growth (Smith and Read, 2008). In general, it is well-stated that chemical fertilisation reduces the AMF species richness and alters their community composition (Wang et al., 2009; Alguacil et al., 2010). Although it is well-know that in presence of high nutrient availability the functionality of the AM symbiosis decreases (Yang et al., 2018), the mechanisms determining the decrease of taxonomic diversity and the change in their community composition are mostly unknown. However, it has been suggested that these changes could be caused by differential requirements for nutrients across AMF species (Treseder and Allen, 2002; Treseder et al., 2018).

We observed that the predictive functional composition of the bacteria associated with the plants growing under chemical fertilization treatments was significantly different from that of the control and organic fertilization, and both treatments clustered together thus showing similar bacterial functionality. In accordance to previous studies (Fierer et al., 2012a; Fierer et al., 2012b), the variation of bacterial functional composition by different N fertilization treatments was closely related to the shifts in the bacterial taxonomic community composition. The bacterial community under chemical fertilization, mainly that resulting from highest doses of N (IT4), showed the lowest relative abundances of functions related to amino acid metabolism, biosynthesis of secondary metabolites, lipids, cofactors and vitamins and carbohydrate metabolism, cell motility and cellular processes and signalling such as sporulation. These bacterial functions could indicate a less sustainable soil microbial community structure and lower microbial functionality in general, in contrast to results obtained when applying organic amendments (Ling et al., 2016). On the other hand, the nitrogen is a key driver of soil microbial community composition (Fierer et al., 2013). The knowledge on microbial N cycling genes in an agroecosystem is crucial to decipher the N cycling in them (Cuartero et al., 2022). In this respect, we found that particular chemical fertilization treatments (IT3 and IT4) significantly increased the abundance of genes contributing to ammonia oxidation (amoA, amoB, amoC), that are part of the nitrification process and important for reducing nitrate leaching and emissions of NO and N2O (Liu et al., 2017). Therefore, among the detected genes, amoA, amoB, amoC were the most important genes contributing to the variation in nitrogen cycling related to chemical fertilization, suggesting that ammonia-oxidizers were more sensitive to fertilization than nitrogen-fixers and denitrifiers (Sun et al., 2015). Also, an increase in the abundance of the denitrification-related gen nirK was found in the chemical fertilization treatments. The main reason for this may be that the metabolite of nitrification, nitrate, which is the substrate for denitrification, so the abundance of genes involved in denitrification, especially the nirK gene, also have high contribution of variation in nitrogen cycling community abundance (Sun et al., 2015). On the other hand, we found that the application of compost tea had no effect on the abundance of predictive pathways involved in nitrogen cycle in purslane rhizosphere. Other studies had found increases in the gene expression associated with metabolism, environmental adaptation and immune system with the application of compost tea in cotton (Luo et al., 2022). Therefore, we suggest that the application doses of this organic treatment probably may have been below a threshold concentration to elicit a distinct microbial functional response compared to the inorganic fertilization treatments where different increments were tested.

In conclusion, this study provides the first insights into the response of soil microbial community to different fertilizer types and doses in the purslane crop, showing that in addition to increasing shoot biomass and producing some changes in soil properties such as pH and soil enzymatic activities related to C, N and P biogeochemical cycles, also produce changes in the bacterial and fungal community composition, in spite of the short period of the experiment (3 months). The majority of chemical fertilization treatments decreased the fungal and bacterial diversity as well as some predictive bacterial functional pathways, synonymous with the loss of microbial functioning. However, in order to get stronger evidence that supports the found pattern, longer time-frame experiments that ideally include sampling across different seasons are needed.
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Pathogen infection is one of the major causes of yield loss in the crop field. The rapid increase of antimicrobial resistance in plant pathogens has urged researchers to develop both new pesticides and management strategies for plant protection. The antimicrobial peptides (AMPs) showed potential on eliminating plant pathogenic fungi and bacteria. Here, we first summarize several overlooked advantages and merits of AMPs, which includes the steep dose-response relations, fast killing ability, broad synergism, slow resistance selection. We then discuss the possible application of AMPs for plant protection with above merits, and highlight how AMPs can be incorporated into a more efficient integrated management system that both increases the crop yield and reduce resistance evolution of pathogens.
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Introduction

Since 1950s, antibiotics have been used to control bacterial and fungal pathogens in the crop field. The crisis of antibiotic resistance in agricultural system is looming. Overuse of antibiotics in crop production has dramatically accelerated the evolution of antibiotic resistance of phytopathogen (McManus et al., 2002). The bacterial genera of plant pathogen, which includes Erwinia, Pantoea, Pseudomonas, Xanthomonas, acquired high resistance to streptomycin and oxytetracycline during the past decades (Sundin and Wang, 2018). The increasing resistance of pathogens indirectly plied up overall cost for plant protection. It also raised great concern that resistant bacterial mutants will fail the clinical treatment. For example, several phytopathogenic fungi have evolved high resistance to azole, a class of anti-fungal drug used both in farmland and hospital (Dunne et al., 2017).

In order to suppress the increasing trend of antibiotic resistance in plant protection, researchers have focused on either discovering new antimicrobials or developing new strategies for fighting against plant pathogens (Marcos et al., 2008; Lindsey et al., 2020). In recent years, a large number of natural and synthetic new chemicals are discovered and used in plant protection. Among them, AMPs are good candidates for fighting against phytopathogen (Amso and Hayouka, 2019). Moreover, new ways of drug application with existing antibiotics were also developed based on precisely quantitative methods, which significantly enhanced treatment efficiency and delayed the resistance evolution. For example, streptomycin is re-registered for treating Huanglongbing in the citrus grove. With methods analogues to the pharmacokinetics in pharmacology, recent studies have determined its spatial and temporal variation of drug concentration inside the plant. This helps to identify effective concentration range and duration of effectiveness inside citrus trees (Li et al., 2021). In addition, the patterns of killing of antibiotics are also critical for evaluation of field efficacy of antibiotics. It has been suggested that benchmark dose modeling can be applied to determine the killing effect of pesticides both in laboratory and field in the framework of the dose-response relation (Jensen et al., 2019, Jensen et al., 2022). In fact, this method is akin to pharmacodynamics in pharmacology. Pharmacodynamics of antibiotic provide information on how fast a given drug kills bacteria with respect to the dose. Moreover, dose-response relation also characterizes the ability of resistance selection of the antimicrobials (Yu et al., 2018). Overall, integration of new drug and novel methods of application facilitate the development of integrated pest management, reducing resistance evolution and cutting the total cost of agricultural production.

AMPs have long been proposed as a potential anti-bacteria and anti-fungi reagents in agriculture (Van der Biezen, 2001; Montesinos, 2007; Marcos et al., 2008; Montesinos and Bardají, 2008; Wang et al., 2018; Lobo and Boto, 2022), medicine (Zasloff, 2002; Harris and Coote, 2010; Tam et al., 2015; Hayouka et al., 2017; Annunziato and Costantino, 2020), food industry (Gupta and Srivastava, 2014; Sibel Akalın, 2014; McNulty et al., 2019; Lima et al., 2021; Liu et al., 2021). Here we briefly summarize the general information of AMPs and provide references for readers that are not familiar with AMPs. Most of the AMPs are usually composed of 10 to 50 amino acids with a total net positive charge in the working environments. These amino acids form different secondary structures, namely α-helix, β-sheet, macrocycles and residual-modified structures, which are the important bases of AMPs’ classification (Zasloff, 2002). Also, classification of AMPs in plants is characterized by the disulfide bonds and tertiary structures (Tam et al., 2015). In addition, other standards, such as pathogens that AMPs target, also can be applied to categorize AMPs, i.e. antifungal AMPs and antiviral AMPs (Benfield and Henriques, 2020). AMPs from different origins share similar killing mechanisms when targeting bacterial and fungal pathogens. As summarized by many previous reviews (Zasloff, 2002; Brogden, 2005; Melo et al., 2009; Bocchinfuso et al., 2011; Sibel Akalın, 2014; Benfield and Henriques, 2020; Huan et al., 2020), most of AMPs directly target and rupture the cell membrane to kill pathogens, only a few AMPs enter the cytoplasm to interrupt the cellular physiological process (Rahnamaeian et al., 2015). In general, the membrane-targeting mechanisms of AMPs can be characterized by carpet models, toroidal pore models and barrel-stave models (Epand and Vogel, 1999; Zasloff, 2002; Benfield and Henriques, 2020). Although many previous studies mostly focused on the design, classification, physical structures and chemical properties, as well as killing mechanism of AMPs, which are generally shared by many different AMPs for various usages. We, however, propose that more information and properties of AMPs should be considered especially when using AMPs for plant protection. In this minireview, we attempt to discuss some of the overlooked properties of AMPs including steep dose-response relations, fast killing, slow resistance selection, broad synergism. It should be noted that many of these properties are not discovered in the field of plant protection. For example, the fast killing property of AMPs was revealed by researchers who study biological nano-materials (Fantner et al., 2010), and the slow resistance selection property was discovered by research groups that study ecology and evolution (Perron et al., 2006; Yu et al., 2018; Lazzaro et al., 2020). These properties directly relate to the dosing strategy and effectiveness in different scenario of application (Jensen et al., 2022). We therefor also highlight how these distinctly overlooked properties can be exploited and integrated into the pathogen management protocols (See Figure 1).




Figure 1 | The merits of AMPs and their application in plant protection. (A) An brief illustration of AMPs’ merits. AMPs are able to rapidly kill bacteria within minutes. Due to distinct killing mechanism, they can deactivate non-growing bacterial and fungal spores. In addition, they also broadly synergize with other AMPs and antibiotics. Last, resistance evolution of pathogens to AMPs are particularly slow with high fitness cost. (B) AMPs with above merits can play an important role in integrated pathogen management. An integrated management methods includes endogenously expressing AMPs in plant to directly kill invading pathogens and to regulate symbiosis and root microbiome. Also, spraying AMPs in crop field with conventional antibiotic can form a synergistic effect that more efficiently eliminates pathogens, reduces the use of conventional antibiotics as well as delays pathogen resistance.







AMPs protect plant from infections both inside and outside

The immune repository of higher plant contains a group of antimicrobial peptides. Most of the plant AMPs are cystine-rich peptides and cross-linked by disulfide bonds (Tam et al., 2015; Sathoff and Samac, 2019). These plant AMPs, in general, are not structurally different from those from animals. Based on differences in disulfide bonds and tertiary structures, these peptides can be classified into several families, which includes thionins, defensins, hevein-like peptides, knottin-like peptides, lipid transfer proteins and snakins (Tam et al., 2015). Plant antimicrobial peptides widely expressed in variety of plant organs at different developmental stages (Silverstein et al., 2007; Tesfaye et al., 2013), which can be up-regulated upon pathogen infection. AMPs isolated from immune-activated plant showed robust killing effect towards various fungi and bacteria (Segura et al., 1999; Kovalskaya and Hammond, 2009). Overexpression of several defensin-like peptides in plants confer stronger antifungal and antibacterial effect. Moreover, plant defensin peptides both in model and crop plants have shown enhanced and long lasting disease resistance.

Heterologous expression of AMPs in plant using transgenic technologies is one of the efficient and powerful practices to improve plant’s resistance to phytopathogens. The full-length of cDNA of target AMPs was fused to the carrier plasmid, such as pMON22659 and pSAI4 and then transformed in to target plant using Agrobacterium. With this method, researcher integrated alfalfa antifungal peptide (alfAFP) defensin into potato and achieved robust resistance to fungal pathogens Phytophthora cactorum and Fusarium solani, the bacterium Erwinia carotovora both in greenhouse and field (Gao et al., 2000), where the transgenic plant had sixfold lower fungal load. Expression of a variety of plant and animal peptides in plant also confers both bacterial and fungal resistance in different families of plant, including potato (Gao et al., 2000; Osusky et al., 2000), tomato (Chan et al., 2005), rice (Kanzaki et al., 2002), tobacco (Chakrabarti et al., 2003; Swathi Anuradha et al., 2008; Khademi et al., 2020; Zhou et al., 2021), banana (Chakrabarti et al., 2003; Ghag et al., 2012), cotton (Gaspar et al., 2014), and many more other plants in earlier reviews (Keymanesh et al., 2009; Iqbal et al., 2019). This method can potentially reduce the infection and transmission of plant pathogens, and also decrease the incidence of pathogen infection of co-planted non-transgenic plants. Expression of heterologous AMPs in plants requires extra energy and resources and often trade-off with other traits of the plant, such as the yield vegetative growth (Van der Biezen, 2001; Jin et al., 2005). Therefore, it is still awaiting to evaluate that how the environmental factors, such as drought, temperature and many other biotic factors, affect the overall and long-term effect regarding disease resistance in transgenic plants. In addition, evolutionary theory predicts that enhanced host immunity selects more virulent pathogens (Antia et al., 1994; Cressler et al., 2014). Pathogens can evolve, if not direct resistance to host immune effectors, higher virulence and pathogenicity to reduce the expression of immune functions, and eventually break down the disease resistance (Sacristán and García Arenal, 2008; Fleming-Davies et al., 2018). Such breakdown of disease resistance has occurred in the cultivars that integrated R genes (Dodds et al., 2006; Peressotti et al., 2010). It remains elusive that if the transgenic plant with enhanced AMPs expression select virulent pathogens strains that compromises the durable resistance.

In-vitro application of AMPs can be also an effective way to control plant disease. Due to the costly production of AMPs at the moment, large scale field studies and applications of AMPs are rare (Table 1). The synthetic antimicrobial peptide BP15 showed great potential in controlling brown spot disease of pear, showing a disease reduction of about 42%-60% in the serial trials (Puig et al., 2015). Hayouka et al., 2017 synthesized 20-amino-acid-length peptides chain mixture with only two kinds of amino acids with relatively low cost. Those random peptides mixtures are able to rapidly eradicate pathogenic bacteria in plants (Topman et al., 2018; Amso and Hayouka, 2019). Foliar spray of these peptides significantly reduces disease incidence and index, which is almost as effective as commercial copper-based bactericide. In addition, these AMP mixtures showed no toxic effect on beneficial insects and mammalian cells. These studies show that synthesized AMPs have great potential in plant protection. Another possible way is to apply those widely used AMPs to control plant pathogens. For example, the widely-used food preservative, ϵ-poly-L-lysine (ϵ-PL), can successfully control grey mould on tomato in the field (Sun et al., 2017; Sun et al., 2018). Application of peptaibol trichogin with very low concentration (100 µM/129.3 g/ha) in vineyard has significantly reduced the incidence and severity of grapevine downy mildew caused by Plasmopara viticola (Bolzonello et al., 2023). Moreover, the peptide has no phytotoxicity on the plant.


Table 1 | The peptides used for controlling plant pathogens and their scale of testing.







AMPs rapidly kill pathogens in concentrations above the threshold

The fast-killing property of AMPs is vital for its application and often overlooked. Boman firstly recorded that the fast elimination of bacterial pathogens in immune-activated Drosophila (Boman et al., 1972). They found that the “vaccinated” flies with frozen bacteria can kill more than 99.9% of bacteria cells within 7 min after the second infection, then reduce the bacterial load for several orders of magnitudes in next few minutes. Boman and colleagues later proved that the fast killing is mainly achieved by AMPs that expressed by the insect’s immune system (Hultmark et al., 1980). Similar fast-killing property was constantly observed in later isolated AMPs, such as Magainins, the peptide isolated from frog skin (Zasloff, 1987). High-speed atomic force microscope allows one to observe the killing process of AMPs in real time (Fantner et al., 2010). In sufficient high concentrations, AMP can kill bacteria within 30 seconds. Similar fast killing rate was also observed using time-lapse fluorescence microscopy (Barns and Weisshaar, 2013). In contrast, antibiotics take much longer to kill bacteria. For example, bactericidal beta-lactam antibiotics take nearly one hour to kill a single bacterium (Yao et al., 2012). The killing time of many other antibiotics in bulk bacterial culture can range from 12 hours to several days (Ferro et al., 2015; Yang et al., 2018; Vaddady et al., 2019). It’s thus evident that the killing rate of AMPs is order-of-magnitude faster than that of antibiotics.

In addition, AMPs show striking inoculum effect (Nannini et al., 2013; Lenhard and Bulman, 2019; Loffredo et al., 2021). In other words, the killing effects of AMPs depends both on the bacterial density and AMP concentration, i.e. a minimal number of AMPs molecules is required to kill a bacterium (Huang, 2006; Melo et al., 2009). According to quantitative estimation, it requires approximate 107 peptides per cell for PMAP-23 to kill bacteria in bulk culture (Roversi et al., 2014). Moreover, AMP molecules can be unevenly absorbed by bacterial population, which results delayed population growth (Snoussi et al., 2018). Dead bacteria can even bind AMPs molecules and cause the same effect (Wu and Tan, 2019). This indicates that fast depletion of AMPs molecules by some bacterial cells results decreased free AMPs molecules in solution, and protect other bacteria from killing.

The fast-killing and inoculum effect altogether shapes the steep dose-response curve (Yu et al., 2016). It is notable that the concentration range from no effect to full killing is roughly 10 times in various AMPs (Steiner et al., 1981; Zasloff, 1987; Thevissen et al., 1999; Yu et al., 2016; Savini et al., 2017; Savini et al., 2020). This implies that we need to quantitatively evaluate the effective concentration when AMPs are applied in agricultural practice (Mercer et al., 2020; Jensen et al., 2022). Very recently, researchers have borrowed the methods in pharmacokinetics to quantify the spatial and temporal dynamics of antibiotic concentrations used to treat Huanglongbing in citrus (Li et al., 2019; Li et al., 2021). Moreover, the benchmark dose modelling method has also been proposed to quantify the working concentration of pesticides in the field (Jensen et al., 2022).These studies helped design proper dosing strategies in plant protection, which is also applicable for using AMPs in plant protection.





AMPs slowly select mutants with large fitness cost

Bacteria evolve resistance to all antimicrobial agents, but the evolution in AMPs is particularly slow. Experimental evolution revealed that the resistance evolution in AMPs is averagely 10 times slower than in antibiotics (Dobson et al., 2013; Spohn et al., 2019). This can be explained by the AMP’s steep threshold-like dose-response curve (Melo et al., 2009; Yu et al., 2018). When the concentration is higher than the “threshold”, the exposed bacterial can be immediately eliminated (Fantner et al., 2010). If the concentration is lower than the “threshold”, AMPs neither impose physiological stress on bacteria cells nor arrest their growth (Rodríguez-Rojas et al., 2014; Snoussi et al., 2018). It implies that the concentration range that select resistant mutants is rather narrow (Yu et al., 2018).

Moreover, resistance to AMPs often suffers significant fitness cost in bacteria. Resistance to AMPs in bacteria is generally caused by the loss of lipids or modification of lipid A on the membrane (Pränting et al., 2008; Andersson et al., 2016; Gao et al., 2016), which substantially impedes nutrition uptake and attenuate bacterial growth. For example, Salmonella typhimurium strains that resistant human peptide LL-37 suffers 25% of growth reduction compare to the wildtype control (Lofton et al., 2013). Colistin-resistant Acinetobacter baumannii strains have fitness cost ranging from 10% to as high as 60% (Mu et al., 2016). High fitness cost makes resistant strains less competitive in low or no antibiotic condition. Bacteria harboring mcr-1 gene can be completely removed within 20 days during thermophilic composting in environment (Gao et al., 2019). Large scale epidemiological survey showed that the frequency of bacteria carrying colistin-resistant genes immediately decreased after banning of colistin in feeding industry as well as in clinics (Shen et al., 2020; Wang et al., 2020; Shen et al., 2021).





AMPs synergize with other antimicrobials and plant immune system

Higher plants deploy a combination of antimicrobial peptides to combat the pathogen invasion. The cocktail of AMPs can be synergistic at different organizational level. AMPs not only synergize with themselves, but also interact with plant host physiological process to eliminate pathogen infection. Here, we categorize the synergism of AMPs into molecular synergism and functional synergism.

Molecular synergism shows that AMPs directly cooperating with other antimicrobials in killing pathogens. Plant AMPs 2S albumins synergize with thionins in inhibiting fungal growth and achieved 2- to 73-fold of increased killing effect compared to single AMP (Terras et al., 1993). Similar synergistic effects among AMPs from different organisms were further observed in eliminating bacteria, fungi and parasites (Westerhoff et al., 1995; McCafferty et al., 1999; Yan and Hancock, 2001; Marxer et al., 2016; Yu et al., 2016). In addition, AMPs also synergize with other antibiotics and fungicides (Arikan et al., 2002; Gonzalez et al., 2002; Mariz-Ponte et al., 2021). Such synergistic combination effect among AMPs can substantially reduce the total amount of molecules that required to kill the pathogen. This implies that application of AMPs in plant protection can reduce the use of agricultural antibiotics and fungicides, as well as the total cost of crop production. Moreover, the combination effect of AMPs can also delay drug resistance evolution and prolong the duration of agricultural chemicals (Maron et al., 2022).

Moreover, synergistic effect of killing can be also achieved by targeting different development stages of pathogens. Most of the agricultural antibiotics and fungicides only act on pathogens on the growing stage, not on the non-growing stage, i.e. the dominant spores. Previous researches showed that AMPs killed non-germinating fungal spores (Levitz et al., 1986; Rioux et al., 2000; Velivelli et al., 2020), thus can substantially reduce the transmission of pathogens. Moreover, spore elimination is particularly important in greenhouse agriculture. Air spora is the main source of plant disease in greenhouse. High density of spore also threatens the health of workers in greenhouse (Ercilla-Montserrat et al., 2017; Madsen et al., 2021). AMPs can be used as a sporicidal to inhibit transmission of plant disease and to protect the health of greenhouse workers. Thus, AMPs can potentially synergize with other antimicrobials, by eliminating the air spora, to reduce the disease prevalence and health risks of agricultural workers.

Functional synergism of AMPs in targeting pathogen is the result of complex interaction between AMPs and pathogen’s physiology. The positively charged AMPs with membrane permeability are able to not only attach on pathogens’ membrane but also target intracellular components of pathogens, which drastically accelerate the killing process. An insect antimicrobial peptide, abaecin, can interact with chaperones in bacteria, which can substantially dampen the bacterial stress response. It enhanced the killing effect of hymenoptaecin for four-fold in terms of inhibition rate, a strong synergistic effect in that combination (Rahnamaeian et al., 2015). In addition, in-vitro assay shows that plant AMPs modulate cellular redox stress in fungi by inducing the accumulation of ROS in vegetative cells and ultimately trigger apoptosis (Van der Weerden et al., 2008; Mello et al., 2011). Moreover, AMPs also activate the MAPK signaling cascade in fungal pathogens to control its growth (Ramamoorthy et al., 2007). Such synergism in fighting against pathogens can also be achieved by AMPs in interacting with plant signal pathways. For example, the cysteine-rich protein designated defensin, SPD1, in sweet potato both regulates the redox status of ascorbate and inhibit fungal and bacterial pathogens (Huang et al., 2008). Plant AMPs also interact with many other regulating pathways to enhance the plant defense and achieve synergism in controlling pathogens (Bolouri Moghaddam et al., 2016).

AMPs directly interacting with plant immune system can be defined as another functional synergism. However, experimental evidence is rare. Previous studies showed that endogenously expressed AMPs can bind with some transcription factors and regulate many signaling pathways (Damon et al., 2012). The consequence of these interactions is not revealed yet. Exogenous expression of a designed AMPs in plant will not elicit the immune response (Badosa et al., 2017; Montesinos et al., 2021), and the plant immunity can only be elicited when that AMPs conjugated with plant immune eliciting peptides, such as flg-15 and flg-22 (Montesinos et al., 2021). In a recent study, a stable antimicrobial peptides from Microcitrus australiasica, the Australian finger lime, was developed to treat Huanglongbing in citrus (Huang C et al., 2021). This peptide, also named as MaSAMP, not only directly target and kill the main pathogens Liberibacter crescens of citrus tree, but also induce plant’s innate immunity to prevent and inhibit infections. Both foliar spray and pneumatic truck injection of MaSAMP to HLB-infected citrus trees significantly reduced disease severity and bacterial load. Moreover, the authors found that MaSAMP application can induce the expression of a set of defense genes, such as pathogenesis-related proteins and the enzyme of SA biosynthesis and phenyl propanoid pathways. This peptide can broadly activate systemic defense responses in tobacco, tomato and citrus trees. This study demonstrated that AMPs can serve bifunctionally as both pathogen eliminators and stimulants of plant immune responses. Such synergistic functions can better protect plant from infections and shows great potential in plant protection.





AMPs regulate symbionts of plant

The nodule-specific cysteine-rich (NCR) AMPs also play an important role in mediating plant-microbe interaction inside the legume plants. These antimicrobial peptides can both maintain and eliminate the viability of nitrogen-fixing bacteroids. At the initiation stage of root nodule, lytic AMPs kill most of the phytopathogenic fungi and bacteria, and maintain the symbiotic bacteria inside root. NCR211 expressed in the nodule interzone II-III promotes differentiation of bacteroids and the formation of nodules. Synthetic NCR211 was further proven inhibiting aggregation of free-living S. meliloti (Kim et al., 2015). In legume plants, nitrogen-fixing symbiotic bacterioids with medium population size can significantly promote the growth of host plant by fixing nitrogen for the host plants. It, however, can also retard host’s growth when the load of bacteroids is high (Sachs et al., 2018). Inside the roots of host plants, a variety of nodule-specific cysteine-rich peptides are secreted to regulate the population of nitrogen-fixing rhizobia (Van de Velde et al., 2010; Wang et al., 2010). Knockout of host’s nodule-specific cysteine-rich peptide demonstrated that these peptides may serve as the extractors of the host plant to harvest nitrogen nutrients synthesized by the bacteroids (Wang et al., 2017; Yang et al., 2017). The direct killing effect of nodule-specific cysteine-rich peptides was measured in vitro as well (Van de Velde et al., 2010). Moreover, these peptides can enter bacterial cytosol and bind with intracellular molecules to slow down the growth of these bacteroids. The balance between plant host and symbionts may be the result of the complex interaction between AMPs and other host peptides (Yang et al., 2017).

All together, these evidence indicates that host plant may harness host peptides to finely tune the symbiosis at different temporal and spatial scale. It is also intriguing that whether these antimicrobial host peptides can be genetically incorporated into non-legume plants to develop symbiotic associations (Pankievicz et al., 2019). In addition, it remains elusive that if these peptides can be secreted by roots and released into soil for mediating broader host-microbe interaction.





Challenges and perspective

Crop yield loss is mainly caused by plant pathogen and pests. The total loss can reaches up to 40% of crop yield at the global level according to a recent survey (Savary et al., 2019), which is apparently far beyond the compensation of any advanced breeding technologies that contributed the yield gain around only 1-3% per year (Tester and Langridge, 2010). This indicates that the most efficient way to promote crop yield is to prevent it from the loss caused by pests and pathogens. Due to the diversity of pathogens at various levels, integrated management strategies are urgently needed to protect the crop. In this short review, we propose that AMPs with key merits can be harnessed as an important part in the integrated strategy.

In design of plant protection strategy, no single component or method can accomplish all of the tasks. We argue that an optimal and cost-effective method that makes full use of AMPs’ merits can form a better solution for plant pathogen management (Table 2). With the fast-killing property, AMPs nearly take no time to kill the pathogens. This makes AMPs quickly fulfilling their functions before inactivated by environmental factors. Although the large molecular weight of AMPs may weaken their systemic effects for eliminating infection inside plants, One can combine AMPs with conventional antimicrobials in order to achieve systematic synergistic effect in control plant pathogens. In this case, AMPs eradicate the planktonic bacterial pathogens and fungal spores on the surface of plants in order to stop the spreed of plant disease in the field. The conventional antimicrobials with stronger systemic effects kill pathogen that grows inside plants. In addition, heterologous express of AMPs using transgenic plants is also an option for fighting against phytopathogens. Moreover, the sharp dose-response relation of AMPs suggests that field application with low concentrations may completely fail to kill plant pathogen. It is important that the concentration of AMPs sprayed on plant should be higher than the working critical threshold.


Table 2 | The pros and cons of using antimicrobial peptides to treat plant pathogens.



Antibiotic resistance of plant pathogen is always a concern for agricultural production as well as human health. The direct evidence of transfer of resistance pathogen from farm to clinics is rare (Chang et al., 2015). Both experiments and theories proved that AMPs slowly select resistant pathogens with high fitness cost. This indicates that resistant strains can be quickly out-competed by its sensitive counterpart. Seasonal application of AMPs should be less of a concern for the resistance evolution. We also argue that combined application of AMPs with conventional antibiotics not only adds up the overall effect controlling, but also slow down pathogen’s resistance evolution towards conventional antibiotics (Lazzaro et al., 2020)

Large scale application of AMPs requires highly cost-effective production. Recently technological advancement allows one to cheaply produce AMPs either through solid-phase synthesis (Hayouka et al., 2017; Topman et al., 2018), prokaryotic expression (Zhao et al., 2015; Schreiber et al., 2017) and eukaryotic expression (Holaskova et al., 2015; Holásková et al., 2018). Besides, some AMPs, such as Polylysine, that used in food and livestock industry are also ready for plant protection. Although many lab and greenhouse experiments have proven that AMPs are effective against various phytopathogens, one still anticipates large scale field tests in various environmental conditions.
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With extraordinary global climate changes, increased episodes of extreme conditions result in continuous but complex interaction of environmental variables with plant life. Exploring natural phytomicrobiome species can provide a crucial resource of beneficial microbes that can improve plant growth and productivity through nutrient uptake, secondary metabolite production, and resistance against pathogenicity and abiotic stresses. The phytomicrobiome composition, diversity, and function strongly depend on the plant’s genotype and climatic conditions. Currently, most studies have focused on elucidating microbial community abundance and diversity in the phytomicrobiome, covering bacterial communities. However, least is known about understanding the holistic phytomicrobiome composition and how they interact and function in stress conditions. This review identifies several gaps and essential questions that could enhance understanding of the complex interaction of microbiome, plant, and climate change. Utilizing eco-friendly approaches of naturally occurring synthetic microbial communities that enhance plant stress tolerance and leave fewer carbon-foot prints has been emphasized. However, understanding the mechanisms involved in stress signaling and responses by phytomicrobiome species under spatial and temporal climate changes is extremely important. Furthermore, the bacterial and fungal biome have been studied extensively, but the holistic interactome with archaea, viruses, oomycetes, protozoa, algae, and nematodes has seldom been studied. The inter-kingdom diversity, function, and potential role in improving environmental stress responses of plants are considerably important. In addition, much remains to be understood across organismal and ecosystem-level responses under dynamic and complex climate change conditions.
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Introduction

According to the Intergovernmental Panel on Climate Change (IPCC; https://www.ipcc.ch/), the accumulation of atmospheric CO2 entraps solar radiations, which can then be emitted back to the earth’s surface – increasing the global temperature. This, in turn, leads to the development of a pattern of climate modification termed the Global Climate Change (Abbass et al., 2022). Climate changes due to greenhouse gas (GHG) emissions have influenced the soil systems, natural plant productivity, and health (Koneswaran and Nierenberg, 2008). The increased atmospheric CO2 is due to extensive industrialization, urbanization, and natural resource use patterns, drastically creating an imbalanced environmental system (Zandalinas et al., 2021). CO2 levels have risen by 40% (~414.72 parts per million concentrations) – higher than in the pre-industrial era (Dlugokencky et al., 2018). These changes have influenced global rainfall, temperature patterns, and variable soil chemistry, considerably impacting the associated natural bioresources (plants and microbes) across terrestrial ecosystems. Climate-based changes, such as increasing or decreasing temperature and lack or over-abundance of water, can change the soil nutrients and essential chemicals, creating an imbalance in the ecosystem’s cycling system (Van Den Heuvel et al., 2020). It has been estimated that an increase of 3°C to 4°C would cause a reduction in plant productivity by 15 to 35% by the end of the 21st century (Tayade et al., 2018). Other abiotic stresses (flooding, salinity, and heavy metals) have been estimated to reduce plant productivity by 51–82% (Cooke and Leishman, 2016). These changes have hindered the desired natural productivity of plants and their responses to combating abrupt climate changes. Also, this has threatened food security and human use values for future human generations.

Plants respond to external environmental stimuli by changing their biochemical and physiological relationship. Since microbes have been associated with plants throughout their life cycle, therefore, any small developmental or metabolic change also influences them. Microorganisms are the silent wheel that functions as the cradle of plant growth, stress signaling, and responses in terrestrial ecosystems. The microbes’ composition, structure, and richness are variable across different environmental systems and associations with host plants. These microbes live as endophytic (inside) or epiphytic (outside) modes of life with mutualistic, commensal, or parasitic relationships. “Microbiome refers to the total genetic material of microbial communities associated with plants in either of these modes and associations” (Hassani et al., 2018), whereas ‘holobiome’ or ‘holobionts’ is a sum of genomic material of host and associated biota – including all prokaryotic and eukaryotic organisms (Hassani et al., 2018; Lyu et al., 2021). A newer concept of ‘eco-holobionts’ argues exponentially regarding the ecological or ecosystem-based interaction of microbiome to identify plant-soil-animal-environmental functionalities (Singh et al., 2020; Wani et al., 2022).

More recently, the phytomicrobiome has been considered a “second functional genome” in addition to the host plant’s genome (Leach et al., 2017). A phytomicrobiome is a total sum of all microorganisms that successively develop relationships with plants during their growth stages. Although bacterial and fungal biomes have been studied extensively, some of the missing links of holistic interactions of archaea, viruses, oomycetes, protozoa, algae, and nematodes have seldom been studied together for their functional roles (Figure 1). The phytomicrobiome can provide a sustainable climate-smart plant growth and production solution to enhance abiotic stress tolerance. However, the responses of the phytomicrobiome depend upon the plant’s genotype and ability to cope with stress factors (Trivedi et al., 2022). Microbiome diversity and abundance have been significantly correlated with plants’ ability to grow in a specific environmental system (Leach et al., 2017; Trivedi et al., 2020). However, more basic knowledge is required to understand this dynamic and complex plant-biotic interaction. For example, there have been more than ~5,000 reports related to the human microbiome till the year 2022. Comparatively, in the case of plant sciences, these are very low, i.e., above 800 studies in SciFinder.




Figure 1 | Climate change due to the emission of GHGs and resulting global temperature and rainfall patterns significantly impacts the plant’s photosynthesis, defenses, and yields. This drastically impacts soil health, microbial activities, nutrient mobilization, and uptake and secretion of signaling metabolites. Thus, impacting both the phyllosphere and rhizosphere parts of the plant life. Phytomicrobiome members (bacteria, fungi, protozoa, oomycetes, viruses, algae, and nematodes), on the other hand, drastically increase or decrease to respond to the change climatic changes (drought, heat, cold, flooding, salinity, etc.). The structure, diversity, and function significantly shift from higher to low or low to higher for specific phytomicrobiome players. For example, diversity can reduce from bacteria to viral species in a given phyllosphere and rhizosphere segment during abiotic stress. A similar perspective has been considered for the degree of function and diversity from nematodes to algae in soil systems alongside bacterial and fungal species during stress. The interactome of Abundance (A) vs. stress protection (S), function (F) vs. diversity (D), and genotype (G) vs. environment (condition C) is extremely complex and dynamic. Thus, the lack or abundance of a specific class of phytomicrobiome players can significantly impact a plant’s function and response to climatic stresses. (Created with BioRender.com).



Phytomicrobiome envelopes a diversity of disciplines encompassing biotechnology, genomics, microbiology, plant physiology, food sciences, agriculture, bioeconomy, informatics, and medical sciences. Though there is a sharp increase in utilizing a holistic microbiome approach, the concept and required skills continuously evolve. Due to the advances in sequencing technologies and machine learning methods, a significant shift has been noticed from amplicon-based community analysis to in-depth molecular processes. Strategies such as metagenome-assembled - genomes, genome–resolved - metagenomics, genome-wide association, meta-transcriptomics, and genome editing for synthetic communities have recently gained attention (Khan et al., 2020; Trivedi et al., 2020; Chouhan et al., 2021). However, more needs to be understood across different ecological and environmental dynamics and changing global climates (Figure 1). To increase plant growth and production while reducing the environmental impact of the whole process, sustainable utilization of phytomicrobiome diversity can be an essential part of achieving stress tolerance (Chawade et al., 2018; Afridi et al., 2022).





Phytomicrobiome diversity and function

The earth’s microbial diversity and richness have been estimated as ~1 trillion (1012) species distributed in 30 orders (Locey and Lennon, 2016; Thompson et al., 2017; Thaler, 2021). Contrarily, the Earth Microbiome Project has predicted that microbial diversity can be nearly 10 million species globally. The very least percentage of microbial diversity or function is known in both cases. The same is true for the availability of genomic sequence and culture stocks. Hence, a greater need exists to explore unique phytomicrobiomes and identify keystone species of extreme environments for potential agricultural benefits. The phytomicrobiome is an essential aspect of plant life where a continuous interaction of neutral-microbiomics (microbe with least functional role), patho-microbiomics (pathogens with antagonistic role), and core-microbiomics (functional microbiome) happens in the context of spatial or heterogeneous richness (Khan et al., 2020; Trivedi et al., 2020). The core microbiome is a significantly abundant microbial taxonomy in a given habitat. It performs a multi-factorial function, including plant growth promotion, abiotic stress controls, and defense against pathogens and pests in a robust manner (Xiong et al., 2020; Jiang et al., 2022).

In phytomicrobiome settings, microbes can range from bacteria, fungi, archaea, protozoa, oomycetes, viruses, nematodes, and algae. The degree of diversity (alpha–community scale and beta–between species) of the microbiome is important for plant growth (Pang et al., 2021; Andermann et al., 2022). The microbial function (production of metabolites and enzymes, nutrient mobilization and uptake, reproduction, and metabolic activities) are delicately interwind and complex in the phytomicrobiome setup (Trivedi et al., 2022). The diversity and function go side by side and vary significantly in a typical environmental setting (Figure 1). For example, the rhizosphere compartment will possess a higher diversity of microbes than the phyllosphere. Similarly, a significant variation in diversity and function has been proposed from bulk soil into rhizospheric soil and then root parts. The bulk soil provides a seed bank for plant expansion, selection, and recruitment of microbial diversity. Conversely, the phyllosphere (stem, secondary shoots, leaf, flowers, and seeds or fruits) has been the least studied. The recent literature suggests that microbial abundance sharply reduces from rhizosphere to phyllosphere (Pantigoso et al., 2022). This abundance can also be dependent on the host genotype and growth stages. The environmental settings can drastically impact diversity and function. All the abiotic factors (temperature, water, light, pH, etc.) dramatically impact microbiome species’ recruitment and colonization patterns. Thus, any abiotic stress factor, either long or short-term, low to severe, is directly proportional to phytomicrobiome structure. Also, the broad spectrum interactome of the phytomicrobiome with phytobiome has been studied in crop segregation.

The plant growing in extreme environmental conditions (xerophytes, halophytes, etc.) hosts a huge diversity of phytomicrobiome species. Exploring extreme and unique phytomicrobiome provides a pivotal resource for beneficial naturally competent microbes that can help to improve crop growth, productivity, and resistance against pathogenicity and abiotic stresses (D’hondt et al., 2021; Lyu et al., 2021; Ali et al., 2023). Several recent studies have shown that microbiome diversity and function (Figure 1) are affected by the following:

	i. Short or long-term abiotic affecters like temperature, water (rainy or dry), soil chemistry, and nutrients cycling,

	ii. Host’s type, developmental stage, and abilities of plants to establish successful symbioses with the core microbiome,

	iii. Biotic affecters, such as the interactions of the core with hub microbiota and keystone species or interactions with pathogenic or commensals

	iv. Soil size, type and surface, water, pH, and composition of macro and micro-nutrients in the rhizosphere

	v. Presence or absence of essential exudates (primary, secondary, or specialized metabolites), enzymes (extracellular), and substrates for the growth and reproduction



Plants with a healthy phytomicrobiome provide a healthy soil system that can better sequester several beneficial nutrients and moisture compared with a poorly composed soil system (Figure 1). This can broadly impact plant biomass production, yield, and essential photosynthetic processes. A healthy phytomicrobiome also offers higher resilience to climatic stresses through various metabolites and enzymatic secretion in soil systems (Pang et al., 2021). Indeed, the agri-microbiome is gradually progressing in research; however, the phytomicrobiome and its niche in extreme ecosystems have been the least explored (Pfeiffer et al., 2017). Previous studies have evaluated the major players in a microbiome, especially the bacterial biome from different soil systems; however, little is known regarding exploring the depth of the cumulative phytomicrobiome, populations, and function in improving a crop’s resistance to stress (Mandakovic et al., 2018; Araya et al., 2020; Astorga-Eló et al., 2020; Khan et al., 2020). Exploring a unique trove of natural resources distributed across unique ecosystems is necessary to create more base knowledge and potential microbes for abiotic stress tolerance (Khanna et al., 2022). Increasing our mechanistic understanding and real-world experience of microbiome-plant interactions under drought, salinity, and heat stresses offers enormous potential for increasing the resilience of crops in such conditions (De Vries et al., 2020). Looking at the current focus on plant-microbe interaction, we also need to harness the stress tolerance mechanisms to improve plant growth in extreme conditions and focus on increasing plant yields.

We propose that utilizing naturally growing plants in extreme environments could be a vital resource of phytomicrobiome that can offer prospective benefits to crop plants during extreme plant growth conditions. For example, desert conditions cover over 30% of the earth, and plant and microbial life are confronted with extreme living conditions that depend significantly on scarce water and nutrients from the soil. Xerophytic succulent plants are the key players well-tailored to continuous episodes of abiotic stresses (drought, heat, and salinity) (Ndour et al., 2020; Peguero-Pina et al., 2020; Zeng et al., 2021). These extreme plants, due to their peculiar anatomy, withstand severe stress and are often unique in their (i) genetic makeup, (ii) physio-photosynthetic responses, (iii) essential metabolites production, and (iv) core microbial symbiosis (Griffiths and Males, 2017; Heyduk, 2021). The symbiotic microbiota (bacteria and fungi) in the root (rhizosphere) and shoot regions (phyllosphere) have been recently proposed for their potential role in improving host life and fitness (Khan et al., 2020; Trivedi et al., 2020; Sharifi et al., 2022).

For example, the drought-promoting microbiome in desert farming improved overall photosynthesis and plant biomass by 40% (Marasco et al., 2012). Several studies are reporting the microbiomes of the Atacama desert (Araya et al., 2020; Contador et al., 2020; Menéndez-Serra et al., 2020), Lejía Lake (Mandakovic et al., 2018), empty quarters Oman (Khan et al., 2020), Sonoran desert (Andrew et al., 2012; Finkel et al., 2012; Gornish et al., 2020), Mojave Desert (Pombubpa et al., 2020), saline lakes (Monegros Desert, Spain) (Menéndez-Serra et al., 2020), the atmospheric microbiome in the Eastern Mediterranean (Mazar et al., 2016), and the seed-associated microbiome from Southern Chihuahuan Desert (Menéndez-Serra et al., 2020). Some of the succulent and arid land plant species recently analyzed for their microbiome are the Agave species (Flores-Núñez et al., 2020), Aloe vera (Akinsanya et al., 2015), cacti (Fonseca-García et al., 2016), pineapple (Putrie et al., 2020), Aizoaceae (Pieterse et al., 2018), frankincense-producing tree (Boswellia sacra) (Khan et al., 2016a; Khan et al., 2017). These studies showed highly diverse rhizosphere colonization with Actinobacteria, Proteobacteria, Firmicutes, Actinobacteria, Acidobacteria, and Bacteroidetes (Citlali et al., 2018; Flores-Núñez et al., 2020). These reports suggest that microbial symbionts of these plants provide stress-protecting benefits that could be replicated in agroecological settings. For example, culturable microbial strains such as Preussia sp. BSL10 (Khan et al., 2016b) and Sphingomonas sp LK11 (Khan et al., 2014) were isolated from xerophytic plants and were able to produce beneficial metabolites (gibberellic acid and auxins). The inoculation in mono-culture semi-sterile conditions significantly improved plant growth and biomass. Currently, most studies have mentioned microbial communities’ (fungi and bacteria) distribution, abundance, and diversity, where the role of other microbiome players has been least identified (Finkel et al., 2017). Below are some of the critical questions that still need to be answered:

	Q1: What core/hub/key phytomicrobiome species are consistently present with plants exposed to extreme climate changes?

	Q2: How does a single or consortium of core-microbiome species benefit a plant’s life?

	Q3: What gene networks and biosynthetic pathways contribute to plants’ survivability in stressed environments?

	Q4: How does the phytomicrobiome help the host on a prolonged and short-term basis?

	Q5: How to replicate the essential benefits of core microbiome into crop’s abiotic stress resistance from germination to yield levels?

	Q6: What molecular and metabolic networks assist successful and long-term symbiotic relationships during climate change with crops?



Although the key questions of a microbiome study and environmental evaluation are well-defined, there is a dire need to advance knowledge on above questions. The recent microbiome literature, focuses more on the (i) “What is there”? and (ii) “What are they doing”? However, (iii) “what can they do” has been frequently overlooked (Khan et al., 2020; Trivedi et al., 2020) (Figure 2).




Figure 2 | The Phytomicrobiome responds to host plant growth and stress tolerance by producing several signaling molecules. These secretomes directly influence plant microbiome structure and diversity. Hence, each climate-induced stress factor would directly challenge the composition and function of core-microbiome species associated with a host. Microbiome members’ associated plant growth and stress aversion defenses impact critical aspects of plant life (growth, metabolism, resistance to stress, gene regulation, and biomass yield). This also impacts nutrient cycling, transport, mobilization, and translocation inside plant tissues during optimal or stressful conditions. The core-microbiome function drastically changes and shifts from the rhizosphere into the phyllosphere. (Created with BioRender.com).







Specialized metabolites production by phytomicrobiome – a trait to counter stress tolerance

The phytomicrobiome players can help in nitrogen fixation, soil carbon, and phosphorus cycling to improve root growth and development (Kusari et al., 2012; Backer et al., 2018). The majority of current literature shows that microbes have been known to improve plant growth by (i) nutrient solubilization and uptake, (ii) enzymes secretion, (iii) secondary metabolites, and (iv) phytohormones production (Figure 2) (Pang et al., 2021). The biochemical substance secretion and molecular signaling mechanisms adopted by microbiome functioning play a key role in host-stress responses. For example, phytohormones are signaling molecules and chemical messengers that play an essential role in plant growth and development (Hemelíková et al., 2021). Phytohormones produced by microbes include gibberellins (GA), auxin, cytokinin, salicylic acid, abscisic acid, etc. Most GA-producing fungi belong to Ascomycetes and Basidiomycetes (Takeda et al., 2015; Salazar-Cerezo et al., 2018; Sharifi et al., 2022) and have been identified as plant growth promoters during stress conditions. Most of these studies are based on mono-culture conditions, and least is known on their role in mix-community structures.

There are few examples of bacterial strains known for GA production, whereas auxin production is more bacterial trait than fungal. Still, some reports show GA production and related genes in bacterial strains (Nett et al., 2017; Lemke et al., 2019). Despite some major fungal species, the biosynthetic pathway of GA has yet to be fully explained in both bacterial and fungal strains. Auxins, on the other hand, are more known for bacterial production than fungal and have been well explained for their biosynthetic gene clusters. Unfortunately, there is a significant knowledge gap regarding microbes’ axenic vs. holoxenic phytohormonal production abilities and their function in mitigating climatic stress factors. The prospect of such beneficial strain is exceptionally high for plant responses to climate change. For example, biopriming of maize seeds with GA-producing bacterial strains showed markedly enhanced maize seedling tolerance to oxidative stress. This also improved drought tolerance by up to 20% (Shaffique et al., 2022). When the rhizobacterium Azospirillum brasilense was introduced to the roots of Arabidopsis, the host plant displayed increased endogenous abscisic acid (ABA) levels and drought tolerance (Eichmann et al., 2021). Other reports suggested that GA producers significantly reduced the ABA level during drought, heat, and heavy metal stresses – indicating microbial role in reprograming the immune stress responses (Khan et al., 2015; Khan et al., 2020).

In the case of enzymes, one noteworthy exception is 1-aminocyclopropane-1-carboxylate (ACC) deaminase, a bacterial enzyme that helps maintain root growth by keeping a check on the ethylene level (Ali et al., 2014). In stress conditions, plant activates ACC synthase and or oxidase to increase ethylene production, which can lead to reducing root growth activities – causing declining plant production. In such conditions, the symbiotic microbiome can produce ACC deaminase that helps down-regulate ethylene levels, assisting the plant in escaping or minimizing stress conditions (Jha et al., 2021). The ACCd activities can help improve root colonization and combat pathogenic infections. Another potentially important mechanism is the physical sheathing of the root by either bacteria or mycorrhizae, protecting it from water loss. Such a mechanism, which requires the establishment of dense biomass on the root, necessitates compatibility with the plant’s immune system. Effective biofilm formation on roots also strongly depends on synergistic interactions among multiple microbial taxa (Berendsen et al., 2018). Thus, consortia of single or multiple genera can drastically reduce the negative impacts of stress–providing plant growth-promoting effects (Finkel et al., 2020; Fitzpatrick et al., 2020; Salvato et al., 2022). The inoculation of these fungal and bacterial strains can improve plant biomass and stress resistance by modulating antioxidant enzymes and growth-related gene expression. Contrarily, the functions of phytohormone-producing microbiome players in a consortium have been least known. How microbial symbiosis and community structures intervene in the signal-to-response potentials has not been elucidated yet.





Elucidating phytomicrobiome for plant responses to climate change

According to comparative metatranscriptomics, the active rhizosphere microbiome of wheat, oat, and pea has revealed kingdom-level variations and functions (Turner et al., 2013). The sorghum root-associated microbiome demonstrates enhanced transcriptional activity of genes involved in glucose and amino acid metabolism and transport in response to drought stress, primarily due to changes in actinobacterial activity and function (Xu et al., 2018). In soybean, the Bradyrhizodium and Gammaproteobacteria (Proteobacteria phylum) were dominant and associated with crop productivity during abiotic stresses (Chang et al., 2017). Similarly, the Actinobacteria, Chloroflexi, Proteobacteria and Ascomycota, Basidiomycota, and Mortierellomycota phyla were significantly dominant in the soybean that was grown in different soil textures (Trépanier (2019). Firmicutes are known to have anaerobic species, which is most likely why they play a significant role during flooding stress (Martínez-Arias et al., 2022). Contrarily, the Proteobacteria are more abundant in flooding with elevated CO2, which is known to play a crucial role in abiotic stress environments (Vaishnav et al., 2018). Recent studies have shown that taxa from a single genus or family in the rhizosphere or phyllosphere of rice and Arabidopsis plants offer increased drought stress tolerance (Finkel et al., 2020). Furthermore, microbiome-mediated temperature tolerance has been reported for maize (Tiziani et al., 2022), rice (Liu et al., 2023), wheat (Chen et al., 2022), and Arabidopsis (He et al., 2022). In the endospheric microbiome, the inoculation with endophytic bacteria showed upregulation of cold stress tolerance-related genes (Theocharis et al., 2012). Single species of bacterial endophytes are reported for the accumulation of cold stress-linked metabolites such as essential sugars (starch), amino acids (proline), and phenolic (catechol) compounds in plant tissues (Ayilara et al., 2023) Microbial communities help soybean to solubilize silicon, phosphorus and produce phytohormones and organic acids (Kang et al., 2017). The microbe-mediated plant growth and stress tolerance of individual microbial taxa have been long known, whereas how the endospheric microbiome offers tolerance has yet to be fully understood.

To identify the underlying mechanisms of microbiome-mediated plant growth and stress tolerance, metagenomic and metatranscriptomic profiling are used to discover the function and metabolic pathways used during plant-microbe-stress interactions. Such interactions and tools have recently helped build microbial communities as drought stress biosensors were a recent breakthrough (Zolti et al., 2020). Despite being a valuable tool for understanding the roles of active members of plant-associated microbiomes, poor correlations between transcription and translation need the development of proteomic and metabolomic approaches to supplement transcriptomics. Metaproteomic studies of microbial communities from the rhizosphere (Bona et al., 2019; Sharifi et al., 2022) and phyllosphere of agricultural plants have provided direct insights into their molecular phenotypes. The leading members of the microbiome and the proteins found in distinct plant-associated settings have shown remarkable stability in this limited research (Knief et al., 2012; Bona et al., 2019).

Although metabolomic methods are rapidly being employed to diagnose plant diseases and their etiological agents, their utility in microbiome science still needs to be improved (Adeniji and Babalola, 2020). According to early research, the rhizosphere microbiome alters the phyllosphere metabolome, and these alterations are linked to differences in insect feeding behavior (Badri et al., 2013; Pantigoso et al., 2022). Changes in root metabolome can shape specialized microbial populations, affecting plant performance and plant-herbivore interactions in the future (Huang et al., 2019). Small compounds from microbes (organic acids, amino acids, sugars, volatiles) and plant exudates (flavonoids, phenolics, terpenoids, phytohormones) that drive plant–microbiome communications and interactions require metabolome information to be detected and quantified (Trivedi et al., 2020). Multi-omics (metabolome, ionome, microbiome, and phenome) and integrated informatics were recently applied in an agroecosystem to uncover intricate connections between plant characteristics, metabolites, microbes, and minerals (Ichihashi et al., 2020). We believe that better sample preparation (e.g., removal of host sequences for shotgun sequencing and transcriptomics, as well as universal protein extraction for proteomics), more datasets in the publicly available databases, and the development of algorithms and computational tools for data integration will allow multi-omics approaches to unlock the genotype-phenotype spectrum in an agricultural setting to their full potential. This will also help combat climatic change’s impacts on crop production.





Native synthetic communities and plant growth promotion during stress

The phytomicrobiome relies more on amplicon and metagenome sequencing and data analytic approaches. However, in recent years metagenomics coupled with the culture-dependent synthetic communities (SynComs) have arguably provided more mechanistic insights (Ke et al., 2021). This is based on isolating and identifying large-scale reconstruction of bacterial and fungal cultures as SynCom. Recently both bottom-up and top-down approaches have been proposed for identifying SynCom functions (San León and Nogales, 2022). Such SynCom is screened via high throughput for potential functions during climate-induced stresses. Recent studies show that such approaches are highly beneficial in comparing stressed and non-stressed phytomicrobiome functions. Several recent examples illustrate the true potential of several PGPs as SynCom. Many PGPs have been isolated and identified as biofertilizers, biostimulants, and biocontrol agents. Both native or non-native culturable SynCom and genetically modified microbes have been extensively researched and used by Synlogic, Pivot Bio, JOYN Bio, NOVOME Biotechnologies, 64-X, etc. However, applying SynCom microbes to fields for commercial adoption has been a challenge until now. This is likely because the more-resilient existing microbial communities exclude the new microbes (De Vries et al., 2018). One of the recent reviews focuses on developing new microbes to sustainably support plant health, defense, and productivity by understanding and isolating core-microbiome species (Ke et al., 2021). Also, their large-scale encapsulation and potential to be utilized as climate stress-protective microbial communities have yet to be fully understood. Knowledge derived from these studies may provide strategies for using plant growth-promoting microbes in fields. Very soon, rhizospheric and phyllosphere microbiome engineering strategies will be adopted to increase sustainable agricultural production (Backer et al., 2018), specifically climate-smart agriculture.

Similarly, to resolve these challenges, microbiome engineering based on synthetic biology is catching the attention rapidly as a new approach to developing synthetic microbial communities (modified SynComs) (Kaminsky et al., 2019). Modified SynComs are consortia of microbes synthetically designed to mimic the observed function and structure with the natural microbiome. The aim is to minimize the complexity of the community while retaining the biotic and abiotic interactions of the host and microbes (Chouhan et al., 2021). The SynComs are potentially delivered to specified locations or organs of a plant at different growth stages by environmental conditions. However, genetically modified microorganisms are monitored strictly (Saad et al., 2020; Ke et al., 2021). In near future, an engineered or synthetic microbiome will be a safe and sustainable approach toward sustainable agriculture (Ke et al., 2021). However, several biosafety, ethical and environmental issues, and hazards must be considered. Attention should be paid to not impacting an ecosystem’s natural vs. synthetic microbiome structure.

Thus, SynCom is a valuable approach to manipulating and understanding natural communities. SynCom is also used to identify plant genetic factors determining the assembly of the leaf or root‐associated microbial communities. But few studies have examined the role of agroecological interactions of SynCom colonization. Microbial inoculants are increasingly considered an effective complementary tool in the context of agroecosystem sustainability and productivity (Liu et al., 2022) However, the mechanisms that underpin positive impacts on plant fitness remain poorly understood, constraining the development and adoption of effective SynCom. Considering global temperature changes, using beneficial SynCom can be an ideal strategy to overcome the challenges of a sustainable agri-ecosystem. This can be achieved through developing knowledge of phytomicrobiome networks via multi-OMIC methods (Khan et al., 2015; Khan et al., 2020; Trivedi et al., 2020). Thus, affecting the function of a single microbe applied to a plant field (De Vries et al., 2018). Hence, in the current era, instead “one-microbe-at-a-time” approach, alternative SynComs can indicate a better prospect of function to survive the agri-ecosystem environment (Zhuang et al., 2021). Although this field is still progressing, one can still ask to what extent SynCom derived from a natural microbiome effectively improves plant growth, especially with the inclusion of abiotic stress factors (La Vega-Camarillo et al., 2023). The current literature shows a significant need to harness stress tolerance mechanisms to improve plant biomass in extreme conditions (Van Der Heijden and Hartmann, 2016; De Vries et al., 2020). The concurrent molecular signaling and the role of physio-genomic level responses of plants have been seldom studied in the context of climate stresses and this also true of their microbiome functions.





Conclusion and future prospective

In conclusion, the phytomicrobiome (either core, satellite, or key), its dynamics in changing climatic conditions, and potential regulators from extreme terrestrial environments can benefit the crop production system. The phytomicrobiome knowledge can be extended to (i) understand wild and cultivated microbiomes, (ii) integrate multi-omics technologies and microbial cultures, (iii) elucidate environmental variables and climate change, and (iv) cope with agro-economy, plant production, and food security systems. The ability of phytomicrobiome vs. phytobiome that largely cover micro and macro organisms and provide a secondary sanctuary of microbial species to transmit and translocate from one compartment into another during symbiosis is essential to consider (Leach et al., 2017). There is also a greater need to connect the loops of cross-kingdom phytomicrobiome diversity and function with plants, especially during changing environmental conditions. Further, a growing need exists to associate synthetic communities that could augment crop stress performance and nutrient cycling functionalities. Bioinoculums of the native or synthetic microbiome and its diversity across different crops can help establish more significant benefits of eco-friendlier approaches to cope with plant stress tolerance. However, using the reductionism approach, one must maintain a nature-friendlier and native stress-fit microbiome to improve plant growth, development, and yields during extreme heat, drought, and salinity-related stress conditions. Large-scale modified SynComs can exponentially change the natural microbiome diversity associated with plants. Hence, utilizing specific crops through a natural nutrient management system that can improve CO2 capture and storage (CCS) will be an essential strategy to overcome the impacts of climate change (Bajaj and Thakur, 2022; Mukherjee, 2022). Recent advances in functional genomics, genome editing technologies, and metabolomics can help discover new genes and pathways adapted by core-microbiome players that could be highly beneficial for identifying plant growth-promoting activities such as biocontrol, biofertilization, and biostimulation. Utilizing network modeling, artificial intelligence, and the internet-of-things based approaches can solve several bottleneck approaches in large-scale field-level studies.
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6-deoxy-6-amino chitosan (aminochitosan) is a water-soluble chitosan derivative with an additional amine group at the C-6 position. This modification has improved aqueous solubility, in vitro antifungal activity and is hypothesized to have enhanced in vivo antifungal activity compared to native chitosan. Gray mold disease in tomatoes is caused by the fungus, Botrytis cinerea, and poses a severe threat both pre- and post-harvest. To investigate the optimal concentration of aminochitosan and its lower molecular weight fractions for antifungal and priming properties in the tomato/B. cinerea pathosystem, different concentrations of aminochitosan were tested in vitro on B. cinerea growth and sporulation and in vivo as a foliar pre-treatment in tomato leaves. The leaves were monitored for photosynthetic changes using multispectral imaging and hydrogen peroxide accumulation using DAB. Despite batch-to-batch variations in aminochitosan, it displayed significantly greater inhibition of B. cinerea in vitro than native chitosan at a minimum concentration of 1 mg/mL. A concentration-dependent increase in the in vitro antifungal activities was observed for radial growth, sporulation, and germination with maximum in vitro inhibition for all the biopolymer batches and lower MW fractions at 2.5 and 5 mg/mL, respectively. However, the inhibition threshold for aminochitosan was identified as 1 mg/mL for spores germinating in vivo, compared to the 2.5 mg/mL threshold in vitro. The pre-treatment of leaves displayed efficacy in priming direct and systemic resistance to B. cinerea infection at 4, 6 and 30 days post-inoculation by maintaining elevated Fv/Fm activity and chlorophyll content due to a stronger and more rapid elicitation of the defense systems at earlier time points. Moreover, these defense systems appear to be ROS-independent at higher concentrations (1 and 2.5 mg/mL). In addition, aminochitosan accumulates in the cell membrane and therefore acts to increase the membrane permeability of cells after foliar spray. These observations corroborate the notion that aminochitosan biopolymers can exert their effects through both direct mechanisms of action and indirect immunostimulatory mechanisms. The contrast between in vitro and in vivo efficacy highlights the bimodal mechanisms of action of aminochitosan and the advantageous role of primed plant defense systems.
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1 Introduction

Tomato (Solanum lycopersicum L.) is an important crop that alone accounted for almost 25% of the total global vegetable crop production increase between 2000 and 2021 (FAOSTAT, 2022). Gray mold disease is caused by the polyphagic, necrotrophic fungal pathogen, Botrytis cinerea, and affects over 1400 known hosts in 586 plant genera, including tomato (Fillinger and Elad, 2016). B. cinerea has a complex life cycle that results in varying symptoms across different plant tissues and organs (Fillinger and Elad, 2016; Poveda et al., 2020). It can infect all plant parts both pre- and post-harvest (including endophytic activity), and lie dormant or remain active during harvest or storage (Fillinger and Elad, 2016). Thus, economic impacts include direct losses (unmarketable crops or yield loss) and indirect losses (quality, harvest timing and control strategies) that amount to billions in annual economic losses (Fillinger and Elad, 2016; Poveda et al., 2020). To date, the predominant gray mold management strategy has been the use of fungicides, despite the challenges and concerns associated with its negative effects on the environment (Fenner et al., 2013) and human health (Verger and Boobis, 2013), lasting residues in food (Popp et al, 2013), and acquired fungicide resistance, resulting in an ever-increasing effective dosing requirement for crops (Pengfei Leng, 2011; Fillinger and Elad, 2016). These disadvantages have resulted in stricter regulations governing the application of fungicides and the permitted residue levels, resulting in a shift towards implementing eco-friendly alternatives (De Waard, 1993; Williamson et al., 2007). Biopolymers are thus viable alternatives to fungicides owing to their non-toxicity, multiple mechanisms of action (MOA), and broad-spectrum antimicrobial activity (Kaur et al., 2012).

Chitosan is a biopolymer of interest due to the above characteristics, with the addition of its biocompatibility, chemical versatility, and biodegradability properties (Kong et al., 2010; Verlee et al, 2017). Moreover, B. cinerea has been shown to be chitosan-sensitive due to the structural composition of its cell membrane (Palma-Guerrero et al., 2010). Produced via alkaline deacetylation of chitin; chitosan, and derivatives are biopolymers composed of N-acetyl glucosamine and glucosamine monomer units respectively (Verlee et al, 2017). The commercial sources of chitin used for chitosan synthesis are largely obtained from the crustacean exoskeletons derived from the waste of the seafood industry or are otherwise sourced from the exoskeletons of insects (Hadwiger, 2013; Liaqat and Eltem, 2018). However, chitosan’s insolubility in neutral aqueous solutions as well as moderate antimicrobial activity relative to chemical biocides have limited its commercial development in the agricultural sector (Hu et al., 2016; Romanazzi et al, 2018).

Various modifications of chitosan by means of O- or N-conjugation have been shown to improve physiochemical properties such as solubility and antimicrobial activity (Verlee et al, 2017; Brasselet et al., 2019). Some of the key factors differentiating the biological activity and solubility of chitosan derivatives are the presence of reactive amine group(s) and the ratio of amine to N-acetyl groups (Liaqat and Eltem, 2018; Poznanski et al, 2023). The reactive amine group(s) create a net positive charge and are proposed as integral to the mechanism of action. This net positive charge allows chitosan to interact with anionic surfaces via strong electrostatic interactions (Kong et al., 2010). Therefore, chitosan with an additional amine group termed 6-deoxy-6-amino chitosan (herein referred to as aminochitosan) was synthesized to improve its biological activity and water-solubility (Satoh et al., 2006).

Studies have reported that aminochitosan has improved transfection efficiency (Satoh et al., 2006) antibacterial activity (Yang et al., 2012) and antioxidant activity (Yang et al., 2015; Luan et al., 2018) when compared to native chitosan. However, due to the difficulties in dissolving aminochitosan in neutral pH water as prepared following the earlier methods stated, an improved synthesis of aminochitosan was deduced. Aminochitosan, soluble in water at pH 7, was synthesized in a shorter, greener, and more scalable synthetic protocol by Sayed et al. (2018). Compared to the abovementioned reported studies, this water-soluble aminochitosan is proposed to have improved biological activity and is soluble in water at a neutral pH (Sayed et al, 2018). However, other deterministic factors affecting the physiochemical properties and biological activity of chitosan include the degree of deacetylation (DDA), polymerization (DP), and substitution (DS), as well as the molecular weight (MW) (Bellich et al., 2016).

Chitosan’s biological activities are actioned through a triple-acting system of antimicrobial activities, film-forming properties, and the elicitation of plant defense systems (Xing et al., 2015; Romanazzi et al, 2018). The MOA and responses thereto vary depending on the pathosystem, microbial factors, physical state of chitosan, environmental factors, time of application, and intrinsic and extrinsic physiochemical properties of chitosan (El Hadrami et al., 2010; Kong et al., 2010; Poznanski et al, 2023). The MOAs for the antimicrobial activity are proposed to be through a combination of direct physiochemical interference with the pathogen, which includes the formation of a film layer, induction of pathogen-related morphological changes at all developmental stages, and direct interaction with DNA/chromatin (Rabea et al., 2003; Goy et al, 2009; Kong et al., 2010; Ana Niurka Hernández-Lauzardo, 2011; Hadwiger, 2013; Xing et al., 2015; Verlee et al, 2017; Luan et al., 2018; Romanazzi et al, 2018). In addition, the indirect MOA arises from the elicitation and exploitation of the plant’s innate immunity, resulting in induced resistance (IR) through various systemic mechanical, biochemical, and molecular changes within the plant (El Hadrami et al., 2010; Hadwiger, 2013; Aranega-Bou et al., 2014). IR can be elicited systemically through direct signal recognition in locally infected tissue or by priming, which may be activated by treatment with natural or synthetic chemicals like chitosan or through infection (Aranega-Bou et al., 2014; Mauch-Mani et al., 2017). Priming induces physiological, epigenetic, and metabolic changes upon the initial stimulus which is followed by a robust defense response that is faster and/or stronger upon subsequent exposures to stimuli with a generally low cost to plant fitness (Aranega-Bou et al., 2014; de Vega et al, 2018). Therefore, priming increases the capacity and efficiency of defense and resistance through amplified defense signals, rather than direct activation of defense responses (Aranega-Bou et al., 2014; Mauch-Mani et al., 2017).

As aminochitosan has not yet been investigated in planta, this is the first study to analyze its role as a protective priming agent in the tomato/B. cinerea pathosystem. Moreover, this is the first study to investigate the effects of aminochitosan and its batch-batch variability in synthesis as well as the bioactivity of lower MW fractions.




2 Materials and methods



2.1 Plant material

Tomato (Solanum lycopersicum L.) cv. Moneymaker seeds were collectively germinated before being transplanted into individual pots containing potting soil. Seedlings were grown at 23°C with an 8 hour light/16 hour dark cycle (Audenaert et al, 2002). After 5 weeks, when the plants consisted of tertiary leaves with five leaflets, 80-120 plants were randomized and used for each experiment.




2.2 Botrytis cinerea

B. cinerea isolate R16 (Faretra and Pollastro, 1991) was grown on potato dextrose agar (PDA) for 2 weeks at room temperature under 12 hour dark/12 hour UV light conditions. Control (mock) and spore suspensions were made, each containing 0.01 M glucose and 6.7 mM KH2PO4, with either 1 x 106 spores/mL of B. cinerea (B. cinerea spore suspension) or distilled water (mock solution) added (Audenaert et al, 2002).




2.3 Biopolymers

Chitosan (CHT, crab origin, DDA > 90%) was purchased from AK Scientific Inc. 6-deoxy-6-amino chitosan (aminochitosan, shrimp shell origin, > 96% DDA, Sayed et al., 2018) with batch-to-batch variants termed diamino 1 (D1), diamino 2 (D2), and diamino 3 (D3), were synthesized by the Department of Chemistry at the University of Cape Town, South Africa. The batch-to-batch variants were approximately 15 kDa, as inferred from the 15 kDa dialysis MW cutoff used during purification. Additional fractionation was performed on the parent biopolymer (Figure S1), D3, with the following MW cut-offs: 3-5 kDa (Fraction 1, F1), 15 kDa (Fraction 2, F2), 20 kDa (Fraction 3, F3), 20-99 kDa (Fraction 4, F4) and 100 kDa (Fraction 5, F5). The biopolymers are henceforth termed either D1, D2, or D3 for the batch-to-batch variants and F1, F2, F3, F4 or F5 for the respective MW fractions. Biopolymer solutions were freshly prepared 1 day before the start of all experiments at the following concentrations: 0.5 mg/mL (0.05%), 1 mg/mL (0.1%), 2.5 mg/mL (0.25%), and 5 mg/mL (0.5%). Solutions for the aminochitosan biopolymers were prepared in distilled water, and chitosan was prepared in 1% (v/v) acetic acid. Working concentrations of chitosan had an acetic acid concentration of 0.1%. Biopolymer solutions were stirred overnight and sonicated for 2 hours before use.




2.4 Biopolymer application as foliar spray: direct and systemic

The biopolymers were assessed for two different MOA in vivo: the direct effects of biopolymer application, termed “direct treatment,” and the indirect, systemic effects of biopolymer application, termed “systemic treatment”. For both types of treatment, the tertiary leaves of 5-week-old tomato plants were pre-treated by foliar spray until run-off (approximately 1.4 mL per leaf) with the different concentrations of the biopolymers, 24 hours before B. cinerea inoculation (see section 2.3). For the direct treatment, all five leaflets were sprayed (Figure S2A). To assess the systemic effect, the first primary leaflet of each leaf was covered with foil before the remaining four leaflets were sprayed (Figure S2A).




2.5 Biopolymer elemental analysis

Elemental analyses of elemental composition ratios (carbon and nitrogen, C/N) and the degree of substitution for chitosan and the aminochitosan fractions (see section 2.3) were conducted on a Thermo Flash 1112 Series CHN Analyzer and the EA Euro 3000 by the Department of Chemistry at the University of Cape Town. The ratio C:N was used to determine the degree of substitution (DS) using the following equation (Sayed, 2018):

	




2.6 In vitro: antifungal assays



2.6.1 Effects on mycelial radial inhibition

The direct effects of the biopolymers were assessed as in El-Ghaouth et al. (1992) using a mycelial radial growth assay (El-Ghaouth et al., 1992). 10 mm fungal discs taken from actively growing 2-week-old B. cinerea plates were placed centrally on PDA media amended with a biopolymer (CHT, D1, D2, D3, F1, F2, F3, or F5). The final concentrations of the amended media were 0.5, 1 or 2.5 mg/mL. Unamended PDA, water (PDA dilution control, data not shown), and 0.1% (v/v) acetic acid were used as controls. Plates were grown under 12 hour dark/12 hour UV (combined UVA and UVC) conditions for 11 days. Radial growth measurements (expressed as an average mycelial area in mm2) and macro-photos were taken at 1, 2, 3, 4, 5, 8, and 11 days post-initiation. The percentage inhibition of radial growth (PIRG%) was calculated as in El-Ghaouth et al., 1992. Experiments were performed with five biological replicates per treatment, per experiment, and repeated twice.




2.6.2 Effects on sporulation

B. cinerea spores were harvested from the 11-day-old plates in 5 mL of water and filtered through sterile Miracloth (Pabón-Baquero et al., 2015). The concentration of spores was determined using a hemocytometer and expressed as average spore/mL. The experiment was repeated twice with 5 biological replicates for each biopolymer and concentration. The percentage inhibition of sporulation (PIS%) was calculated as in Al-Hetar et al., 2011 (Al-Hetar et al., 2011).





2.7 In vivo: direct and systemic effects in detached whole leaves and leaf discs



2.7.1 Experiment set up, inoculation and lesion frequency

24 hours after spraying, whole leaves were excised at the base of the petiole before being wrapped in paper towels and placed on a tray. The leaves were then suspended above wet paper towels, with the stems immersed in distilled water. Individual leaflets were inoculated with two 10 µL droplets of either B. cinerea spore suspension or mock solution on either side of the midrib. The trays were then sealed with transparent lids to ensure a high-humidity environment and grown under a 16 hour light/8 hour dark cycle. Disease progression was assessed by counting the number of spreading necrotic lesions compared to resistant lesions (Figure S2B).




2.7.2 Image analysis for phenotyping disease progression: Fv/Fm, ChlIdx, and mAriIdx

Leaflets were imaged using the CropReporter PathoViewer platform at 4 and 6 days post-inoculation (dpi). The non-sprayed first primary leaflet of each leaf was imaged to assess the systemic treatment effect in systemically sprayed leaves, while all five leaflets were imaged to assess the direct treatment. The PathoViewer (Department of Crops and Plants, Ghent University, Belgium), a non-invasive multispectral imaging platform, was used for the analysis of photosynthetic changes in real time, as in De Zutter et al. (2021). The platform used an automated, high-resolution, multispectral camera system mounted to a Cartesian-coordinate grid table contained in a light (Sun LED modules) chamber with controlled temperature and humidity (CropReporter, PhenoVation). The monochrome camera system captured absorption, reflection, and fluorescence patterns at a high temporal and spatial resolution of 6 µm and fitted with optical filters. The following parameters were calculated in a pixel-by-pixel manner from the obtained images: the average maximum efficiency of photosystem II (Fv/Fm) (Baker, 2008), RGB values, and the stress indices, namely the average chlorophyll fluorescence index (ChlIdx, a measure “leaf yellowing and chlorophyll content”) (De Zutter et al., 2021) and the average modified anthocyanin index (mAriIdx) (Gitelson et al, 2009). The PhenoVation imaging software and algorithms (PhenoVation, Wageningen, the Netherlands) were used to calculate the average Fv/Fm, ChlIdx, and mAriIdx along with the standard deviations for each leaflet from these images (De Zutter et al., 2021). As such, the effects of the biopolymers on the overall leaf health and disease progression were assessed based on the phenotypic changes observed over the course of the experiment (Baker, 2008; De Zutter et al., 2021).




2.7.3 Time-trial analysis: hydrogen peroxide accumulation (DAB assay)

The protocols of Asselbergh et al. (2007) and Thordal-Christensen et al. (1997) were used with the following amendments: after spraying (see section 2.4) and 1 hour of drying, whole leaves were excised from multiple plants and randomized for each treatment. Leaf discs were taken with a 1 cm cork bore and floated (abaxial side down) in 24-well plates containing 1.5 mL of water per well. 24 hours after the leaves were sprayed, leaf discs were inoculated with two 5 µL droplets of mock or spore suspension on either side of the midrib (Audenaert et al, 2002; Asselbergh et al., 2007). The samples were allocated into different time groups, where the infection was allowed to establish for either 4, 8, 12, 24, 48, or 72 hours before staining. Prior to staining, the 24-well plates were imaged with the PathoViewer platform (see section 2.7.2) for macroscopic images. The protocol of Thordal-Christensen et al. (1997) was used for the 3’,3’-diaminobenzidine (DAB) staining and amended as follows: at each time point post-inoculation, the water was replaced with 1.5 mL of 1 mg/mL DAB. Leaf discs were floated for 4 hours before being de-stained (boiled) in a lactophenol mixture (phenol: glycerol: lactic acid: water: ethanol (1:1:1:1:2) for 30 minutes. Following H2O2 staining, fungal structures were stained with 0.02% (w/v) Trypan Blue in distilled water (for 30 sec). After staining, the leaf discs were mounted on glass slides in 50% (v/v) glycerol. Brightfield microscopy was performed with an Olympus BX-51 microscope and a Nikon Ti inverted Eclipse microscope using the NIS-Elements AR imaging software.




2.7.4 Time trial analysis: spore germination

Leaf discs used in the DAB assay (see section 2.7.3) were used to analyze the effects of diamino 1 compared to water on spore germination at two time points, 16 hpi and 20 hours post inoculation (hpi).




2.7.5 Time-trial analysis: gene expression of SLACRE75

This analysis was set up as the phenotyping experiment (see section 2.7.1) with the following amendments: Individual leaflets were harvested and considered biological replicates. Therefore, five biological replicates (five leaflets) were harvested from one tertiary leaf for the direct treatment and one biological replicate (one leaflet) for the systemic treatment. Leaflets were harvested and flash frozen at 6 and 9 hpi for the direct treatment and at 96 hpi for the systemic treatment (Figure S2A). The harvested tissue was analyzed for gene expression of ACRE75. Primers for ACRE75 were synthesized using sequences from De Vega et al. (2021). The reference genes, SICBL1 and LSM7, were selected from Rezzonico et al, (2018) and primers synthesized accordingly (Rezzonico, Nicot & Fahrentrapp, 2018). RNA was extracted using the PureLink® Plant RNA Reagent (Thermo Fisher Scientific, Waltham, USA) as recommended. cDNA was synthesized from 1 µg of RNA using the Maxima First Strand cDNA Synthesis Kit with dsDNase (Thermo Fisher Scientific, Waltham, USA). RT-qPCR was conducted using KAPA SYBR® FAST qPCR Master Mix (2X) Universal (KAPA Biosystems, Salt River, Cape Town) on a Rotor-Gene™ 6000 real-time rotary analyzer (Corbett Life Science, Sydney, Australia). The data was analyzed in qbase (Biogazelle, Zwijnaarde, Belgium) and normalized to the two reference genes. The maximum replicate variability was set to 0.1, and any replicate with a difference > 0.1 was excluded under quality control. The reference target stability levels were defined by thresholds set at 1 for the geNorm expression stability value and 0.3 for the coefficient of variation of the normalized reference gene relative quantities.





2.8 Statistical analysis

Plots were generated using the R software version 3.6.0 (R Core Team, 2020) and the packages ggplot2 (Wickham, 2016). The non-parametric Kruskal-Wallis test was used for multiple comparisons, followed by a post hoc analysis using Dunn’s test for pairwise comparisons. An FDR-corrected significance value of 0.05 was used for all analyses.





3 Results



3.1 In vitro antifungal activity of aminochitosan against B. cinerea

Two batches of aminochitosan were synthesized to assess the batch-to-batch variability and are referred to as diamino 1 (D1) and diamino 2 (D2). The biopolymers were assessed in vitro for their efficacy against B. cinerea compared to chitosan (CHT).

The biopolymer treatments displayed radial growth in concentric rings and excessively branched mycelia with a prevalence for “upward growth” (Figure 1B). In addition, the CHT treatments displayed haloes around the mycelial growth (data not shown). The direct in vitro antifungal activities of CHT, D1, and D2 showed a significant increase in inhibitory activity with increasing concentrations of the biopolymers compared to the PDA control (Figures 1A, B; Table 1). Notably, variations in the efficacy of the concentrations were observed across the biopolymers, as D1 exhibited significant radial growth inhibition (PIRG%) compared to CHT and D2 at 2.5 mg/mL (Table 1). To account for the inhibitory effects of acetic acid on fungal growth (data not shown), a 0.1% (v/v) acetic acid control was included as a control for CHT since CHT is only soluble in weak acids. The 0.1% acetic acid control was shown to be statistically different to the PDA control and generally no different to all biopolymer concentrations (Table 1). Maximum PIRG% for each of the biopolymers was observed between 2.5 and 5 mg/mL despite the large variance in the standard deviations (Figure 1B; Table 1).




Figure 1 | The direct antifungal effects of chitosan and aminochitosan batches on B. cinerea growth, 11 days after incubation. (A) An overview of the phenotypic effects relative to the controls (PDA and 0.1% (v/v) acetic acid). (B) A detailed view of the macroscopic and morphological changes. The images represent one of five biological replicates. The experiment was repeated twice. (C) The phenotypic effects of water and D1 at 0.5, 1 and 2.5 mg/mL concentrations on the germination, germ tube formation, and elongation of B. cinerea spores visualized at 40X magnification (scale bar = 10 µm.). The images display germination at 16 and 20 hours post inoculation. Arrows (A-C) indicate the average phenotype for each concentration. Spores were inoculated onto leaf discs and stained with Trypan Blue for visualization. The images represent the average of 4 biological replicates. The experiment was repeated once.




Table 1 | The effects of different concentrations of chitosan (CHT) and aminochitosan variants on the average mycelial radial inhibition and sporulation of B. cinerea, 11 days after incubation.



Intriguingly, the inhibitory effects of the biopolymers on the sporulation of B. cinerea displayed an increase in the number of spores/mL for CHT, D2, and D1 at 0.5 mg/mL compared to the PDA control which increased in that respective order (Table 1). This correlated with the phenotypic changes seen in the mycelial growth for the biopolymer treatments at 0.5 mg/mL. These were marked by the appearance of ashen, gray-colored masses in concentric rings compared to the PDA control, which displayed a uniformly light-colored growth (Figures 1A, B). Similarly, the 0.1% acetic acid control exhibited a comparable phenotypic effect on sporulation as 0.5 mg/mL of CHT (Figure 1). Overall, the biopolymers showed an initial increase in the average spores/mL at the lowest concentration assessed, followed by a decrease in the average spores/mL with increasing biopolymer concentrations (Figures 1A, B; Table 1).

As D1 exhibited greater radial growth inhibition compared to D2, it was selected to analyze the effects of aminochitosan on the germination of B. cinerea in vivo. The germination of spores on tomato leaflets sprayed with D1 showed increasing inhibition of germination and germ tube length with increasing concentrations of D1 (Figure 1C). Complete inhibition of germination can be observed at 2.5 mg/mL of D1 (Figure 1C). At concentrations of 0.5 and 1 mg/mL of D1, the germ tube lengths were shorter than the water treatment. Notably, 1 mg/mL of D1 demonstrated the greatest variability in both the number of spores germinating and the germ tube length (data not shown).




3.2 Multispectral analysis of the in planta direct and systemic effects of aminochitosan using Fv/Fm, chlorophyll index and anthocyanin index

To determine if aminochitosan exhibits comparable antifungal efficacy in vivo as the in vitro results, detached whole tomato leaves were pre-treated with aminochitosan 24 hours before B. cinerea inoculation (Figure S2A). Leaves were treated with one of the following variable combinations: the mode of application (direct/systemic), the treatment (biopolymer/water), and the inoculation solution (B. cinerea/mock). The disease progression of an artificial B. cinerea inoculation on tomato leaves (Benito et al., 1998) is displayed in Figure S2B while the induced resistance eliciting properties of aminochitosan are displayed in RGB images in Figures S2A, S2B.

A significant and completely resistant phenotype with 100% resistant lesions (i.e., no visible disease symptoms) was observed at 4 dpi for all concentrations of D1 applied as a direct treatment and was maintained at 6 dpi, with more than 95% resistant lesions for all concentrations assessed (Figure S3C; Table 2). These observations were compared to the water treatment + B. cinerea inoculation, of which 91 and 94% of lesions were necrotic at 4 and 6 dpi, respectively (Table 2). Direct treatment with D2 + B. cinerea inoculation also displayed significant resistance at 4 dpi and 6 dpi for all concentrations assessed but was less protective than D1 (Figure S3C; Table 2). CHT direct treatment + B. cinerea inoculated leaves had a lower efficacy at 4 and 6 dpi when compared to D1 and D2 treatment (Table 2; Figure S3). At 4 dpi, the 1 and 2.5 mg/mL concentrations of CHT treatment were significantly resistant. However, it is worth noting that the 0.1% acetic acid control + B. cinerea inoculated leaves displayed a small but nonsignificant increase in the percentage of resistant lesions (22%), compared to the water treatment (8%) and were not statistically different from the highest CHT concentration (Figure S3C; Table 2).


Table 2 | The effects of chitosan (CHT), diamino 1 (D1), and diamino 2 (D2) on disease progression measured as the percentage of resistant lesions at 4 and 6 days post-inoculation (dpi).



The systemic protective effects of D1 treatment + B. cinerea inoculation at 4 dpi displayed significant resistant lesions at 50 and 90% for 1 and 2.5 mg/mL, respectively and were maintained at 6 dpi for 1 mg/mL (50%), with a decrease at 2.5 mg/mL (58%) (Figure S3D; Table 2). However, there were overlapping protective effects between the concentrations given the large standard deviations. In contrast to D1, D2’s protective effects at 4 and 6 dpi were nonsignificant when compared to the water treatment at 4 dpi but still maintained resistant lesions at 1 and 2.5 mg/mL with 42 and 46%, respectively (Table 2). CHT displayed the lowest efficacy of the biopolymers at both 4 and 6 dpi, with no resistant lesions at all concentrations tested.

Images quantifying the changes in the photosynthetic performance of leaves treated and/or inoculated were used to assess the health of the leaf and/or disease progression of B. cinerea inoculation at 4 dpi. The photosynthetic performance was measured by quantifying the efficiency of photosystem II (Fv/Fm) and the stress indices, namely the chlorophyll index (ChlIdx) and the modified anthocyanin index (mAriIdx). Figures 2A, B, S3 display images that visualize the effects of the direct and systemic biopolymer treatment on lesion development. Figures 3, S4 show the distributions and mean values for Fv/Fm (Figures 3A, S3), ChlIdx (Figure 3B), and mAriIdx (Figure 3C). All observations were compared to the water treatment + B. cinerea inoculated images (Figure 2) and the distributions (Figures 3A, S4) at 4 dpi.




Figure 2 | The phenotypic effects of chitosan (CHT), diamino 1 (D1), and diamino 2 (D2) treatment on the disease progression of B. cinerea, 4 days post-inoculation (dpi). The treatments were tested by direct or systemic application and imaged thereafter. Lesion development and progression were noted by the spreading of dark red/black (Fv/Fm, 0-0.5) or yellow/white (ChlIdx, 0-1.8) spots as measured by the false color scales. Healthy leaf tissue was noted as yellow/green (Fv/Fm,0.7-0.9) or green (ChlIdx, 1.9-2.5) by the false color scales. (A) Images displaying the direct effects of treatment on Fv/Fm at 4 dpi. (B) Images displaying the systemic effects of treatment on Fv/Fm at 4 dpi. (C) RGB, Fv/Fm, mAriIdx, and ChlIdx images of direct D1 treatment at 4 dpi and a detailed view of the effects with 1 and 2.5 mg/mL. (D) RGB, Fv/Fm, mAriIdx, and ChlIdx images of systemic D1 treatment at 4 dpi and a detailed view of all concentrations. Leaves were inoculated 24 hours after polymer spraying with two 10 µL droplets of a B. cinerea spore suspension (1 x 106 spores/mL containing 0.01 M glucose and 6.7 mM KH2PO4). The images represent the average phenotype of two experiments.






Figure 3 | The effects of direct and systemic chitosan (CHT), diamino 1 (D1), diamino 2 (D2), and controls (water and 0.1% (v/v) acetic acid) treatment on the overall health of B. cinerea or mock inoculated leaves at 4 days post-inoculation. Overall health was assessed using (A) Fv/Fm, (B) chlorophyll index (ChlIdx) and (C) the modified anthocyanin index (mAriIdx). n = 45 leaflets per treatment. The black dots represent the mean of each half violin. Concentrations with different letters are statistically significant (Kruskal-Wallis test followed by Dunn’s post-hoc test, p< 0.05).





3.2.1 Direct biopolymer or water treatment and B. cinerea inoculation

The direct application of D1 treatment + B. cinerea inoculation resulted in significant Fv/Fm values that were consistently higher than the Fv/Fm values for D2 and CHT at all concentrations (Figures 3A, S3A). This was visualized by the absence of red lesions in the Fv/Fm images and correlated with the Fv/Fm distributions (Figures 2A, C). The direct treatment with D2 + B. cinerea inoculation also resulted in significant average Fv/Fm values at all concentrations, but with a concentration dependent increase (Figure 3A). The direct treatment with CHT + B. cinerea inoculation significantly increased the average Fv/Fm values for 1 and 2.5 mg/mL concentrations, with 0.1% acetic acid having the same significance as the 2.5 mg/mL concentration (Figures 3A, S3A). The significant protective effects in vitro (Table 1) and increased protective effects in vivo (Table 2) for 0.1% acetic acid were also noted phenotypically by the reduced red lesion sizes (Figure 2A) and in the increase in the distribution and average Fv/Fm values when compared to the water treatment (Figures 3A, S3A). Correspondingly, direct 0.1% acetic acid treatment + B. cinerea inoculation resulted in a similar nonsignificant increase in the average ChlIdx values (Figure 3B). Direct D1 and D2 treatment + B. cinerea inoculation showed a significant increase in the distribution of ChlIdx values at all concentrations assessed, with notable differences between the concentrations of D1 treatment (Figure 3B).

The mAriIdx values for direct treatment with CHT + B. cinerea inoculation were the same as for the water treatment (Figure 3C). However, the 0.1% acetic acid control was statistically lower than the water treatment and all concentrations of CHT (Figure 3C). In contrast, both D1 and D2 direct treatment + B. cinerea inoculation had statistical increases in the average mAriIdx at 1 and 2.5 mg/mL concentrations (Figure 3C). This was noted phenotypically in Figure 2C, where higher levels of mAriIdx are visible at the sites corresponding to 1 and 2.5 mg/mL of D1 treatment. Visually, this appeared concentration-dependent, as the accumulation was more visible at 2.5 mg/mL compared to 1 mg/mL and was not observed at 0.5 mg/mL.




3.2.2 Systemic biopolymer or water treatment and B. cinerea inoculation

The Fv/Fm values for the systemic D1 treated + B. cinerea inoculated leaflets corroborated the phenotyping data (Figure 2B) and were also significantly higher than the water treatment (Figures 3A, S3B) with a concentration-dependent increase in the average Fv/Fm (Figure 3A). D1 also displayed marked differences in the proportion of healthy Fv/Fm levels, 4 and 5, at all concentrations assessed compared to D2 and CHT (Figure S4B). Although the Fv/Fm distributions of D2 did not exhibit a significant difference from the water treatment, the data points tended to cluster at higher values compared to the water treatment. This suggests that some protective effects may have been elicited (Figure 3A). Like the phenotyping data in Figure 2B and section 3.2, the average Fv/Fm values for CHT, and 0.1% acetic acid treated + B. cinerea inoculated leaflets were nonsignificant when compared to the water treatment (Figures 2B, 3A, S3B). The distribution of ChlIdx values for the D1, D2 and CHT systemically treated + B. cinerea inoculated leaflets was nonsignificant at all concentrations assessed except for 0.5 mg/mL of the D1 and CHT treatments, which were lower than the water treatment (Figure 3B).

Correspondingly, a significant decrease in the average mAriIdx at 0.5 mg/mL compared to the water treatment for D1 and CHT systemically treated + B. cinerea inoculated leaflets was also seen (Figure 3C). However, in contrast to the ChlIdx, a nonsignificant increase in mAriIdx distribution was observed at 1 and 2.5 mg/mL for D1 and D2 systemically treated + B. cinerea inoculated leaflets (Figure 3C). This was noted phenotypically in Figure 2D, where higher levels of anthocyanin were visible at the sites corresponding to 1 and 2.5 mg/mL of D1 treatment on systemically treated leaves.




3.2.3 Direct biopolymer or water treatment and mock inoculation

D1 and D2 directly treated and mock inoculated leaflets displayed significant increases in the average Fv/Fm values for 0.5 and 1 mg/mL, with a nonsignificant decrease in the average for the 2.5 mg/mL concentration (Figure S4A). A similar increase was observed for the average ChlIdx values for D1 and D2 directly treated and mock inoculated leaflets (Figure 3B). D1 treatment showed significant increases at all concentrations, whereas D2 treatment was only significant at 0.5 and 2.5 mg/mL (Figure 3B). D1 and D2 treatment displayed a significant increase in the average mAriIdx values for all concentrations, while D2 was only significant at 1 mg/mL (Figure 3C). This increase was visible in the D1 phenotyping images in Figure S3C, where areas with residual dry droplets correspond to higher mAriIdx values (according to the false color scale).

Contrastingly, for leaflets directly treated with CHT and mock inoculated, a significant decrease in the average Fv/Fm, ChlIdx, and mAriIdx values was observed at all concentrations assessed (except 0.5 mg/mL mAriIdx) (Figures 3A–C). This significant decrease in Fv/Fm and mAriIdx was also observed for the 0.1% acetic acid treatment + B. cinerea inoculated leaves when compared to the water treatment + B. cinerea inoculated leaves (Figures 3A–C, S3A).




3.2.4 Systemic biopolymer or water treatment and mock inoculation

For the systemic application of D1 and D2 treatments and mock inoculation, no differences were seen in the distribution or average Fv/Fm values for all concentrations assessed compared to the water treatment (Figure 3A). However, when looking at the distribution of the Fv/Fm levels in Figure S4B, D1 displayed a higher proportion of levels 4 and 5 compared to D2 (Figure S4B). D1 systemically treated and mock inoculated leaflets displayed a nonsignificant increase in ChlIdx values at all concentrations, whereas D2 treated and mock inoculated leaflets were significantly greater at 0.5 and 1 mg/mL concentrations (Figure 3B). The average mAriIdx values for D1 and D2 treatments were not significant as the distributions were large, often with two clusters of data points indicating protective effects in a fraction of the leaflets assessed (Figure 3C). This increase was visible in the D1 phenotyping images in Figure S3D. Additionally, as in the systemic B. cinerea inoculated leaflets, little to no anthocyanin accumulated at the site of infection when treated with 1 and 2.5 mg/mL of D1 but appeared phenotypically similar at 0.5 mg/mL (Figure 2C). Treatment with CHT and mock inoculation was significantly lower at all concentrations for the average Fv/Fm (Figures 3A, S3B). There were no changes observed in the ChlIdx and mAriIdx values at all concentrations of CHT treatment and mock inoculation assessed (Figures 3B, C).





3.3 Characterizing an early defense response in tomato leaflets: aminochitosan and H2O2 production

The production of reactive oxygen species (ROS) is frequently observed as a dominant and early defense response (Thordal-Christensen et al., 1997). Hence the impact of D1 on hydrogen peroxide (H2O2) production was evaluated in a time course series using DAB staining to compare H2O2 accumulation at the site of inoculation. This method yields brown precipitates that indicate the presence of H2O2 accumulation allowing both macroscopic and microscopic assessment.



3.3.1 Macroscopic observations

The macroscopic progression of disease symptoms were visualized over time using RGB and dark-adapted chlorophyll fluorescence (Fv/Fm) images (Figures 4A, B respectively) as the use of chlorophyll fluorescence allowed for earlier detection of disease symptoms (Pavicic et al., 2021).




Figure 4 | The temporal progression of B. cinerea disease symptoms on leaf discs treated with chitosan (CHT) and diamino 1 (D1). (A) The macroscopic development of spreading lesions over 24, 48 and 72 hpi. Lesions are denoted by their signature “wet” and “brown” phenotype at 48 hpi, followed by the growth of white mycelia at 72 hpi. (B) A chlorophyll fluorescence image showing the temporal development of lesions highlighted by the absence of chlorophyll (dark lesions) at the inoculation sites for the different time points. One of five biological replicates are shown. (C) DAB staining visualizing the accumulation or absence of H2O2 at 4X (water only) and 20X (water and D1 treatment). The experiment was repeated twice. (D) The co-staining of D1 with Trypan Blue. The accumulation of D1 in the walls of cells as indicated by arrows G and H. The diamino droplets sprayed onto the leaflets are labeled with arrows, A-C. Differences in the germination of spores covered by visible droplets compared to free spores are indicated by arrows C-F. The images represent the average of 4 biological replicates. The experiment was repeated once. Scale bar 4X magnification = 200 µm, 20X magnification = 100 µm and 40X magnification = 10 µm.



In the RGB images, disease symptoms were only observable from 48 hpi for both CHT and D1 (Figure 4A). For the chlorophyll fluorescence images, dark spots on the leaflets that signify the lack of chlorophyll fluorescence served as an indicator for necrotic lesions. Mock inoculated leaflets displayed no dark spots (data not shown). The initial development of necrotic lesions was first observed at 16 hpi for the water treatment, at 20 hpi for 0.05 mg/mL of CHT treatment and at 24 hpi for 0.05 mg/mL of D1 treatment (Figure 4B). D1 treatment significantly protected against necrotic lesion development for 1 and 2.5 mg/mL up to and including 72 hpi (Figure 4A; Table S1). Lesion development for 0.1% acetic acid was protective up to 20 hpi compared to the water treatment at 16 hpi (Figure 4A; Table S1).




3.3.2 Microscopic observations

No H2O2 accumulation was observed in the water/biopolymer treated and mock inoculated leaflets (data not shown). In the water treated + B. cinerea inoculated leaflets, H2O2 accumulation was visible at 4X magnification around the entire lesion perimeter and within the infection droplet from 12 hpi (Figure 4C). A decrease in the intensity of DAB staining was observed for the water treated leaflets between 24 and 48 hpi (Figure 4C).

Intriguingly, leaflets treated with D1 displayed a decrease in H2O2 accumulation with an increase in concentration as well as an increase in the intensity of DAB staining over time (Figure 4C). Therefore, the time taken to accumulate H2O2 levels comparable to the water treated leaflets was only achieved at later time points. Leaflets treated with 0.5 mg/mL of D1 displayed lesions with sparse areas of minimally visible H2O2 accumulation at 16 and 20 hpi (Figure 4C, arrows D and E) with a minimal increase in the intensity of DAB staining at 24 hpi (Figure 4C, arrow F). For leaflets treated with 1 and 2.5 mg/mL of D1, no H2O2 accumulation was visible up to 16 hpi and 20 hpi (for 2.5 mg/mL) (Figure 4C). Between 20 and 48 hpi, D1 at 1 mg/mL displayed a low intensity of DAB staining in few cells (Figure 4C, arrow G) with D1 at 2.5 mg/mL only displaying H2O2 accumulation observed at 48 hpi (Figure 4C).

The microscopic observations revealed an interaction between D1 and Trypan Blue (Figure 4D, arrows C). The area occupied by the droplets corresponded with the D1 droplet residues that were separate to the B. cinerea droplet residue (Figure 4D, arrow A and B, respectively). At higher magnification, the droplet areas also displayed an accumulation of Trypan Blue within the anticlinal walls of cells within the epidermis of the leaf tissue and exhibits the same lobed shape as the cells (Figure 4D, arrow G and H). Most notably, the spores beneath the D1 droplet area have little to no germinated spores when compared to the spores within the inoculation droplet that do not intersect with the D1 droplet (Figure 4D, arrows E and F).





3.3 The in vitro and in vivo efficacy of molecular weight variants of aminochitosan

Due to the observable differences in the in vitro and in vivo efficacy of D1 and D2, a third biopolymer batch was synthesized and further fractionated to allow for chemical and biological characterization of the different MW fractions. The third biopolymer batch will herein be referred to as diamino 3 (D3), and the D3 MW fractions will be referred to as fractions 1-5 (F1-F5).



3.3.1 Elemental analysis of D3 and D3 lower MW fractions

Elemental analysis (EA) was used to determine whether varying efficacies of the aminochitosan batches were due to differences in their nitrogen composition. EA was conducted by identifying the percentage of carbon (C), nitrogen (N) and hydrogen (H) in D1, D2, D3, and the D3 MW fractions, F1 (3.5–5 kDa), F2 (15 kDa), F3 (20 kDa), F4 (20–99 kDa), and F5 (100 kDa). Data including the percentage of hydrogen and sulfur are not shown. The EA data displayed a clear increase in the percentage of nitrogen content for D1, D2, D3, F1, F2, F3, and F5 compared to native CHT (Table 3). F4 displayed the lowest percentage of nitrogen compared to the MW fractions and was also lower than the nitrogen content for CHT. In addition to determining the elemental composition, the ratio of carbon to nitrogen (calculated as C/N) was used to determine the degree of substitution (DS), the number of hydroxyl groups substituted with amino groups; a key factor when evaluating the formation of aminochitosan (Sayed, 2018). The DS values for D1 and D1 were within 0.08 of each other and were therefore within close range. The lowest DS was obtained for D3 (0.63), while the highest DS was obtained for F4 (0.81) (Table 3). D1 (0.76) F2 (0.77), F3 (0.78) and F5 (0.78) displayed the most similar DS (Table 3).


Table 3 | Elemental analysis of carbon (C) and nitrogen (N) for chitosan (CHT), diamino 1 (D1), diamino 2 (D2), diamino 3 (D3), and diamino 3 MW fractions (F1-F5).






3.3.2 The in vitro effects of different aminochitosan MW fractions

The antifungal activity of D3 and the D3 MW fractions was investigated, with the quantitative and phenotypic effects shown in Table 4 and Figure 5, respectively. A statistical increase in the PIRG% was observed for D3 treatment at 1 mg/mL and 2.5 mg/mL when compared to the PDA control (Table 4). Furthermore, a statistical increase in the PIS% was observed for all concentrations of D3 when compared to the PDA control (Table 4).


Table 4 | The effects of various concentrations of diamino 3 (D3) and the D3 MW fractions (F1-F3) on the average mycelial radial growth and sporulation of B. cinerea, 11 days after incubation.






Figure 5 | The phenotypic effects of diamino 3 (D3) and the D3 lower MW fractions (F1-F3) on the radial growth of B. cinerea, 11 days after incubation. (A) An overview of the effects relative to the PDA control. (B) A detailed view of the macroscopic and morphological changes. The images represent one of five biological replicates. The experiments were repeated twice.



When comparing the phenotype and radial inhibition of the lower MW fractions, F1 and F2 appear to perform better than D3, while F1 and F3 appear to perform similarly to D3, at 1 and 0.5 mg/mL respectively (Figure 5; Table 4). No significant differences in the efficacy between F1, F2, and D3 on the phenotype and radial inhibition were observed at 1 mg/mL, while F3 was significantly different. In addition, F1, F2, and D3 were similar at 2.5 mg/mL whereas the efficacy of F3 at 2.5 mg/mL was significantly lower at the same concentration (Table 4; Figure 5).

When compared to the PDA control, F1 and F2 showed significant inhibitory effects on sporulation at 1 and 2.5 mg/mL, and at 1 mg/mL for F3 (Table 4). Large standard deviations for the sporulation data are to be noted as limiting factors. F5 displayed no effects on radial inhibition and sporulation at all concentrations assessed when compared to the PDA control (data not shown).




3.3.3 The in vivo effects of aminochitosan 3 (D3) and the D3 MW fractions, on eliciting resistance in the tomato/B. cinerea pathosystem

The direct and systemic effects of D3 and the D3 lower MW fractions were analyzed for their efficacy in eliciting a resistant phenotype at 4, 6, and 30 dpi (Figure S5; Table 5) and H2O2 production at 4, 8, 12,16, and 20 hpi (Figure 6). When compared to the water treatment, direct treatment with D3, F2, and F3 significantly increased the percentage of resistant lesions at 4 and 6 dpi (Table 5; Figure S5). Notably, at 4 and 6 dpi, F2 and F3 displayed a decrease in the percentage of resistant lesions at 2.5 mg/mL when compared to 1 mg/mL of the respective biopolymer (Table 5). Direct treatment with F1 statistically increased the resistant phenotype at 1 and 2.5 mg/mL at both 4 and 6 dpi compared to the water treatment but was less effective than D3 (except at 6 dpi for 2.5 mg/mL), F2 and F3 (Table 5).


Table 5 | The effects of various concentrations of diamino 3 (D3) and the D3 MW fractions (F1-F3) on disease progression measured as the percentage of resistant lesions at 4 and 6 days post-inoculation (dpi).






Figure 6 | The temporal accumulation of H2O2 in leaf discs treated with diamino 3 (D3) and D3 lower MW fractions (F1-F3) and visualized with DAB staining at 4, 8, 12, 16 and 20 hours post-inoculation (hpi) with B. cinerea. (A) Macroscopic images of DAB staining at 20 hpi displaying the progression of disease symptoms as noted by the appearance of brown spots in the RGB image. (B) Macroscopic image of DAB staining in de-stained leaf discs sprayed with different polymer concentrations and inoculated with a mock solution at 20 hpi. (C) The macroscopic, temporal H2O2 accumulation at 4, 8, 12, 16, and 20 hpi. This image correlates with the RGB image in (A). Leaf discs were inoculated with two 10 µL droplets of a B. cinerea spore solution (1 x 106 spores/mL containing 0.01 M glucose and 6.7 mM KH2PO4) 24 hours after spraying. The image here represents one of four biological replicates.



The systemic treatment yielded variable results at the different concentrations applied due to large standard deviations with overlapping ranges (Table 5). Systemic treatment with D3, F2, and F3 was significantly protective at 1 and 2.5 mg/mL when compared to the water treatment at 4 and 6 dpi (Table 5). Systemic F1 treatment, when compared to the water treatment, was significantly protective at 0.5 and 2.5 mg/mL at 4 and 6 dpi (Table 5). Furthermore, the systemic protection provided by F2 was greater than D3 (Table 5). Notably, similar to the results from direct treatment, a decrease in the percentage of resistant lesions was observed for 2.5 mg/mL of D3, F2, and F3 treatments at 4 and 6 dpi but was not observed for F1 treatment (Table 5). At 30 dpi, F2 remained significantly protective for both direct and systemic treatments at all concentrations compared to the water treatment (Figure S5D). At 30 dpi, F2 was protective at all concentrations (Figure S5D), while F1 and D3 were not (data not shown).

To analyze the temporal regulation of H2O2 production, D3 and the lower MW fractions were evaluated using a time course series (Figure 6). Unlike the water and D1 treated and mock inoculated leaflets, treatment with 0.5 mg/mL of F1 and F3 and 1 mg/mL of F2 + mock inoculation resulted in H2O2 accumulation that was indiscriminate across the leaflets at 20 hpi (Figure 6B). In contrast to D1 and D2 treatment, H2O2 accumulation was macroscopically visible from 16 hpi onwards in D3 treated + B. cinerea inoculated leaflets (Figure 6C). No discernible differences in the patterns of H2O2 accumulation for B. cinerea inoculated leaflets were observed for all concentrations of F1, F2, and F3 assessed (Figure 6C). However, these MW fractions exhibited H2O2 accumulation as early as 4 hpi compared to 16 hpi for D3 treated + B. cinerea inoculated leaflets (Figure 6C). Furthermore, an increase in concentration resulted in a marginal decrease in the intensity of DAB staining for D3, F1, F2, and F3 as evident from the differences in the quantity and color intensity of brown lesion spots (Figures 6A, C).





3.4 The role of aminochitosan in priming ACRE75

De Vega et al. (2021) investigated and reported induced resistance and the temporal priming of Avr9/Cf-9 rapidly elicited protein 75 (ACRE75) by a commercially available water-soluble chitosan in tomato leaf discs infected with B. cinerea (De Vega et al., 2021). In the present study, the relative expression levels of ACRE75 were measured in response to mock/B. cinerea inoculation and different concentrations of direct D3 treatment at 6 and 9 hpi and systemic D3 treatment at 96 hpi.

D3 treated + mock inoculated leaflets displayed a significant increase in ACRE75 normalized expression levels for 1 and 2.5 mg/mL concentrations at 6 hpi when compared to the water treatment (Figure 7). However, D3 treated + B. cinerea inoculated leaflets at 6 hpi had lower ACRE75 relative expression levels compared to mock inoculated leaflets (Figure 7). Treatment with 2.5 mg/mL of D3 was significantly different from the water treatment at 6 hpi in B. cinerea inoculated leaflets. The 2.5 mg/mL concentration also showed the highest average relative expression levels for ACRE75 at 6 hpi in D3 treated + mock/B. cinerea inoculated leaflets (Figure 7). Thus, at 6 hours post-inoculation, both the mock and B. cinerea inoculated leaflets exhibited a concentration-dependent increase in normalized relative gene expression (Figure 7).




Figure 7 | The effects of diamino 3 (D3) treatment compared to water treatment in B. cinerea and mock inoculated leaflets on the priming of ACRE75 at 6, 9 and 96 hours post inoculation (hpi). Different letters indicate statistically significant differences. a/b indicate differences between controls and x/y/z indicate differences between infected samples. (Kruskal Wallis test followed by Dunn’s post-hoc test, p< 0.05). n = 3 per concentration.



However, at 9 hpi, the relative gene expression decreased with increasing concentration for both genes, with 0.5 mg/mL of D3 treatment showing the highest nonsignificant averages for both mock and B. cinerea inoculated leaflets (Figure 7). A similar trend was observed with systemic D3 treatment and + mock/B. cinerea inoculation at 96 hpi (Figure 7). Overall, ACRE75 had higher average expression levels in the D3 treated and mock inoculated leaflets compared to the water treatment at both 6 and 9 hpi (Figure 7). However, the standard deviation for D3 treatments was greater, specifically in the treated and B. cinerea inoculated leaflets compared to the mock inoculated leaflets (Figure 7).





4 Discussion

Considering that amino groups are a defining factor in the physiochemical and biological properties of CHT derivatives; aminochitosan possesses improved functionality compared to native CHT (Satoh et al., 2006; Yang et al., 2012; Yang et al., 2015; Luan et al., 2018). To date, this is the first study to characterize aminochitosan dissolved exclusively in neutral water (pH = 7) for its antifungal properties in vitro and in vivo, with a focus on the tomato/B. cinerea pathosystem. However, batch-to-batch variations posed a challenge in obtaining consistent data in characterization of physiochemical properties and biological activity. One such variation noted was in the solubility of D2 which was not observed for D1, D3, or the lower MW fractions of D3. However, when comparing the elemental composition of the batches, minor variation was seen between D1 and D2 with a bigger difference being seen in D3 (with no effect on the solubility). Thus, these differences are potentially due to the variability in the source materials utilized to synthesize aminochitosan batches (Croisier and Jérôme, 2013; Sayed, 2018). Other known contributors to the solubility of CHT and derivatives are DDA, DS and MW (Luan et al., 2018). The DDA and DS determine the number of amine groups available for protonation, while the MW affects the number of charged amino groups available for intermolecular interactions with the solvent (water) (Croisier and Jérôme, 2013; Bellich et al., 2016). Aminochitosan with a high DDA and DS and a low MW is more soluble than aminochitosan with a low DDA, DS and a high MW (Bellich et al., 2016). Therefore, potential differences in MW resulted in small but measurable variations in the efficacy of the batches both in vitro and in vivo, as observed between D1 and D2.



4.1 Aminochitosan in vitro

Aminochitosan, specifically D1, displayed significantly greater inhibition of B. cinerea than CHT in vitro at a minimum concentration of 1 mg/mL. Similar results were reported by De Vega et al. (2021), who reported significant in vitro inhibition of B. cinerea with water-soluble CHT at a concentration of 0.1% (1 mg/mL) and higher (De Vega et al., 2021). Another study on aminochitosan (DS of 0.81, C/N 2.834) and CHT (DDA of 95% and MW of 700 kDa) by Luan et al. (2018) was investigated against various species in the Fusarium genus. The study showed improved antifungal activity greater than 20% for aminochitosan at 0.5 mg/mL. However, both CHT and their aminochitosan were dissolved in 0.35% acetic acid (Luan et al., 2018). In the present study, the in vitro antifungal activity of CHT was confounded using acetic acid as a solvent for CHT on account of acetic acid displaying significant radial growth inhibition in vitro at a concentration of 0.1%. Furthermore, these results were no different from the effects of the 0.5 and 1 mg/mL concentrations of CHT, indicating a protective effect of 0.1% acetic acid. Acetic acid, amongst others, has been shown to display antimicrobial activity in vivo and in vitro as the undissociated form of acetic acid is lipophilic, allowing penetration of the cell membrane (Narendranath et al, 2001). Once inside the cell, a decrease in the pH of the cytoplasm disrupts the cell membrane and inhibits metabolic processes necessary for fungal growth (Kang et al, 2003; Hassan et al., 2012; In et al., 2013). A study by Narendranath, Thomas & Ingledew (2001) reported a reduction in growth rates and glucose consumption of S. cerevisiae in vitro as the concentration of acetic acid in the media increased (Narendranath et al, 2001).

In the present study, a concentration-dependent increase in the in vitro antifungal activities of CHT, D1, and D2 was observed for radial growth and sporulation compared to the PDA control. Maximum inhibition for all the biopolymers was seen between the 2.5 and 5 mg/mL concentrations. Large standard deviations between the biopolymers for these concentrations were potentially due to the abovementioned batch-to-batch variations and inhibitory effects of acetic acid. At 0.5 mg/mL, an increase in sporulation and the number of spores/mL was observed for CHT, D2, and D1 in that respective biopolymer order. This could be attributed to the differences in the DDA and DS between CHT and aminochitosan. At low concentrations, CHT is the least inhibitory as it has a lower DDA than aminochitosan, whereas D1 and D2 have greater DDA and DS. However, no general trend can be deduced from the increase or decrease in DDA (Younes et al., 2014).

In addition, the haloes observed around the mycelial growth for CHT are indicative of the ability of B. cinerea to degrade and release CHT into the media thereafter. A study by Palma-Guerrero et al. (2007) reported a similar result for Verticillium dahlia, where its growth on PDA increased at 0.5 and 1 mg/mL and only decreased at 2 mg/mL. They suggested that V. dahlia was capable of using CHT as a nutrient source at lower concentrations and also reported the degradation activity of CHT, as noted by the appearance of halos around the mycelial growth at 0.5 and 1 mg/mL concentrations (Palma-Guerrero et al., 2007). Therefore, at low concentrations, B. cinerea may utilize aminochitosan as a nutrient source, with an apparent preference for an increased number of amine groups. This was noted in the differences between D1 and D2 inhibition, where D1 displayed the greatest increase in sporulation, which additionally correlated with its higher nitrogen percentage due to extra amine group(s) on aminochitosan. Harper et al. (1981) showed that omitting NH4NO2 from the growth medium resulted in a significant decrease in the in vitro growth of B. cinerea and in the percentage of spreading lesions in vivo. They concluded that nitrogen sources such as nitrate or ammonium support and enhance in vitro growth (Harper et al, 1981).

The germination data for D1 suggests the presence of a concentration threshold beyond which impaired germination or complete inhibition of germination occurs for aminochitosan and is maintained over time. The data in this study suggests that this threshold for aminochitosan is 1 mg/mL for spores germinating in vivo, compared to the 2.5 mg/mL threshold in vitro. Similarly, a study by Palma-Guerrero et al. (2007) reported that the spores of two plant pathogenic and two myco-parasitic fungi were more sensitive to CHT treatment than hyphae as growth was irreversibly inhibited at a concentration of 0.01 mg/mL (Palma-Guerrero et al., 2007). Hence, the B. cinerea spore suspension used in vivo was more sensitive than the B. cinerea fungal discs used in vitro, which contained a mixture of hyphae and spores. The contrast between in vitro and in vivo efficacy highlights the bimodal MOA of aminochitosan and the advantageous role of primed plant defense systems.




4.2 Aminochitosan in vivo

Image-based quantification of photosynthetic parameters is non-destructive, non-invasive, sensitive, rapid, and allows for high-throughput screening (Meng et al., 2020; Pavicic et al., 2021). Chlorophyll fluorescence imaging is generally used to assess and quantify the photosynthetic performance and efficiency of leaves including plant-pathogen interactions (Rolfe & Scholes, 2010; Pérez-Bueno et al, 2019). Furthermore, it accounts for the spatiotemporal heterogeneity of photosynthesis across the total leaf area (Bayçu et al., 2018). Plant-pathogen interactions regularly result in altered energy expenditure as a defense strategy and a decrease in photosynthesis and related chloroplastic metabolisms after the onset of chlorosis and necrosis at local infection sites (Berger et al., 2007; Fagard et al., 2014; Rojas et al., 2014). In order to analyze maximum photosynthetic efficiency of Photosystem II (PSII, also a measure of Fv/Fm), it is necessary to distinguish between the rates of photosynthesis, fluorescence emission, and heat dissipation as these factors are in competition with each other (Murchie & Lawson, 2013; Pérez-Bueno et al, 2019). When challenged, plants adapt by increasing their capacity for heat dissipation, while Fv/Fm remains unchanged. However, if the stressor exceeds this adaptive capacity, a decrease in Fv/Fm is observed, with the potential for extreme inhibition of PSII activity (Pérez-Bueno et al, 2019).

Image-based analysis corroborated the RGB findings (aminochitosan as a protective treatment up to 4 and 6 dpi) by analyzing photosynthetic parameters (Fv/Fm, ChlIdx, and mAriIdx). Fv/Fm was shown to be inversely associated with lesion development as noted by the absence of “red lesions” with an increase in Fv/Fm or by an increase in lesion size and disease progression with decreasing Fv/Fm (Rolfe & Scholes, 2010; Meng et al., 2020). Fv/Fm is therefore a useful indicator for the early signs of priming, infection, locally enhanced photosynthesis and a potentially enhanced defense response as a means of constraining pathogen growth to the site of infection (Berger et al., 2004; Rolfe & Scholes, 2010; Meng et al., 2020).

The data in the present study show enhanced photosynthesis in both the inoculation droplet site and in the surrounding areas. However, this observation is not restricted to the intercostal areas containing infection sites, as observed in Berger et al. (2004); rather, it is ubiquitous across the lamina. Therefore, maintaining heterogenous photosynthesis for as long as possible is a key aspect of the plant’s defense strategy (Berger et al., 2004). The sustained elevated photosynthetic activity may be due to priming of a stronger and more rapid elicitation of the defense systems at earlier time points, resulting in an unsuccessful infection. This is in contrast to the various chlorophyll fluorescence imaging studies on a few pathosystems, including the tomato/B. cinerea pathosystem, that have shown the downregulation of photosynthesis, chlorophyll fluorescence, and induction of sink metabolism after compatible pathogen interactions locally at the site of interaction and in surrounding tissues (Berger et al., 2004; Scharte et al, 2005; Bonfig et al., 2006; Berger et al, 2007; Muniz et al., 2014; Smith et al., 2014; Meng et al., 2020). As stated in Kanwar & Jha (2019), the data from Chou et al. (2000) and Berger et al. (2004) suggest that necrotrophic interactions generally result in rapid changes to photosynthesis that are visible before any apparent disease phenotype (Kanwar and Jha, 2019). The D1 data agree with this observation, where changes in photosynthesis are sustained and quantified, extending up to 4 and 6 dpi without an apparent disease phenotype. However, the D2 data is similar to that of Chou et al. (2000) and Berger et al. (2004), where infected leaves generally displayed inhibition of photosynthesis at the site of infection with an area of maintained photosynthetic parameters (healthy areas) in the immediate surrounding uninfected leaf areas, noted as “green islands”, is a representation of the spatiotemporal heterogeneity of infection (Chou et al., 2000; Berger et al., 2004; Pérez-Bueno et al, 2019).

The term “green island” has been a descriptor for biotrophic interactions where areas of senescence are halted and photosynthetic activity is maintained, although at a lower level. Therefore, the occurrence of green islands is generally seen at later stages of disease progression, where the site of infection remains green while the surrounding tissue senesces (Walters et al, 2007). Polyamines (PA) are a group of compounds that retard senescence and accumulate in green islands (Walters et al, 2007). Naturally occurring PA, such as spermine and spermidine, are synthesized in plants and are defined as low molecular weight polycations containing amino groups (Janse van Rensburg et al, 2021). PAs are both water-soluble and insoluble as they exist in “free” or conjugated forms (Janse van Rensburg et al, 2021). Not dissimilar to aminochitosan (and in contrast to CHT), this property coupled with its positive charge allows for differential distribution and localization as well as electrostatic interactions with nucleic acids, acidic proteins, and phospholipids (Janse van Rensburg et al, 2021). Aminochitosan therefore bears similarity to PAs; its biological activity may be mediated through similar mechanisms and pathways that prevent senescence, resulting in a resistant phenotype of varying degrees. Comparably, exogenous PA application was shown to prime resistance and increase stress tolerance to B. cinerea infection in Arabidopsis (Janse van Rensburg et al, 2021), maintain the integrity of the thylakoid membrane during leaf senescence (Besford et al., 1993), prevent the loss of or elevate chlorophyll content (Galston & Sawhney, 1990; ElSayed et al., 2022), maintain normal or elevated PSII activity (Legocka and Zajchert, 1999; ElSayed et al., 2022), and impede the initial stages of crown rust infection by affecting germ tube growth and appressorium formation (Montilla-Bascón et al., 2016). Furthermore, high total chlorophyll was correlated with basal leaf resistance (Meng et al, 2019). In this study, foliar application of aminochitosan displayed efficacy in priming direct resistance to B. cinerea infection by maintaining elevated ChlIdx and PSII activity as well as directly inhibiting germination in vivo.

Interestingly, a decrease in Fv/Fm, and therefore photosynthesis, was observed at 2.5 mg/mL of aminochitosan application. This may be indicative of a decrease in the efficiency of PSII due to the destabilization of chloroplasts and thus PSII (Meng et al., 2020). Hence, at 2.5 mg/mL, aminochitosan may be moderately cytotoxic when sprayed directly onto leaves. The decrease in Fv/Fm visually and quantitatively overlapped with the decrease in ChlIdx at 2.5 mg/mL as areas with residual dry droplets matched areas of decreased ChlIdx. This observation was also noted for the mock inoculated leaves treated with 2.5 mg/mL of D1 and therefore indicates that the observed effects are not due to the establishment of an infection but rather to the concentration of the treatment. Moreover, this appears to be concentration-dependent, as the same observation is absent at 0.5 mg/mL but can be seen for several leaves at 1 mg/mL. Similarly, various studies have reported negative effects on the establishment of necrotic lesions and their severity with high concentrations of exogenous PA application or endogenous accumulation (Yoda et al, 2003; Marina et al., 2008; Nambeesan et al., 2012).

In this study, in addition to Fv/Fm and ChlIdx, mAriIdx was used as a measure of anthocyanin accumulation in leaves (Meng et al., 2020). Anthocyanins are reported to have putative functions in halting leaf senescence as well as being regulators of ROS signaling pathways (Hatier and Gould, 2008). The accumulation of anthocyanin was visible at the B. cinerea inoculation sites in water treated leaflets but was variable in aminochitosan treated leaflets. Similar results were observed by Meng et al. (2020), where mAriIdx was seen accumulating at the site of infection with B. cinerea in untreated leaves (Meng et al., 2020). In the present study, the accumulation of anthocyanins appeared to visually decrease with an increase in the concentration of aminochitosan at the site of B. cinerea inoculation. This suggests that anthocyanin accumulation is an indicator of leaf susceptibility to successful infections when treated with aminochitosan. Leaves treated with 0.5 mg/mL of aminochitosan had greater anthocyanin accumulation and disease resistance than the water treatment. However, they were more susceptible than those treated with 1 and 2.5 mg/mL where little to no anthocyanins were visible at the sites of inoculation thus indicating a resistant interaction. This suggests priming mechanisms that are independent of anthocyanin accumulation and ROS accumulation at later time points when treated with higher concentrations of aminochitosan in B. cinerea inoculated leaves. A likely explanation is that the direct antifungal activity of aminochitosan at higher concentrations is severe, resulting in lower ROS production, less oxidative stress (HR-like response), and lower anthocyanin concentrations than at lower concentrations of aminochitosan.

In the mock inoculated leaves treated with aminochitosan at 1 and 2.5 mg/mL, anthocyanin accumulation overlapped with the dried aminochitosan droplets. In contrast to infected leaves, this suggests that foliar anthocyanins are primed in uninfected leaves in response to higher concentrations of aminochitosan. Additionally, the enhanced Fv/Fm values and thereby enhanced photosynthetic activity observed in these leaves may indicate an increase in starch and sugar production. As sugar accumulation is positively correlated with anthocyanin concentration, accumulation in older leaves may act as a mechanism for regulating sugar content in an attempt to circumvent early senescence elicited by high sugar levels in source tissues (Pourtau et al., 2006; Landi et al, 2015). Thus, anthocyanins are potentially alternative sinks that avoid excess carbon and sugar accumulation to mitigate possible “sugar-induced leaf senescence” induced by enhanced photosynthetic activity after application of a high concentration of aminochitosan (Landi et al, 2015).

In addition to the local resistance induced by direct CHT application, systemic resistance has also been reported for various pathosystems (Benhamou & Thériault, 1992; Vasyukova et al., 2001; Faoro et al., 2008; Siddaiah et al., 2018). The significantly elevated Fv/Fm induced by direct aminochitosan application was also seen with the systemic pre-treatment of D1 at 4 and 6 dpi. This corresponded to a reduction in lesion sizes and the number of spreading lesions. The effects were concentration-dependent, with 1 and 2.5 mg/mL performing significantly better than 0.5 mg/mL but still being protective at 0.5 mg/mL. Notably, at both 0.5 mg/mL and 1 mg/mL, the occurrence of spreading and resistant lesions on individual leaflets varied, as regulation of the defense systems is expectedly heterogeneous within each individual leaflet (Pérez-Bueno et al, 2019). The successful priming of a resistant response systemically highlights the benefits of a more efficient and effective induction of the innate immune system globally (Pastor et al., 2013).

Priming results in a combination of physical and chemical responses that include ROS and have been reported for a variety of pathosystems using CHT and derivatives at various concentrations and stages of development (Rabea et al., 2003; Raafat et al., 2008; Goy et al, 2009; Iriti & Faoro, 2009; Hadwiger, 2013). H2O2 accumulation is a crucial, early-phase defense response that functions as a signaling molecule, a cell wall modifier, and a mediator of hypersensitive responses (Lin et al., 2005; Asselbergh et al., 2007). In this study, lesions were absent at 1 and 2.5 mg/mL of D1 application, as in the whole leaf analysis, and was coupled with generally little to no H2O2 accumulation at these concentrations (a decrease in accumulation with an increase in D1 concentration). Additionally, the time taken to accumulate H2O2 comparable to the water treatment increased with an increase in concentration. These results corroborate the aforementioned anthocyanin and direct in vitro data that suggest that aminochitosan functions in a ROS-independent manner, especially at higher concentrations where direct inhibition takes precedence.

Despite H2O2 generally being a marker for an upregulated defense response, it is also known to contribute to successful infections by necrotrophs such as B. cinerea (Stamelou et al., 2021). Meng et al. (2019) reported that in strawberry leaves infected with B. cinerea, “H2O2 levels were positively correlated with disease severity” and that lower levels were a better indicator for resistance (Meng et al, 2019). Other studies have reported similar effects of high H2O2 levels and hypersensitive responses having a positive correlation with necrosis (Govrin & Levine, 2000; Khanam et al., 2005). The effects on PSII functionality reported by Adamakis et al. (2020) and Stamelou et al. (2021), showed that lower ROS levels was favorable for the activation of defense responses, whereas high ROS levels were detrimental to the functionality of PSII, indicating toxicity (Adamakis et al., 2020; Stamelou et al., 2021). Hence, lower concentrations of aminochitosan may be favoured due to its low and slow increase in H2O2 levels, resulting in maintained PSII functionality compared to the decrease seen at 2.5 mg/mL. Adamakis et al. (2020) and Stamelou et al. (2021) suggested that with short-term exposure, PSII functionality increased rapidly but that with longer exposure, inhibition indicated a “time-dependent hormetic response”. Hormesis typically denotes a biphasic response that is depicted by a U/J shape to a stress or elicitor that elicits advantageous effects at low concentrations (eustress) and a toxic effect at high concentrations (Tran et al., 2011). Therefore, at time points earlier than 4 dpi, 2.5 mg/mL of aminochitosan is beneficial to the leaves, but at later time points, the benefits decrease. A functional use of this dose response in plants is for elucidating optimal biostimulant concentrations that achieve the best adaptive response to disease resistance (Tran et al., 2011).

The microscopic observations also revealed an interaction between D1 and Trypan Blue, which can be seen by the appearance of blue circles correlating with the droplet residues that remained on the leaf tissue after treatment with D1. As Trypan Blue is a negatively charged diazo dye, it is capable of interacting with a cationic compound such as aminochitosan (Tran et al., 2011), or in this instance, D1. Therefore, Trypan Blue permeates through the cell walls of living cells that have altered membrane permeability due to the interaction with aminochitosan (Tran et al., 2011). As stated in Tran et al. (2011), the blue coloration of cells should be assessed with caution as it may not signify cell lysis but rather an increase in membrane permeability due to pore formation (Tran et al., 2011). Therefore, this suggests that aminochitosan acts to increase the membrane permeability of cells after foliar spray thereby allowing the permeation of aminochitosan into the cell membranes and cells. Most notably, when compared to the spores outside of the D1 droplet area, the spores beneath the D1 droplet area had minimal or no germination efficacy. In addition to destabilizing the cell membrane, the film-forming properties of CHT may function as a physical barrier to the efflux of nutrients from the plant, thereby reducing nutrient availability for fungal growth. This theory has been supported by studies that show nutrient deprivation and a lack of fungal growth as a result of these film-forming properties (El-Ghaouth et al., 2000; Ait Barka et al., 2004). These observations corroborate the notion that aminochitosan biopolymers like D1 can exert their effects through both direct MOA and indirect immunostimulatory mechanisms.




4.3 The importance of molecular weight on the biological activity of aminochitosan: finding the optimal balance between in vitro and in vivo efficacy

The D3 MW fractions were analyzed to assist in determining the optimal MW range for future applications of aminochitosan in the tomato/B. cinerea pathosystem and others. The elemental analysis (EA) results verified the higher DDA in aminochitosan, as evidenced by the elevated percentages of nitrogen compared to CHT. As per the literature, the C/N ratios of aminochitosan and fractions in this study were closer to that of completely deacetylated chitosan (5.145) compared to CHT which was closer to chitin (6.861), the completely N-acetylated biopolymer (Galed et al., 2008). The proportion of nitrogen between the biopolymers differed slightly, with the amino biopolymers exceeding the value for CHT. These values are in agreement with the DS values reported in studies on aminochitosan and range between 0.70-0.98 (Satoh et al., 2006; Yang et al., 2012; Luan et al., 2018; Sayed, 2018). Therefore, it may be assumed that the differences in efficacy between the biopolymers are not due to their elemental composition and proportions and are potentially due to MW differences. Although, it is worth noting that EA has certain limitations that may lead to an overestimation of the DS (Sayed, 2018).

However, despite the relatively high DS values and elevated nitrogen percentages for the D3 MW fractions, the antifungal activity of the biopolymers in vitro was variable relative to the EA data. In summary, the results demonstrated that a minimum concentration of 1 mg/mL is required for significant direct antifungal activity of D3 and D3 MW fractions. Furthermore, an increase in the efficacy of the concentrations with a decrease in the MW was observed, indicating a trend between the MW and biological activity. From this study, the MW range of 3.5-15 kDa (F1) appeared to be the most effective for in vitro activity against B. cinerea at concentrations of 0.5, 1, and 2.5 mg/mL. However, it is worth noting that the differences in MW efficacy may be influenced by the potential agglomerative nature of CHT in the culture medium. This implies that the formation of aggregates between CHT and the media decreases the theoretical amount of chitosan dissolved in solution and impedes in vitro antifungal activity (Lee et al, 2016). Nonetheless, the findings of this study agree with the results of Hernández-Lauzardo et al. (2008) and Badawy and Rabea (2009). They showed that low MW CHT had stronger antifungal effects against Rhizopus stolonifera and B. cinerea compared to high MW CHT at a concentration between 0.5 mg/mL and 4 mg/mL (Hernández-Lauzardo et al., 2008; Badawy & Rabea, 2009). In these studies, a wide range of MW values were defined, with Hernández-Lauzardo et al. (2008) defining low to high MW as 17.4-30.7 kDa and Badawy and Rabea (2009) defining their low to high MW range from 5-57 kDa, with an ultra-high MW of 290 kDa. The proposed variations in the mode of action of CHT and aminochitosan are consistent with both low and high MW. Low MW CHT disrupts the fungal cell wall more efficiently due to its smaller size (as with F1), while high MW CHT creates a protective barrier or film that reduces microbial growth by binding to the cell surface (as evident from the reduced antifungal efficacy of the F4 (20-99 kDa) and F5 (100 kDa) (Bellich et al., 2016).

In the present study, the in vitro MW range for optimal biological activity of 3.5-15 kDa is in contrast with the optimal in vivo MW range of 15-20 kDa. F1 was significantly protective, but only at the higher concentrations and was less protective than F2 (15 kDa) and F3 (20 kDa). These results are in opposition to findings reported by Vasyukova et al. (2001), who showed that maximal disease resistance to Phytophthora infectans infection in potatoes was displayed by low MW CHT (5 kDa) treatment compared to the intermediate effects of 24 kDa CHT and the ineffective 200 kDa CHT (Vasyukova et al., 2001). However, the variable definitions for MW ranges result in inconsistencies within the literature. The direct and systemic treatment with D3 and the lower MW fractions, F2 and F3, resulted in significant resistance at 4 and 6 dpi with F2 and F3 providing greater protection than D3. Notably, F2 and F3 displayed a decrease in resistance at 2.5 mg/mL, at 4 and 6 dpi when compared to 1 mg/mL of the respective biopolymers for direct and systemic treatment. These results correspond with the D1 in vivo results at 2.5 mg/mL, where a concentration-dependent threshold and response were observed. The disease resistance for direct and systemic treatment by F2 and F3 was also retained up to 30 dpi compared to D3, F1, and water treatment, which were not protective. This suggests that fractionating the biopolymer to a select MW results in stronger biological activity in vivo compared to a wider MW range found within a copolymer not strictly synthesized to a MW.

Consequently, it is noteworthy that the lower MW fractions showed no true discernible differences in the patterns of H2O2 accumulation for all concentrations of F1, F2, and F3 assessed. As hypothesized, F2 accumulation appeared closest to that of D3 as F2 and D3 are both approximately 15 kDa. Similar to D1 and D3 treated + B. cinerea inoculated leaflets, an increase in concentration resulted in a decrease in the intensity of DAB staining for F1, F2, and F3. Lin et al. (2005) demonstrated that CHT induced H2O2accumulation in rice cell culture; however, its capacity was dependent on the MW range of CHT (Lin et al., 2005). Like these findings, aminochitosan-induced H2O2accumulation in tomato leaflets inoculated with B. cinerea appeared to have variable time responses to the different MW fractions. This further highlights the importance of characterizing the optimal ranges of MW for maximum biological activity.

The impact of variations in MW on the antifungal activity of CHT and its derivatives is a widely studied topic with conflicting and inconclusive findings in the literature (Kong et al., 2010; Liaqat & Eltem, 2018; Poznanski et al, 2023). The absence of uniform definitions for “high” and “low” MW CHT in the literature adds to the inconsistencies since the ranges considered “high” and “low” overlap across studies and could therefore be defined oppositely in others. Moreover, the relationship between MW and antifungal activity is affected by intrinsic and extrinsic factors that include different organisms, ranges of MW, DDA, and DP, non-standardized concentrations, the source of chitin, and methods used to synthesize CHT. (Poznanski et al, 2023). Therefore, it is challenging to ascertain the ideal MW of aminochitosan to achieve maximum antifungal efficacy based on current data, and it should instead be chosen based on the intended application (Poznanski et al, 2023).




4.4 Aminochitosan primes ACRE75

ACRE genes have been reported as being involved in R gene-mediated defenses and various defense signaling pathways (Durrant et al., 2000). Furthermore, the induction of most ACRE genes may occur via ROS-independent pathways, as they do not require ROS for upregulation which may support the notion that aminochitosan primes a defense response in a ROS-independent manner or through late H2O2 accumulation (Durrant et al., 2000). Therefore, ACRE75 was analyzed for temporal regulation in response to different concentrations of D3 treatment when applied as a direct treatment in mock or B. cinerea inoculated leaflets at 6, 9, or 96 hpi or as a systemic treatment in mock or B. cinerea inoculated leaflets at 96 hpi.

D3 treatment + mock inoculation resulted in greater average relative expression of ACRE75 compared to the water treatment at both 6 and 9 hpi for 1 and 2.5 mg/mL. This observation suggests aminochitosan, an elicitor of ACRE75 that is primed in both mock and B. cinerea inoculated leaflets for a stronger expression with and without infection. Moreover, the relative expression of ACRE75 was positively regulated, with an increase in concentration at 6 hpi for both mock and B. cinerea infected leaflets, indicating a concentration-dependent response at the earlier time points. However, at 9 hpi, the greatest increase in relative expression was for 0.5 mg/mL, with a subsequent decrease in expression for 1 and 2.5 mg/mL for both mock + B. cinerea inoculated leaflets. A study by Iriti and Faoro (2009) noted concentration and the physiochemical properties of CHT as key factors modulating priming and direct defenses, as at certain concentrations, beneficial programmed cell death may switch to non-beneficial necrotic lesions due to cytotoxicity (Iriti & Faoro, 2009). Therefore, elucidating the optimal concentration for non-toxic priming is key to utilizing aminochitosan to its full potential. At 96 hpi, systemic treatment with 0.5 mg/mL displayed the greatest priming in both mock and B. cinerea inoculated leaflets. This suggests that lower concentrations of aminochitosan are sufficient for priming systemic accumulation of ACRE75 and that the protection is sustained up to and including 96 hpi.





5 Conclusions

Here we have demonstrated aminochitosan as a preventative treatment to B. cinerea infection when applied as a foliar spray in 5-week-old tomato leaves. Aminochitosan displayed significantly improved biological activity in vivo when applied directly and as a systemic treatment that was sustained for up to 30 days post-inoculation. The resistant phenotype is mediated through a combination of enhanced Fv/Fm and ChlIdx. The mechanism of action appears to be ROS-independent at higher concentrations due to the severity of direct inhibition. Consequently, leaf senescence, hypersensitive responses and therefore necrosis are mitigated which suggests that aminochitosan primes defense responses in both mock and B. cinerea inoculated leaves. However, the concentrations for optimal activity appear to differ in vitro and in vivo. Additionally, the lower MW fractions suggest a narrow range in which optimal/maximal efficacy is effected in vitro compared to in vivo which additionally is pathosystem dependent. This study provides a base for further research into the effects of aminochitosan in other pathosystems and larger field trials with a focus on “omics” for further elucidation on the MOA.
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Seed germination is a major determinant of plant development and final yield establishment but strongly reliant on the plant’s abiotic and biotic environment. In the context of global climate change, classical approaches to improve seed germination under challenging environments through selection and use of synthetic pesticides reached their limits. A currently underexplored way is to exploit the beneficial impact of the microorganisms associated with plants. Among plant microbiota, endophytes, which are micro-organisms living inside host plant tissues without causing any visible symptoms, are promising candidates for improving plant fitness. They possibly establish a mutualistic relationship with their host, leading to enhanced plant yield and improved tolerance to abiotic threats and pathogen attacks. The current view is that such beneficial association relies on chemical mediations using the large variety of molecules produced by endophytes. In contrast to leaf and root endophytes, seed-borne fungal endophytes have been poorly studied although they constitute the early-life plant microbiota. Moreover, seed-borne fungal microbiota and its metabolites appear as a pertinent lever for seed quality improvement. This review summarizes the recent advances in the identification of seed fungal endophytes and metabolites and their benefits for seed biology, especially under stress. It also addresses the mechanisms underlying fungal effects on seed physiology and their potential use to improve crop seed performance.’
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Introduction

Endophytic microorganisms are part of the plant microbiome and reside transiently or permanently within plant tissues without causing disease symptoms (Wilson, 1995). Endophytic fungi mainly belong to the Ascomycota or Basidiomycota (Rashmi, 2019) and, together with bacteria, constitute the most abundant, diverse and ubiquitous group of endophytes. Their association with plants is attested since Devonian (Krings et al., 2007) and they have been detected in most plants studied so far and in a variety of plant organs including leaves, stems, roots, flowers, fruits and seeds (Stone et al., 2004). The classification of endophytic fungi integrates their phylogeny, their host range, extent of tissue colonization and transmission mode (Rodriguez et al., 2009). Their transmission is particularly important for the building of endophytic communities and their maintenance over space and time. Indeed, horizontal transmission assures constant supply of endophytes for (re)inoculation from plant environment whereas vertical transmission allows the transfer of endophytic populations from mother plants to their progeny via the seeds and possibly the maintenance of endophytic microbiome composition across generations (Bright and Bulgheresi, 2010; Abdelfattah et al., 2022).

A particular attention has been paid to endophytic fungi considering the numerous services they can provide to plants and their high potential for application in agriculture. Indeed abundant literature reports the capacity of fungal endophytes to promote plant growth and to improve their tolerance towards abiotic and biotic stresses, in exchange of nutriment supply and shelter (Baron and Rigobelo, 2022; Verma et al., 2022). As for seed-borne endophytic fungi, evidence also points to their ability to promote seed germination and early seedling growth, and possibly impact the whole plant development and response to environmental cues (Li et al., 2019). Interestingly, the positive effects of fungal endophytes largely rely on bioactive molecules they produce and that stimulate plant growth, and participate in adaptive responses or immunity (Prado et al., 2012; Lugtenberg et al., 2016). Indeed, the chemical repertoire of fungal endophytes is not only exceptionally diverse in itself, but also shaped by their environment within the plant, which makes these fungi a unique reservoir of bioactive molecules.

Seeds are unique structures found in Gymnosperms and Angiosperms that ensure their sustainability and dissemination, which is critical for species survival and spreading in ecosystems. They also constitute the income and outcome of major crop productions, and seed performance, including high germination rate, vigor or longevity, is crucial for plantlet establishment and final yield (Ellis, 1992). Due to their sensitivity towards environmental stresses, seed germination and possibly other seed traits are strongly jeopardized by ongoing climate change (Finch-Savage and Bassel, 2016). Moreover, global warming will enhance plant diseases, lowering yields and impairing food safety (Raza and Bebber, 2022). Because of on-going environmental policies and increasing concern for sustainable development, environmental-safe strategies to improve seed performance and resistance to pathogens are urgently required. In this view, the valorization of bio-sourced molecules as biostimulants, i.e. to promote plant growth and plant stress tolerance, or for the biocontrol of pathogens, is a promising strategy. Fungal endophytes, especially those naturally hosted in seeds, therefore appear as a valuable and original source of bioactive molecules. This review will bring an update on seed-borne fungal endophytes and their potential valorization to improve seed traits, i.e. dormancy, germination, vigor and longevity, under optimal or stress conditions, and seed tolerance towards pathogens and pests.





Seed-borne endophytic fungi: population diversity and dynamics

Embodying bridges between successive generations, seeds have a central role in the conservation and transmission of the endophytic microbiome to the next generation. Recent studies have described the microbiome of crop and non-crop seeds using metagenomics approaches (Wassermann et al., 2019; Bintarti et al., 2022; Simonin et al., 2022). They highlight a high proportion of fungi in seed microbiota compared to other tissues, possibly reflecting the high capacity of fungal species to adapt to seed environment (Simonin et al., 2022). They also point out a strong diversity among plant species, between seeds of the same plant and even within the same fruit (Bintarti et al., 2022; Simonin et al., 2022). Indeed, seed endophytic fungal communities are not only dependent on host genetics, but are further shaped by environmental factors (Klaedtke et al., 2016; Wassermann et al., 2019; Franić et al., 2020; Bintarti et al., 2022; Philpott et al., 2023). Despite this variability, a handful of genera, e.g. Alternaria, Phoma, Cladosporium, Fusarium, Xylaria, Penicillium or Aspergillus, that are abundant and ubiquitously found in crops and wild species, emerge as the core endophytic community of seeds (Samreen et al., 2021; Simonin et al., 2022). In addition to these, Epichloe genus is widely present among Poacea (grass) seeds (Stone et al., 2004). Beside this core population, a diversity of additional endophytic fungal species have also been detected in seeds, that represent a minority and are highly flexible among plant species (Kluger et al., 2008; Klaedtke et al., 2016; Billingsley Tobias et al., 2017; Hill et al., 2021; Mertin et al., 2022; Simonin et al., 2022). Endophytic fungi from both core and flexible populations can improve seed performance (Table 1), which leaves open the relative contribution and functions of these fungal subgroups.


Table 1 | Seed fungal endophytes showing bio-stimulant and/or biocontrol properties towards seeds.



As presented in Figure 1, seed endophytic communities are partly inherited from the microbiota of the mother plant via vertical transmission, through asexual (vascular tissues, intercellular spaces) and possibly sexual (gametophytes) routes (Abdelfattah et al., 2022). Endophytic fungi can also be acquired from seed environment by horizontal transmission, from air and rain during seed development and from soil after seed dispersal (U’Ren et al., 2009; Nelson, 2018). In this last case, the seed coat that protects seeds and prevents the penetration of pathogens represents a barrier and a harsh environment for endophyte penetration and survival. Moreover, the low diversity of endophytic fungi observed in seeds compared to other plant tissues may result from interactions among seed-transmitted microorganisms including endophytes so as plant defense mechanisms (Newcombe et al., 2018). After dispersal, endophytic fungal populations further evolve depending on seed conservation. On the one hand, soil seed banks can be infected by soil-borne microbes and an increased fungal diversity is observed over time (Gallery et al., 2007; U’Ren et al., 2009). On the other hand, the viability of fungal endophytes can be reduced during post-harvest storage of dry seeds depending on the storage temperature and humidity (Rolston et al., 1986; Gundel et al., 2009; Lane et al., 2018). A recent study carried out on seeds from wild banana relatives conserved in seed banks also suggests that loss of seed viability correlates with specific modifications of the fungal endophyte community (Hill et al., 2021). Moreover, post-harvest treatments with fungicides (Hill and Brown, 2000; Leyronas et al., 2006) but also insecticides (Nettles et al., 2016; Solanki et al., 2019) reduce seed endophytic fungi populations. When germination occurs, the growth of endophytes is reinitiated and they are mobilized to colonize plantlets (Johnston-Monje et al., 2021). A further reduction of seed-borne endophyte diversity is therefore observed in the seedlings, due to differences in the growth rate among endophytic fungi (Ganley and Newcombe, 2006; Barret et al., 2015). As recently suggested, seed-borne endophytes may subsequently colonize specific organs (root, stem) through selective mechanisms currently unknown (Abdelfattah et al., 2022). Beside their importance for seed biology, seed endophytes could therefore also play critical functions in early plantlet establishment.




Figure 1 | 
Origins and biological functions of fungal endophytes during seed-to-seed cycle. Seed fungal endophytes can be inherited from the mother plant (red labels) by vertical transmission during the early stages of seed development or acquired from air-borne (purple labels) and soil-borne (brown labels) populations before, during or after seed dispersal. During germination and early seedling development, a portion of the seed-borne endophytes migrate towards the emerging plantlets (vertical transmission). Major stages of endophytic community acquisition, maintenance and dynamics are highlighted in blue. The benefits of endophytes and their bioactive molecules for seed and seedling performance are indicated in green. Created with BioRender.com.







Seed-borne endophytic fungi: a high potential to improve seed performance

Numerous studies have reported beneficial effects of fungal endophytes on different aspects of seed biology, i.e. seed development, germination (including dormancy release) under optimal or stress conditions and longevity (Table 1 and references therein). These studies have been carried out on both crops, e.g. tomato, wheat or soybean, and non-crop, e.g. Achnatherum inebrians seeds, using core or flexible endophytic fungi. Although fragmented, they provide elements to understand how endophytic fungi can modify seed physiology and improve seed performance. The best examples come from studies performed on Epichloe spp. (anamorph genus Neotyphodium spp., family Clavicipitaceae), which are obligate symbionts of cool-season grasses and strictly seed transmitted (Zhang et al., 2010; Ma et al., 2015; Chen et al., 2016; Bao et al., 2019; Ahmad et al., 2020; Chen et al., 2021). They interact mutualistically with their hosts, promoting growth, reproduction and resistance to pests, mainly by producing alkaloids (Kuldau and Bacon, 2008). Epichloë infection enhances Achnatherum inebrians germination rate under optimal and stress, e.g. extreme temperature, salt stress, extreme pH or heavy metals, conditions (Zhang et al., 2010; Chen et al., 2016; Bao et al., 2019; Ahmad et al., 2020; Chen et al., 2021). It also promotes seed dormancy release (Chen et al., 2021). Dormancy is a critical parameter for seed survival in nature, avoiding seed germination under stress, and homogeneity and germination speed in agriculture. A general mechanism through which Epichloë, and other fungal endophytes such as Penicilium sp. (Hubbard et al., 2012; Vujanovic et al., 2016; Shearin et al., 2018), Cladosporium cladosporioides (Qin et al., 2016) or Fusarium verticillioides (Radhakrishnan et al., 2013), promote seed germination and dormancy release in these different contexts is likely the modification of hormonal equilibrium. Indeed, higher and lower content of hormones promoting [gibberellins (GA), auxin] or inhibiting germination [Abscissic acid (ABA)], are respectively measured in endophytic seeds upon imbibition (Radhakrishnan et al., 2013; Vujanovic et al., 2016; Chen et al, 2021). The ABA/GA balance is critical for seed germination and essentially regulated at the transcriptional level (Carrera-Castaño et al., 2020). Endophytic fungi might therefore modulate hormone-related gene expression in seeds, as reported for Epichloë in Achnatherum inebrians plants (Zhao et al., 2021). Alternatively, Epichloë endophytes could interact with hormonal balance through loline alkaloids production, which have been suggested to participate in promoting growth either directly or indirectly via the modulation of hormones, such as polyamines, with which they share precursor amino acids (Schardl et al., 2007). However, no results demonstrate the direct role of alkaloid on seed biology so far. Epichloë infection also triggers important modifications of the seed metabolome (Zhang et al, 2019; Liang et al, 2023). Beside the accumulation of alkaloids, changes in the contents of purine and amino acid derivatives, lipids and sugars have been reported (Zhang et al., 2019; Chen et al., 2021; Liang et al., 2023). The comparison of metabolomic and transcriptomic data suggest that Epichloë infection affects seed metabolism at least partly through transcriptional regulation (Chen et al., 2016; Rahnama et al., 2023). As previously shown, metabolic resumption is critical for efficient germination and fungal endophytes could participate in this process (Rosental et al., 2014).

A major outcome of seed infection by endophytic fungi is the improvement of seed germination under abiotic stress conditions (Hubbard et al., 2012; Radhakrishnan et al., 2013). In this context, metabolites accumulated in Epichloë-infected seeds could participate in a better tolerance to stress at the germination stage, as recently proposed in root and leaves (Hou et al., 2021; Liu et al., 2021). For instance, Li et al. (2020) reported that seeds infected with Epichloë accumulated higher contents of proline and soluble sugars when conserved in sub-optimal conditions, leading to a prolonged longevity. In addition, various seed species infected with endophytic fungi present a higher level of antioxidant defense (Zhang et al., 2010; Zhang et al., 2012; Ma et al., 2015; Li et al., 2020; Wang et al., 2020). Reactive oxygen species (ROS) content in seeds is a key factor for seed capacity to germinate (Bailly, 2019). As shown by Li et al. (2020), under unfavorable conditions, seeds infected with Epichloë exhibited a higher level of antioxidant activities, e.g. superoxide dismutase, ascorbate peroxidase, correlated with a lower ROS content and limited oxidative damages. Further evidence of ROS scavenging by Epichloë is the correlation between loline produced by the fungal endophyte and the production of the antioxidant molecule tocochromanol in Lolium multiflorum seeds (Gundel et al., 2018). From the numerous evidences obtained in vegetative organs (reviewed by Chen et al, 2022), it is expected that endophytic fungi modulate seed tolerance to stress through the modification of gene expression. So far, transcriptomic analyses have only been performed in cold-stressed Achnatherum inebrians seeds infected with Epichloë (Chen et al., 2016). In this context, seed infection impacts the expression of more than 150 genes, including stress response genes involved in protein folding, ROS scavenging and membrane lipid remodeling, that participate in cold tolerance (Chen et al., 2016). A generalization of such approach to multiple seed and endophyte species and stress conditions are now needed to identify common and specific transcriptomic signatures and associate them to stress tolerance at the germination stage.

Although less investigated, seed formation and yield are stimulated by endophytic fungi (Rice et al., 1990). This might reflect the improvement of nutrient translocation from the mother plant to the developing seeds by endophytic fungi. The positive effect of endophytes on seed number and weight is particularly significant for plants exposed to abiotic stresses (Hubbard et al., 2014; Parmar et al., 2022). Strikingly, the infection during seed formation on the mother plant also imprints seed tolerance to stress after release, at the germination stage (Hubbard et al., 2014). The transgenerational transmission of stress tolerance is associated with specific epigenetic regulations. Forte et al., 2023 recently evidenced that Epichloë infection triggers specific modifications of Lolium perenne DNA methylation. Whether it participates to the maintenance of stress tolerance in seeds over generation is currently unknown but provides a new angle to tackle seed-borne endophytic fungi functions.

Pathogen and feeder attacks are major threats for seed germination and seed endophytic fungi provide protection against a wide range of bio-aggressors (Ma et al., 2015; Li et al., 2017). Interestingly, protection by seed-borne endophytes frequently extends to later development stages following plantlet emergence (Ma et al., 2015). Protective mechanisms include the production of antimicrobial compounds, e.g. alkaloids, terpenoids or cell wall-degrading enzymes, by the endophytes, so as the activation of plant defense mechanisms through the stimulation of plant salicylic or jasmonic acid production (Schmid et al., 2017; Kou et al., 2021). Epichloë endophytes have been highlighted for their antifungal activity provided by the constitutive production of antifungal molecules (Niones and Takemoto, 2014; Fernando et al., 2020). Beside Epichloë, several seed-borne fungal endophytes, e.g. Penicillium crustosum, Sarocladium zeae, Sarocladium strictum or Lecanicillium lecanii have been reported to produce antimicrobial compounds (Valente et al., 2013; Shen et al., 2014; Błaszczyk et al., 2021; Kim et al., 2022). Nevertheless, their role in mitigating pathogen attacks in seeds and their mode of action is still not fully known. Molecules identified in seeds include loline (Justus et al., 1997; Gundel et al., 2018) and ergot alkaloids (Ahimsa-Müller et al., 2007), peramine (Ball et al., 1997a) and lolitrem B (Ball et al., 1997b). Although unknown in seeds, their role can likely be extrapolated from that in vegetative organs. They could participate in plant defense against herbivores as reported for Epichloë lolines and ergot alkaloids, indole diterpenoids (lolitrems) and pyrrolopyrazines (peramine) (Bush et al., 1997). The neurotropic activities of lolines, and the activity of peramine as a feeding deterrent, can significantly enhance competitiveness of grasses housing such alkaloid-producing endophytes (Bush et al., 1997). However, loline alkaloids exhibit a broader range and more overt toxicity to insects than peramine (Schardl et al., 2004). Apart from Epichloë, the seed endophyte Undifilum oxytropsis produces swainsonine, an alkaloid bioactive on neurological functions, and that protects host plant from herbivores (Oldrup et al., 2010; Cook et al., 2011). A major limitation for the use of such endophytes to control feeder attacks is the anti-vertebrate activities of some of their metabolites, i.e. indole diterpene and ergot alkaloids, that are responsible for livestock intoxication (Bacon, 1995). Epichloë strains altered in alkaloid production that retain protection potential, with minimal negative effects on livestock, have therefore been selected. These strains produce neither lolitrem B nor ergovaline and the sole production of peramine provides a defense against major pest insects. They are now commercially available and commonly used by farmers to improve pasture performance in agrosystems (Eady, 2021).





Future developments towards endophyte-based solutions in seed treatments

Recent progress based on metagenomics uncovered the huge diversity of endophytic fungal communities in seeds. This knowledge paves the way for engineering seed endophytic microbiota to improve seed performance, in particular under stress conditions. In this view, endophytic fungal strains selected from tolerant seeds may be used to improve the germination of sensitive seed varieties under stress, a strategy that has been successful for promoting plant growth under stress (Sampangi-Ramaiah et al., 2020). Beyond, endophytic populations from wild or tolerant relatives of selected crops might represent a valuable source to build synthetic communities (SynCom) for seed improvement. Nevertheless, this strategy remains challenging (de Souza et al., 2020). On the one hand, the design of efficient SynComs will require a better understanding of the individual, synergistic and cumulative effects of identified seed-borne endophytes on seed performance. On the other hand, their stability following seed inoculation has to be assessed.

An alternative strategy to the inoculation of seeds with endophytes themselves is the application of bioactive molecules produced by fungal endophytes. In this view, seed-borne endophytes are likely candidates to produce biostimulants active on seed biology. So far, only a handful of seed-borne endophytic fungi have been studied in this respect, and the potential value of their metabolites has essentially been considered for pest and pathogen management. As the benefits of fungal endophytes during seed cycle go far beyond the sole protection against biotic stresses, much gain can be anticipated from the discovery and use of the chemical mediators that underlie such services. The extraction and purification of bioactive molecules require the cultivation of fungal species and a major bottleneck of this approach is the gap between the number of identified seed-borne endophytic fungi and those cultivable. Moreover, culture conditions differ from the natural seed environment and will modify fungal metabolomes. Optimized approaches to isolate and cultivate seed-borne endophytes, so as to purify and test the bioactivity of their metabolic extracts, will therefore be required to identify new and robust seed biostimulants. Aside from providing potential solutions for agriculture, the study of the mode of action of these extracts will bring important information on the regulation of seed development, germination and/or longevity.
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Biological control using plant-beneficial fungi has gained considerable interest as a sustainable method for pest management, by priming the plant for enhanced defense against pathogens and insect herbivores. However, despite promising outcomes, little is known about how different fungal strains mediate these beneficial effects. In this study, we evaluated whether inoculation of tomato seeds with the plant-beneficial fungi Beauveria bassiana ARSEF 3097, Metarhizium brunneum ARSEF 1095 and Trichoderma harzianum T22 affected the plant’s volatile organic compound (VOC) profile and the host-choice behavior of Nesidiocoris tenuis, an emerging pest species in NW-European tomato cultivation, and the related zoophytophagous biocontrol agent Macrolophus pygmaeus. Results indicated that fungal inoculation did not significantly alter the VOC composition of tomato plants. However, in a two-choice cage assay where female insects were given the option to select between control plants and fungus-inoculated plants, N. tenuis preferred control plants over M. brunneum-inoculated plants. Nearly 72% of all N. tenuis individuals tested chose the control treatment. In all other combinations tested, no significant differences were found for none of the insects. We conclude that inoculation of tomato with plant-beneficial fungi had limited effects on plant volatile composition and host-choice behavior of insects. However, the observation that N. tenuis was deterred from the crop when inoculated with M. brunneum and attracted to non-inoculated plants may provide new opportunities for future biocontrol based on a push-pull strategy.
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1 Introduction

Plant diseases and pests pose significant threats to agricultural productivity and food security (Savary et al., 2019). Arthropods are estimated to destroy 18 – 26% of global annual crop production, equal to a value of more than 430 billion euro (Culliney, 2014). Classically, pests are controlled by the use of chemical pesticides, which have greatly benefited global agriculture and food security, but also posed risks to environmental sustainability and public health (Damalas and Eleftherohorinos, 2011; Sharma et al., 2019; Calvo-Agudo et al., 2021). In addition, the intensive use of chemical pesticides has resulted in the development of resistant pests and pathogens (Bass et al., 2015; Gould et al., 2018; Hawkins et al., 2019). To mitigate these negative impacts, substantial efforts have been made to reduce the use of chemical pesticides (cfr. EU-directives such as 91/414/EEC and the Farm to Fork strategy committed to work towards reducing the overall use and risk of chemical pesticides by 50% by 2030 (Parisi et al., 2015; European Commission, 2020; Silva et al., 2022)), and encourage more eco-friendly pest management methods like Integrated Pest Management (IPM) and biological control.

Among various options, biological control using plant-beneficial microbes has gained considerable importance as a method for pest management, by priming the plant for enhanced defense against pathogens and insect herbivores (Pieterse et al., 2014). Beneficial microbes in the root microbiome contribute positively to plant growth and performance through direct and indirect mechanisms (Van der Putten et al., 2001; Wardle et al., 2004; Bezemer and Van Dam, 2005). Direct effects may result from improved availability and uptake of nutrients (Meesters et al., 2023), and by exerting direct negative effects on the behavior or performance of herbivorous insects, e.g. by the production of repellants, antifeedants and toxins (Pineda et al., 2010). Indirect effects may result from enhanced recruitment of natural enemies of herbivores or improving their activity (Pineda et al., 2010). Plant inoculation with beneficial microbes can alter the physiology of the plant, leading to changes in the plant-volatile profile (Shikano et al., 2017; Vega, 2018), which in turn can affect higher trophic levels such as insect herbivores and their natural enemies. For example, inoculation of tomato plants with the endophytic fungus Fusarium solani Saccardo strain K (Hypocreales: Nectriaceae) increased both direct and indirect tomato defenses against spider mites, by directly reducing their performance and attracting more predators, respectively, when compared with control plants (Garantonakis et al., 2018). Similarly, endophytic colonization by the entomopathogenic fungus Beauveria bassiana Vuillemin strain EABb 01/33-Su (Hypocreales: Cordycipitaceae) altered the composition of the volatile organic compounds (VOCs) emitted by melon and cotton plants. Some of the emitted compounds are known to be released in response to herbivore attack and have been implicated in natural enemy attraction (González-Mas et al., 2021). Likewise, tomato inoculation with Trichoderma longibrachiatum Rifai strain MK1 (Hypocreales: Hypocreaceae) increased the plant’s attractiveness towards the generalist predator Macrolophus pygmaeus Rambur (Hemiptera: Miridae) (Battaglia et al., 2013). However, effects of plant inoculation with beneficial microbes on herbivorous insects and their natural enemies have been found to be ambiguous: in some cases, herbivores are repelled by microbe-inoculated plants (Rondot and Reineke, 2017; Sword et al., 2017; Wei et al., 2020), while in other cases they are attracted (Wilberts et al., 2022). Similarly, natural enemies are attracted in some cases (Battaglia et al., 2013; Pangesti et al., 2015) while repelled in others (Ormond et al., 2011). So far, only little is known about the factors determining microbe-mediated plant responses, but it is generally assumed that fungal species or strain, along with plant species or genotype (cultivar), and insect species, play an important role in this context (Berg, 2009; Alam et al., 2021). Nevertheless, most studies performed so far have focused on a single fungal strain (Battaglia et al., 2013; Garantonakis et al., 2018; Alınç et al., 2021), making it difficult to ascertain how the interactions between plants and insects are mediated by different fungal strains.

The main goal of this study was to investigate the effects of different plant-beneficial fungi on plant volatile emissions and how this affects the host-choice behavior of plant-feeding insects. Specifically, we assessed the effects of seed inoculation of tomato Solanum lycopersicum Linnaeus (Solanales: Solanaceae) with the fungal strains Beauveria bassiana ARSEF 3097, Metarhizium brunneum ARSEF 1095 Petch (Hypocreales: Cordycipitaceae) and Trichoderma harzianum Rifai T22 (Hypocreales: Hypocreaceae) on the plant VOC profile and the host-choice behavior of Nesidiocoris tenuis Reuter (Hemiptera: Miridae) and the related zoophytophagous mirid bug M. pygmaeus. While N. tenuis is an important biological control agent of whiteflies, leafminers, thrips and spider mites in Mediterranean countries (Sanchez, 2008), in recent years it has become an important problem in the greenhouse cultivation of tomatoes in Northwestern Europe, especially when N. tenuis population densities are high or when prey is scarce or absent (Siscaro et al., 2019). Plant feeding by N. tenuis causes the formation of necrotic rings on stems and leaf petioles, resulting in flower abortion in addition to punctures in fruits. These effects subsequently result in reduced crop quality and yield (Siscaro et al., 2019). By contrast, the phylogenetically related mirid M. pygmaeus is less harmful and is commonly used as a biocontrol agent against various herbivorous insects like the tomato borer Tuta absoluta Meyrick (Lepidoptera: Gelechiidae), whiteflies, thrips, leaf miners, aphids, spider mites and lepidopterans (Calvo et al., 2009; Nannini et al., 2012; Perdikis et al., 2014). Ultimately, we aimed to identify fungal strains that deter N. tenuis, while having no effect on M. pygmaeus. Such strains could provide a promising approach to enhance the biocontrol of N. tenuis.




2 Materials and methods



2.1 Study organisms

Beauveria bassiana ARSEF 3097 and Metarhizium brunneum ARSEF 1095 are the active ingredients of the commercially available bioinsecticides Naturalis® and BIPESCO®, respectively. These strains were obtained from the Agricultural Research Service Collection of Entomopathogenic Fungal Cultures (ARSEF) located in New York, USA. Trichoderma harzianum strain T22, which has recently been re-classified as Trichoderma afroharzianum Rifai (Hypocreales: Hypocreaceae) (Chaverri et al., 2015) (for consistency with previous research further referred to as T. harzianum in this study) is the active ingredient in various biofertilizers and biopesticides, including Trianum-P (Koppert Biological Systems, The Netherlands), from which it was isolated for this study. While predominantly known as entomopathogenic fungi, B. bassiana ARSEF 3097 and M. brunneum ARSEF 1095 are also able to endophytically colonize plant tissues from several hosts upon artificial inoculation, including tomato (Klieber and Reineke, 2016; Jaber and Araj, 2018; Wilberts et al., 2022; Meesters et al., 2023). Trichoderma harzianum T22 is primarily known to colonize plant roots epiphytically but has also been found to colonize plant tissues endophytically (Harman et al., 2004). The three selected strains have been found to offer plants various benefits, including enhanced plant growth (Sani et al., 2020; Van Hee et al., 2023; Wilberts et al., 2023) and increased resistance against pathogens and/or herbivorous insects (Jaber and Alananbeh, 2018; Jaber and Araj, 2018; Alınç et al., 2021; Wilberts et al., 2022; Meesters et al., 2023; Van Hee et al., 2023). The fungal strains were preserved on potato dextrose agar (PDA) plugs in 35% glycerol at -80°C until further use. Both a lab culture of N. tenuis and M. pygmaeus were established using adult specimens kindly provided by Biobest N.V. (Westerlo, Belgium). Lab cultures were then maintained in mesh insect cages (17.5 cm × 17.5 cm × 17.5 cm, 96 × 26 mesh - 680 µm aperture, BugDorm, MegaView Science Co., Ltd.) under controlled conditions (25 ± 1°C, 70 ± 10% relative humidity (RH) and 16L:8D photoperiod; ECL02, Snijders Labs, The Netherlands)). Insects were provided with ad libitum access to γ-irradiated Ephestia kuehniella Zeller (Lepidoptera: Pyralidae) eggs as a food source without plants. Wet cotton sticks enclosed in stretched Parafilm® were offered as oviposition substrate and water source (De Puysseleyr et al., 2013).




2.2 Fungal inoculation

Plants were inoculated as previously described (Soad et al., 2005; Meesters et al., 2023). Initially, stock cultures of the three fungi were plated on agar-based quarter-strength (¼) Sabouraud dextrose agar, which was supplemented with yeast extract (SDAY) and subsequently transferred to the same medium again. Next, the fungal strains were grown on SDAY at a temperature of 25°C. Following a ten-day incubation period, conidia were collected by gently scraping the spores from the agar plates after being flooded with sterile physiological saline solution (0.8% w/v NaCl). The obtained suspension was filtered through a sterile microcloth (Mira Cloth, Merck, Massachusetts, USA) and washed twice using sterile physiological saline solution to yield a purified suspension of fungal conidia. Once the number of conidia was counted using a Bürker haemocytometer, the spore concentration was adjusted to 1 × 107 spores mL-1. Before conducting experiments, conidial viability was assessed by plating a 100 µL aliquot of 1 × 103 conidia mL-1 on three SDAY plates. Following incubation at 25°C for 24 hours, the numbers of germinated and ungerminated conidia were counted under a microscope. Spores were considered germinated when the germ tube extended to a length at least twice that of the spore diameter. Results of the germination tests demonstrated > 90% viability rate for all conidial suspensions.

Prior to inoculation, tomato seeds were surface-sterilized using a 1% (v/v) sodium hypochlorite solution for 5 min with agitation, followed by rinsing four times using sterile distilled water. Subsequently, 25 surface-sterilized seeds were put on a filter paper inside a 9 cm diameter Petri dish and then moistened with 2 mL sterile distilled water. Plates were wrapped with breathable surgical tape (3M, Belgium) and incubated in the dark at 25°C for 48 h to promote germination. Germinated seeds were submerged for 24 h by addition of 6 mL conidial suspension into the Petri dishes (Soad et al., 2005) or using physiological water as a control. Germinated seeds were then planted in a growth medium comprising a 3:1 ratio of potting mix (Universal potting mix; Agrofino, Ghent, Belgium) and white sand (for chemical characteristics of the potting mixture, see Supplementary Table 1, Supporting Information), after which they were put in a plant growth cabinet (MD1400, Snijders Labs, The Netherlands) at 23 ± 1°C, 65 ± 2% RH and a 16L:8D photoperiod. The growth cabinet was equipped with white LED lights that provided a photosynthetic flux density of 220 µmol photons m-2 s-1. After 14 days, seedlings were individually transplanted in 10.5 cm diameter plastic pots with the same potting mix as mentioned earlier and placed in a climate-controlled greenhouse compartment until further use. Plants were put together according to fungal treatment to avoid contamination between the different treatments at a distance of at least 50 cm between treatments. When transplanting the plants, fungal colonization was also verified by collecting root samples from three plants per treatment (not further used in the experiments), as described in Meesters et al. (2023), and showed that the inoculation was successful.




2.3 Collection and analysis of plant volatile organic compounds

Seven weeks after fungal inoculation, tomato plants were subjected to dynamic headspace sampling to assess the VOC composition of their aboveground plant parts. At that time, no visual differences were observed among fungus-treated and control plants. For each treatment, individual tomato plants (n = 10) were enclosed within a glass dome (height: 20 cm; diameter: 23 cm), which was sealed with aluminum plates around the stem right above the first true leaf, while ensuring that the plant was not constricted. Volatiles collected from empty glass domes were used as background volatiles. Glass domes were cleaned with acetone and heated at 175°C for 2 h before being used for plant volatile collections. To maintain a positive pressure within the domes, charcoal-filtered air was pumped into each dome at 250 mL min-1 and drawn out at 200 mL min-1 through a stainless-steel tube filled with 200 mg Tenax TA adsorbent (20/35 mesh; CAMSCO, Houston, TX, USA). Collections were carried out under laboratory conditions (23  ±  2°C; 65  ±  5% RH; 16L:8D photoperiod) for a period of 2 h (lights on), after acclimatization of the plants to the room for 24 hours and for 30 min in the glass domes. Desorption of volatiles from the Tenax TA adsorbent as well as subsequent separation and detection of the volatiles were conducted using a Thermal Desorber TD100-xr (Markes, Llantrisant, Glamorgan, UK), which was connected to a 7890B gas chromatograph (GC) coupled to quadrupole-time-of-flight mass spectrometer (Q-ToF) (both from Agilent (Agilent Technologies, USA)). Volatiles were released from the adsorbent at 250°C for 10 min under a helium flow rate of 30 mL min-1 and simultaneously re-collected in an electronically cooled solvent trap (Markes) at 0°C. Following completion of the desorption and re-collection process, volatiles were released from the cold trap by ballistic heating at a rate of 40°C s-1 to 280°C, which was then kept for 5 min, while the volatiles were directed to a DB-5MS analytical column (Phenomenex, Torrance, CA, USA) (length: 30 m; inner diameter: 0.25 mm; film thickness: 1 µm), placed inside the oven of the GC at a split ratio of 100:1 for further separation. Initially, the GC oven temperature was held at 40°C for 2 min, then raised at a rate of 10°C min-1 to 100°C, and then held for 1 min. Then it was raised at a rate of 5°C min-1 to 140°C and immediately thereafter at a rate of 10°C min-1 to a final temperature of 280°C, where it was kept for 1 min under a constant helium flow of 1.2 mL min-1. Column effluents were ionized through electron impact ionization at 70 eV and subsequently detected with an accurate mass Q-ToF MS, acquiring mass spectra from 35- 400 m/z at an acquisition rate of 5 spectra s-1. The transfer line and ion source of the Q-ToF MS were set at 280°C and 230°C, respectively. To detect the presence of plant volatile compounds, chromatograms were recorded using MassHunter deconvolution software (Agilent Techologies, Inc 2008). Next, chromatograms were converted to Xcalibur data through a two-step raw data conversion program provided within the MetAlign software (Lommen, 2009). Automated baseline correction, peak selection (Signal-to-Noise ratio > 3) and alignments of all extracted mass signals of the raw data were processed following an untargeted metabolomic workflow using MetAlign, which provides detailed information on the abundance of the mass signals representing the various volatile compounds (Lommen, 2009). Next, the extracted mass features were reconstructed into potential compounds using the MSClust software through data reduction employing unsupervised clustering and extraction of putative metabolite mass spectra (Tikunov et al., 2012). Tentative identification of volatile compounds relied on a comparative analysis of the reconstructed mass spectra with those in the NIST 2014 and Wageningen Mass Spectral Database of Natural Products MS libraries. In addition, experimentally obtained linear retention indices (LRIs) were used as an additional element in the identification process.




2.4 Two-choice cage assay

Immediately after VOC collection, plants were subjected to a two-choice cage bioassay, set up according to Battaglia et al. (2013), to assess plant attractiveness to N. tenuis and M. pygmaeus and evaluate their host preference. Experiments were performed in nylon mesh insect cages (60 cm × 40 cm × 40 cm (W × L × H), mesh size 0.25 mm × 0.25 mm, Entomologie-Speciaalzaak Vermandel V.O.F., The Netherlands). Both an inoculated and non-inoculated control plant were put in each cage at a distance of 30 cm from each other (avoiding any contact between the two plants). Ten N. tenuis or M. pygmaeus adult females that were less than one week in the adult stage were introduced in the middle of each cage at an equal distance from both plants. Insects were not provided with additional food or prey in order to stimulate host selection and plant feeding. Prior to subjecting the insects to the experiments, insects were starved for one day by providing only water and putting each of them in individual transparent plastic containers (1.5 cm × 1.5 cm × 1.5 cm) to prevent cannibalism. Twenty-four hours after their release, insect positions were recorded by visual inspection of each plant. As a control, insects were also given the choice between two non-inoculated control plants. The experiment was performed at five time points, with two replicates per time point (n = 10, except for plants inoculated with B. bassiana ARSEF 3097 exposed to M. pygmaeus; n = 9). Cages were set-up in a glass greenhouse compartment with climate control (20 ± 4°C, RH = 66 ± 20%, and a 18L:6D photoperiod; Supplementary Figure 1), over a time period of 10 days in March 2022 using a fully randomized block design to avoid spatial effects.




2.5 Statistical analysis

A Principal Component Analysis (PCA) using the VOC peak heights correlation matrix was performed to visualize differences in the plant VOC composition between fungal strains. To assess whether the chemical composition of the VOC blends differed significantly among fungal strains, a one-way permutational multivariate analysis of variance (perMANOVA) was performed on the data matrix with fungal strain and VOC peak heights. The assessment of statistical significance was based on 1000 permutations. The analysis was executed using the adonis2 function of the vegan package in R. To further assess differences in the VOC composition between the different treatments at the level of compounds, a univariate ANOVA or Kruskal Wallis test (when the normality assumption was not met) was performed on the VOC peak heights of the different compounds. Likewise, to assess differences between the control treatment and each of the fungal treatments, pair-wise post-hoc tests were performed on the VOC peak heights using the Student’s t-test or Wilcoxon Rank Sum test. All these statistical analyses were performed in R 4.0.3 (R Core Team, 2013).

To analyze insect response, for each tested combination, we employed a generalized linear mixed model (GLMM) with a binomial distribution (choice is binary: for either control side or treatment side) with a logit link function (logistic regression). Fungal strain was used as a fixed factor, utilizing the ‘glmer’ function from the lme4 package in R. In this analysis, each release of one cohort of ten insects (n = 10; except for B. bassiana-inoculated plants exposed to M. pygmaeus for which n = 9) was considered as a replicate. To prevent overdispersion and mitigate pseudoreplication, we incorporated the release of each cohort as a random factor in the model, as well as the day of the experiment. The response variable in the model was the number of insects choosing the control or treatment side of each cohort. Subsequently, we performed an analysis of variance type III χ2-test on the GLMM to determine whether there was an overall difference between the responses to the different tested fungal strains. Next, pair-wise post hoc tests (with estimated marginal means performed with the ‘Emmeans’ package) were used to determine differences between control and fungal treatments. Results were presented by calculating the percentage of insects choosing fungus-inoculated or non-inoculated (control) plants. Insects located on other places than the plant were considered non-responders and not taken into account in the statistical analyses.





3 Results



3.1 Effect on plant VOC composition

In total, 43 volatile compounds were detected and quantified in the headspace of the tested plants. These consisted predominantly of monoterpenes and sesquiterpenes (Table 1). The principal component analysis (PCA) showed no clear separation in VOC composition between the different treatments (Figure 1). The first principal component (PC1) in the PCA accounted for 58.59% of the total variation, the second component (PC2) for 8.78% (Figure 1). PerMANOVA confirmed that no statistical differences were found between the different treatments (pseudo-F = 0.400, p = 0.901). As indicated by the PCA, three samples exhibited some deviation from the remaining replicates, i.e. one control sample, one from a plant inoculated with B. bassiana ARSEF 3097 and one from a plant inoculated with M. brunneum ARSEF 1095. Therefore, the PerMANOVA was also performed with these samples excluded from the dataset. Once again, no statistical differences were found (pseudo-F = 0.572, p = 0.753). These samples were not omitted in the remainder of the data analysis. When looking at individual volatile compounds, no significant differences were detected between treatments (Table 1). To the contrary, when zooming in on the pairwise differences between the control treatment and each of the three fungal treatments, it becomes clear that plants inoculated with B. bassiana ARSEF 3097 emitted significantly larger amounts of the sesquiterpenes β-elemene, δ-elemene, α-caryophyllene and β-caryophyllene compared to control plants. No differences were found between the control plants and the other two fungus-treated plants (Supplementary Table 1).


Table 1 | Peak heights1 of volatile organic compounds (VOCs) obtained from the headspace of tomato plants inoculated with the fungi Beauveria bassiana ARSEF 3097, Metarhizium brunneum ARSEF 1095 or Trichoderma harzianum T22, compared to mock-inoculated plants (Control).






Figure 1 | Principal component analysis (PCA) of the volatile composition of tomato plants (cv. Moneymaker) inoculated with Beauveria bassiana ARSEF 3097 (green), Metarhizium brunneum ARSEF 1095 (yellow), Trichoderma harzianum T22 (blue), or non-inoculated (Control, purple). Each data point represents a VOC headspace sample (n = 10, except for Beauveria bassiana ARSEF 3097 for which n = 9). Vectors (in blue) visualize the loadings for each VOC, whereas ellipses represent 95% confidence intervals.






3.2 Effect on insect choice behavior

Insect responsiveness in our two-choice bioassay varied between 78 and 92% per tested combinations (Figure 2). No significant difference in choice was observed when insects were given a choice between two control plants (N. tenuis: percentage choice left plant = 52.5 ± 16.4% versus right plant 47.5 ± 16.4%; M. pygmaeus: left plant = 45.7 ± 15.3% versus right plant 54.3 ± 15.3%), demonstrating the robustness of our assay (Figure 2). The choice of N. tenuis for control versus fungus-inoculated plants varied significantly between fungal treatments (χ²(3) = 16.425, p < 0.001). Female N. tenuis bugs significantly preferred control plants over M. brunneum ARSEF 1095 inoculated plants (p = 0.018, percentage choice control plant = 71.8 ± 14.8%) (Figure 2A). For the other combinations, no significant differences in choice behavior were recorded. Responses of M. pygmaeus did not result in significant differences in choice behavior between control plants and fungus-inoculated plants (χ²(3) = 2.111, p = 0.550) (Figure 2B).




Figure 2 | Response (% ± SE) of Nesidiocoris tenuis (A) and Macrolophus pygmaeus (B) adult females (tested in ten cohorts of ten females, except for M. pygmaeus on Beauveria bassiana ARSEF 3097 inoculated plants for which nine cohorts of ten females were included) when given the choice between a non-inoculated tomato plant (cv. Moneymaker) (control, purple) and a fungus-inoculated plant (Beauveria bassiana ARSEF 3097 (green), Metarhizium brunneum ARSEF 1095 (yellow), or Trichoderma harzianum T22 (blue)) in a greenhouse cage assay. P-values in bold indicate significant differences in insect response (p ≤ 0.05) when compared to a 50:50 distribution. Pie charts show the percentage of responding (blue) and non-responding (orange) insects. Overall responsiveness of N. tenuis and M. pygmaeus was 90.5% and 85.5%, respectively.







4 Discussion

In this study, we investigated the effect of three fungal strains (Beauveria bassiana ARSEF 3097, Metarhizium brunneum ARSEF 1095 and Trichoderma harzianum T22) on plant volatile emissions and the choice behavior of the generalist zoophytophagous mirids N. tenuis and M. pygmaeus, with the aim to identify strains that can deter N. tenuis while having no effect on the commonly used biocontrol agent M. pygmaeus. Selection by insects of suitable feeding sites, mating sites and oviposition sites depends on a unique and complex mixture of plant anatomical and chemical characteristics (Smith and Chuang, 2014). In the early stages of host-seeking and choice behavior, plant VOCs play a key role in guiding insects to suitable food plants (von Arx et al., 2012). Plants associate with diverse microorganisms that form intimate relationships with their hosts (Tian et al., 2020). As some of them may affect host physiology and functioning (Vidal and Jaber, 2015; Vega, 2018; Gange et al., 2019), we hypothesized that inoculation with plant-beneficial fungi affects VOC composition and host-plant selection.

Our results show that the fungi tested did not significantly alter the VOC composition of tomato plants. By contrast, Wilberts et al. (2022) found that inoculation with the entomopathogenic fungus Akanthomyces muscarius Petch ARSEF 5128 (Hypocreales: Cordycipitaceae) significantly changed the VOC composition of sweet pepper compared to non-inoculated plants. Inoculation with B. bassiana ARSEF 3097, i.e. the strain also used in this study, however, did not change the VOC profile of sweet pepper (Wilberts et al., 2022). Together with our study, this suggests that B. bassiana ARSEF 3097 has no or only a limited impact on plant odor. When sweet pepper plants were inoculated with A. muscarius, significantly higher amounts of β-pinene were emitted than non-inoculated plants, and significantly higher amounts of indole than B. bassiana-inoculated and non-inoculated plants. Notably, the authors found that A. muscarius inoculated plants were more attractive to aphids than control plants, most probably because of the altered VOC composition (Wilberts et al., 2022). In line with our findings, T. harzianum T22 was not found to alter the VOC composition of tomato plants as long as they were not infested by aphids (Coppola et al., 2017). When plants were infested with aphids, the VOC composition of fungus-inoculated plants was different from infested control plants, which coincided with an increased attraction of the aphid parasitoid Aphidius ervi Haliday (Hymenoptera: Braconidae). This was linked to an upregulation of genes involved in terpenoid biosynthesis and the salicylic acid-mediated defense pathway, which led to increased volatile emission levels of methyl salicylate and β-caryophyllene (Coppola et al., 2017).

Whereas no differences in VOC blends were found between the different fungi, the results of our bioassays showed that when N. tenuis females were given the choice between control plants and fungus-inoculated plants, N. tenuis preferred control plants over M. brunneum ARSEF 1095 inoculated plants. Among the tested N. tenuis individuals, 72% chose the control treatment. In all other combinations tested, no significant differences were found, neither for N. tenuis nor for M. pygmaeus. This is a promising result for future biocontrol strategies, where N. tenuis may be deterred from the crop when inoculated with M. brunneum ARSEF 1095 and attracted to non-inoculated plants where they can be concentrated and locally treated with a pesticide, while M. pygmaeus remains undisturbed. However, it has to be noted that insect recordings were made at only one time interval, i.e. 24 h after insect release, and that no data are available for other time points. The mechanisms behind the observed aversion of N. tenuis for M. brunneum inoculated plants are still unclear. No differences were found in the emissions of individual compounds between the control plants and plants inoculated with M. brunneum ARSEF 1095, suggesting that causal compounds were below the detection limit or that other factors are involved. Previous research has shown that host-selection by herbivores is not only driven by olfactory cues, but also by visual, contact and gustatory cues (Bernays and Chapman, 2007). Additional research is required to find out whether and how these cues are influenced by fungal inoculation. Nevertheless, it has to be noted that insect behavior is not always influenced by the volatile blend as a whole or the presence and abundance of specific compounds in the blend, but often depends on the level and ratio of the different compounds (Bruce and Pickett, 2011; Uefune et al., 2013; Goelen et al., 2021).

In our study insects were allowed to see and probe the plants before settling. In order to purely evaluate olfactory responses, olfactometer bioassays could be performed in which visual cues and other potential stimuli are eliminated (Naselli et al., 2017; Wilberts et al., 2022). In previous research, it was shown that inoculation of Moneymaker tomato plants with M. brunneum ARSEF 1095 significantly changed the nutritional profile of the tomato plants. For example, M. brunneum ARSEF 1095 significantly reduced the total content of micronutrients and total nitrogen content in the sap of tomato leaves compared to control plants (Meesters et al., 2023). Potentially, this may have contributed to the deterrent effect on N. tenuis adults over the investigated period of 24 hours. Furthermore, the production of secondary metabolites, produced by or induced by the fungus, might be another reason for the difference in the choice behavior (Pieterse et al., 2014; Quesada Moraga, 2020). In potato Solanum tuberosum Linnaeus (Solanales, Solanaceae) plants, for example, it was shown that M. brunneum ARSEF 1095 produced secondary metabolites such as destruxin A during transient endophytic colonization (Ríos-Moreno et al., 2016), which has insecticidal activities and may suppress the insect’s innate immune system (Hu et al., 2007; Pal et al., 2007). Further research is needed to find out whether secondary metabolites may help explain the change in N. tenuis behavior following fungal inoculation (Shrivastava et al., 2015).

Among the VOCs detected in this study, monoterpenes and sesquiterpenes were the most representative classes. By contrast, no green leaf volatiles (GLVs) were detected in this study. GLVs are six carbon (C6) compounds that are typically released in response to mechanical damage, herbivore feeding or pathogen attack, but also as a consequence of abiotic stresses (Ameye et al., 2018). The fact that no GLVs were found suggests that they were not induced after inoculation with beneficial fungi, confirming previous studies (Papantoniou et al., 2022). However, there are also studies showing that plant beneficial fungi can enhance the production of GLVs, as for example shown for arbuscular mycorrhizal fungi (Velásquez et al., 2020). From all sesquiterpenes detected in our study, β-caryophyllene represented the highest level in B. bassiana ARSEF 3097 inoculated plants compared to control plants (Table 1). β-Caryophyllene has been reported to have negative growth regulatory effects, as well as contact and fumigant toxicity against agricultural pests (Ma et al., 2020; Mahajan et al., 2022). In addition, plants overexpressing the β-caryophyllene synthase gene have been reported to reduce pest populations such as cotton aphid Aphis gossypii Linnaeus (Hemiptera: Ahididae), cotton bollworm Helicoverpa armigera Hübner (Lepidoptera: Noctuidae), the herbivorous mirid Apolygus lucorum Meyer-Dür (Hemiptera: Miridae) and the common cutworm Spodoptera litura Fabricius (Lepidoptera: Noctuidae), while parasitoids such as Peristenus spretus Chen & van Achterberg (Hymenoptera: Braconidae) and Aphidius gifuensis Ashmead (Hymenoptera: Braconidae) are attracted (Zhang et al., 2020; Mahajan et al., 2022). Although no significant effect of plant inoculation with B. bassiana ARSEF 3097 on host-selection behavior was observed, and generalizations over different cultivars must be made with caution, inoculation of tomato cultivar Micro-Tom with B. bassiana ARSEF 3097 in previous experiments was found to reduce N. tenuis feeding damage and increase its mortality rate (Meesters et al., 2023). Undoubtedly, further investigation is required, yet the increased level of β-caryophyllene might potentially have played a role here.

To conclude, our study has demonstrated that the three tested plant-beneficial fungi have no substantial impact on the VOC profiles in tomato (cv. Moneymaker). Nevertheless, altered host selection behavior was observed for N. tenuis when plants were inoculated with M. brunneum ARSEF 1095. Specifically, N. tenuis was deterred by fungus-inoculated plants, while no effects were observed for the closely related biocontrol agent M. pygmaeus. Further research is required to investigate whether these findings may lead to new biocontrol strategies against N. tenuis.
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Even though canola is one of the most important industrial crops worldwide, it has high nutrient requirements and is susceptible to pests and diseases. Therefore, natural methods are sought to support the development of these plants. One of those methods could be a plant growth–promoting rhizobacteria (PGPR) that have a beneficial effect on plant development. The aim of this study was a genomic comparison of two PGPR strains chosen based on their effect on canola growth: Peribacillus frigoritolerans 2RO30, which stimulated canola growth only in sterile conditions, and Pseudomonas sivasensis 2RO45, which promoted canola growth in both sterile and non-sterile conditions. First of all, six bacterial strains: RO33 (Pseudomonas sp.), RO37 (Pseudomonas poae), RO45 (Pseudomonas kairouanensis), 2RO30 (Peribacillus frigoritolerans), 2RO45 (Pseudomonas sivasensis), and 3RO30 (Pseudomonas migulae), demonstrating best PGP traits in vitro, were studied for their stimulating effect on canola growth under sterile conditions. P. frigoritolerans 2RO30 and P. sivasensis 2RO45 showed the best promoting effect, significantly improving chlorophyll content index (CCI) and roots length compared to the non-inoculated control and to other inoculated seedlings. Under non-sterile conditions, only P. sivasensis 2RO45 promoted the canola growth, significantly increasing CCI compared to the untreated control and to other inoculants. Genome comparison revealed that the genome of P. sivasensis 2RO45 was enriched with additional genes responsible for ACC deaminase (acdA), IAA (trpF, trpG), and siderophores production (fbpA, mbtH, and acrB) compared to 2RO30. Moreover, P. sivasensis 2RO45 showed antifungal effect against all the tested phytopathogens and harbored six more biosynthetic gene clusters (BGC), namely, syringomycin, pyoverdin, viscosin, arylpolyene, lankacidin C, and enterobactin, than P. frigoritolerans 2RO30. These BGCs are well known as antifungal agents; therefore, it can be assumed that these BGCs were responsible for the antifungal activity of P. sivasensis 2RO45 against all plant pathogens. This study is the first report describing P. sivasensis 2RO45 as a canola growth promoter, both under controlled and natural conditions, thus suggesting its application in improving canola yield, by improving nutrient availability, enhancing stress tolerance, and reducing environmental impact of farming practices.
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1 Introduction

Plant growth–promoting rhizobacteria (PGPR) that colonize plant rhizosphere are group of bacteria exerting a beneficial effect on plant development (Adedeji et al., 2020). The application of these microorganisms can reduce the requirement of synthetic chemical fertilizers and pesticides, which is important for the development of sustainable agriculture (Patel et al., 2021). PGPR can promote plant growth directly or indirectly. Direct plant growth promotion includes mechanisms providing plants with phosphorus, nitrogen, iron, and indol-3-acetic-acid, while indirect promotion consists of preventing phytopathogens due to antimicrobial metabolites and extracellular enzymes (Chouyia et al., 2020; Wang et al., 2023). Many beneficial microorganisms, including certain bacteria and fungi, produce antibiotics as secondary metabolites, inhibiting the growth and development of phytopathogens by disrupting their cell walls, membranes, or metabolic processes. Beneficial microorganisms can outcompete phytopathogens for essential nutrients in the rhizosphere. Additionally, some microbial metabolites can induce systemic resistance in plants, making them more resistant to pathogenic attacks. By breaking down the cell walls of phytopathogens, bacterial enzymes such as chitinases and glucanases inhibit the growth and spread of pathogens. Meanwhile, extracellular proteases and lipases produced by beneficial microorganisms can hydrolyze proteins and lipids in the cell membranes (Kumari et al., 2019; de Andrade et al., 2023).

The genus Pseudomonas and Bacillus are well known as PGPRs and biocontrol agents due to their ability to solubilize phosphates and produce phytohormones or secondary metabolites such as hydrogen cyanide (HCN), siderophores, and lipopeptides (Sheoran et al., 2015; Lastochkina et al., 2019; Oni et al., 2022). It was reported that bio-inoculations of the three PGPR Bacillus strains with the ability to catabolize ACC, increased shoots, and roots length of canola plants (Kashyap et al., 2019). Whereas Pseudomonas sp. strain, which was able to produce siderophores and fix nitrogen, affected canola seeds germination and seedlings growth (Jamalzadeh et al., 2021). Ecological applications of Pseudomonas and Bacillus species as bioinoculants are crucial for maintaining food security (Sah et al., 2021; Etesami et al., 2023).

Peribacillus frigoritolerans is a rod-shaped, Gram-positive bacterium belonging to the family Bacillaceae and classified originally as Brevibacterium frigoritolerans (Montecillo and Bae, 2022). It is well documented that Brevibacterium frigoritolerans stimulates plant growth and suppresses diseases caused by phytopathogens. B. frigoritolerans promotes growth of wheat (Triticum aestivum L.) increasing roots, shoots, seedlings length, and plant biomass (Tara and Saharan, 2017), while Raufa et al. (2019) found this strain as biocontrol agent in suppression of maize (Zea mays L.) stalk rot caused by Fusarium moniliforme. Whereas, Pseudomonas sivasensis was isolated from farm fisheries in Turkey and described for the first time by Duman et al. (2020). Świątczak et al. (2023a) found that PGPR Pseudomonas sivasensis bacterization altered the taxonomic structure of bacterial and fungal communities by increasing the abundance of plant beneficial microorganisms and increasing metabolic activity and functional diversity of microbial communities in the canola rhizosphere.

In our study, we present new insights into the plant growth–promoting (PGP) properties of Pseudomonas sivasensis 2RO45, which promoted canola growth under both controlled and natural conditions. Moreover, PGP and biosynthetic cluster genes of Pseudomonas sivasensis 2RO45 were compared with other PGPR—Peribacillus frigoritolerans 2RO30 that promoted canola growth only in sterile conditions.




2 Materials and methods



2.1 Isolation of plant growth–promoting rhizobacteria

Canola (Brassica napus L. var. napus) plant samples collected from three following growth stages: vegetative (RO), flowering (2RO), and maturity (3RO) were sourced from farmland in Ostroda, Poland (53°41′38″N 19°57′58″E). To isolate bacteria from the rhizosphere, canola roots were washed with sterile distilled water and cut into small pieces (2 mm). Following the serial dilution process, each 10-fold diluent was spread onto nutrient agar (NA) (Biomaxima, Warsaw, Poland) plates with amphotericin B (40 µg/mL) as an antifungal agent and incubated for 3 days at 28°C. After incubation, the rhizospheric bacteria were enumerated and 50 colonies from each plant growth stage were isolated and stored in glycerol stocks at −80°C until further studies.




2.2 Assay of plant growth–promoting traits in vitro



2.2.1 Qualitative estimations

The rhizobacterial strains were qualitatively screened for PGP traits, namely, phosphates, siderophores, chitinases, hydrogen cyanide (HCN), and ammonia production. Phosphorus solubilization and siderophores sequestration abilities were assessed using Pikovskaya agar plates and Chrome Azurol Sulphonate (CAS) medium, respectively (Pikovskaya, 1948; Alexander and Zuberer, 1991). Pikovskaya agar plates were incubated at 26°C for 7 days for observation of a halo zone around the colonies. The solubilization index (SoI) was evaluated as the ratio of total diameter (colony + halo zone) to colony diameter (Luziatelli et al., 2019). The CAS plates were incubated for 4 days at 26°C for observation of an orange halo zone around the colonies. The siderophores index (SI) was calculated as the ratio of the halo zone diameter to colony diameter. For chitinase production, bacteria were inoculated on medium containing (g/L): peptone 1.0, FeSO4 × 7H2O 0.1, iron gluconate 0.1, yeast extract 0.1, colloidal chitin 7.0 g dry mass, and agar 15.0 (Swiontek Brzezinska et al., 2013). Plates were incubated for 14 days at 22°C to observe clearing zone around the colonies. The colloidal chitin was prepared with the Lingappa and Lockwood method (1962). HCN production was checked using NA plates supplemented with glycine (0.44%) according to Lorck (1948). A sterile filter paper (Whatman No. 1) was soaked in solution of picric acid (0.5%) and sodium carbonate (2%) and was kept on the plate lid. After 4 days of incubation at 28°C, color change of filter paper from yellow to brown was a positive indicator for HCN production. Ammonia production was assessed by inoculating bacteria in nutrient broth (Biomaxima, Warsaw, Poland) for 3 days at 26°C. After adding a Nessler reagent (0.5 mL), the development of orange color was considered as a positive result.




2.2.2 Quantitative estimations



2.2.2.1 Indole acetic acid production

Bacterial indole acetic acid (IAA) may increase roots length and surface, allowing the plant better uptake of soil nutrients and water, which, in turn, can stimulate plant growth (Gilbert et al., 2018).

IAA production was quantified using medium (g/L): peptone 5.0; yeast extract 3.0; and L-tryptophan 1.0 following the modified method of Ehmann (1977). After 4 days of incubation at 28°C, culture suspension was centrifuged at 10080g for 10 min. Centrifuged culture suspension supernatant was mixed with Salkowski reagent (2% 0.5 FeCl3 in 35% HClO4) and incubated for 30 min in the dark. Intensity of the color was measured at 530 nm using Hitachi U-2500 spectrophotometer.




2.2.2.2 ACC deaminase activity

PGP bacteria that express ACC deaminase activity may increase roots length and facilitate adaptation and survival of plants (del Carmen Orozco-Mosqueda et al., 2020).

Quantitative estimation of ACC was carried out according to the modified method described by Honma and Shimomura (1978). Bacterial cultures were inoculated in nutrient broth medium (Biomaxima, Warsaw, Poland), following incubation at 30°C for 24h in a rotary shaker. Culture suspension was centrifuged at 6000g for 10 min (4°C) and Dworkin and Foster (DF) salts minimal medium (5 mL) was added to the pellet (Dworkin and Foster, 1958). Culture suspension was centrifuged again at 6000g for 10 min (4°C) and DF salts minimal medium (5 mL) with 0.5 M ACC (30 μL) were added to the pellet. After incubation at 30°C for 24h, culture suspension was centrifuged at 4032g for 10 min (4°C) and bacterial cells were washed with 0.1M Tris-HCl (5 mL; pH 7.6). After centrifugation at 10000g for 5 min, 0.1 M Tris-HCl (600 μL; pH 8.5), toluene (30 μL), and 0.5 M ACC substrate (20 μL) were added to the pellet following incubation at 30°C for 30 min. 0.56 M HCl (1 ml) was added and culture suspension was centrifuged at 10000g for 5 min. Centrifuged culture suspension supernatant (1 mL) was mixed with 0.56 M HCl (800 μL) and 0.2% 2,4-dinitrophenylhydrazine (300 μL). After a 30-min long incubation at 30°C, 2 M NaCl (2 mL) was added and the absorbance was determined at 540 nm using Hitachi U-2500 spectrophotometer. The ACC deaminase was expressed in terms of nanomoles of α-ketobutyrate produced per milligram protein per hour. Protein content was estimated according Bradford (1976) method.






2.3 Greenhouse experiment in sterile and non-steriled conditions



2.3.1 Seed sterilization and inoculum preparation

The winter rapeseed of the Areti variety was selected for the study. It is a hybrid variety characterized by outstanding health and a very high yield potential. Sterilization of canola seeds was performed by disinfection in 1% NaOCl for 30 min and by washing 3 times in sterile distilled water following the method of Rudolph et al. (2015). Fresh bacterial cultures were inoculated in LB broth and incubated for 2 days at 26°C in a shaker incubator. The sterilized seeds were resuspended in bacterial suspension (10 mL of 108 CFU/mL) supplemented with 0.05 g carboxymethyl cellulose (CMC) and agitated for 30 min. The control was the seeds resuspended in 10 mL of nutrient broth without bacterial inoculum and supplemented with 0.5% CMC (Rudolph et al., 2015).




2.3.2 Seed treatment

Four canola seeds were sown per pot in eight replicates for each treatment. Seeds resuspended in six bacterial suspension (RO33, RO37, RO45, 2RO30, 2RO45, and 3RO30) were germinated in a sterile sand and vermiculite (1:1). Seeds with 2RO30, 2RO45 strains and their consortium were additionally sown in non-sterile soil taken from the field in Ostroda, Poland (53°41′38″N 19°57′58″E). Canola seedlings were maintained in a day–night cycle of 16h light (100 μmol/m2/s) and a temperature of 22°C. The plants were moistened with an equal amount of water and were harvested after 44 days (Świątczak et al., 2023b).




2.3.3 Compatibility assay

For non-sterile greenhouse experiment, in-vitro antagonism compatibility test of two strains: Peribacillus frigoritolerans 2RO30 and Pseudomonas sivasensis 2RO45 was performed. Each isolates were resuspended in sterile water (108 CFU/mL) and 100 µL of the tested microorganism were spread onto NA plates. A sterile filter paper disc (5 mm in diameter) was placed onto NA plate containing the spread bacteria and 10 µL of bacterial suspension was inoculated on the paper disc. Plates were incubated at 28°C for 48h. When a clear zone of inhibition around the disc was observed, microorganisms were considered incompatible. When inhibition zone was not observed, they were classified as compatible (Widyantoro, 2019; Tabacchioni et al., 2021). Each experiment was performed in triplicate.




2.3.4 Canola parameters determination

Chlorophyll content index (CCI) was measured using a chlorophyll meter CCM-200plus (Opti-Sciences, Hudson, USA). Other canola growth parameters – length of roots, shoots and epicotyl were measured after washing the plant roots with distilled water. Photosynthetic area of leaves was calculated using DigiShape 1.3 software (Moraczewski, 2005). The plant roots, shoots, epicotyl, petioles and leaves were dried at 85°C for 48 hours and dry weight of these plant parts was determined. Furthermore, two following indexes were calculated: specific leaf area (SLA) and leaf weight ratio (LWR). The SLA index was calculated as follows: SLA = assimilation area [cm2]/leaves dry biomass [g], while LWR index was evaluated as follows: LWR = leaves dry biomass [g]/total plant dry biomass [g] (Piernik et al., 2017).




2.3.5 Soil physicochemical analyses

The physical and chemical parameters of the non-sterile soil were determined at District Chemical and Agricultural Station (Bydgoszcz, Poland). The physicochemical analyses such as pH, phosphorus, potassium, magnesium, ammonium nitrogen, nitrate nitrogen, and organic carbon were evaluated according to PN-ISO10390, 1997; PN-R-04020:1994/Az1, 2004; PN-R-04022, 1996; PN-R-04022:1996/Az1, 2002; PN-R-04028, 1997, and PN-ISO14235, 2003 standards, respectively.





2.4 Statistical analysis

The statistical analysis of the data was performed using Past3 (version 3.25). To determine significant differences between treatments, one-way analysis of variance (ANOVA) was applied, followed by Tuckey post-hoc test. ANOVA assumptions were checked using Shapiro–Wilk test for normality and Levene’s test for homogeneity of variances. When not normal distribution occurred, test for equal medians—Mann–Whitney was performed.




2.5 Identification of isolates based on 16S rRNA gene

Six bacterial isolates were identified based on 16S rRNA gene sequence according to Kalwasińska et al. (2020). Total genomic DNA was extracted using GeneMATRIX Bacterial and Yeast Genomic DNA Purification Kit (EURx, Gdańsk, Poland), following the manufacturer’s protocol. For polymerase chain reaction (PCR) amplification, the following 20 µL of reaction total volume was used: Taq DNA polymerase, 0.2 mM dNTP mixture, Polbuffer B with 1.5 mM MgCl2, 0.25µM of 27 F (5-AGAGTTTGATCCTGGCTCAG-3) and 1492 R (5-TACGGTTACCTTGTTACGACTT-3) primers, and 1 µL of genomic DNA. The PCR conditions were: initial denaturation (95°C for 3 min), 30 cycles of amplification: denaturation (95°C for 30s), annealing (52°C for 20s), extension (72°C for 1 min 40s) and final extension (72°C for 5 min). PCR amplicons were checked in 1% (w/v) agarose gel stained with Midori Green DNA Stain. Sequencing of PCR products was performed using Big Dye Terminator v 3.1 Cycle Sequencing Kit according to manufacturer’s instruction. Capillary electrophoresis was performed by the Sequencing and Oligonucleotides Synthesis Laboratory, IBB (Warsaw, Poland). Nucleotide sequences of RO33, RO37, RO45, 2RO30, 2RO45, and 3RO30 were submitted to GenBank under the accession numbers MW599360, MW599361, MW599362, MW599363, MW599366, and MW599367, respectively. The taxonomy of bacterial isolates were determined using the EzBioCloud database (Yoon et al., 2017).




2.6 Genome sequencing, prediction of PGP genes and biosynthetic gene cluster

Genomic DNA of Peribacillus frigoritolerans 2RO30 and Pseudomonas sivasensis 2RO45 was extracted and whole genome was sequenced on Illumina HiSeq using 250 bp paired-end protocol at the University of Birmingham (UK). Library construction was prepared with the use of Nextera XT Library Prep kit (Illumina, San Diego, CA, USA) according to the manufacturer’s instructions with the following modifications: PCR elongation time was increased from 30 s to 1 min, and 2 ng of DNA was used as an input instead of 1 ng. The library preparation and quantification of DNA were done with a Microlab STAR automated liquid handling system (Hamilton, Bonaduz, Switzerland). Quantification of pooled libraries was performed using the Kapa Biosystems Library Quantification Kit for Illumina on a Roche light cycler 96 qPCR machine. Reads were adapter trimmed using Trimmomatic 0.30 with a sliding window quality cutoff of Q15 (Bolger et al., 2014). De-novo assembly was performed on samples using SPAdes version 3.7 (Bankevich et al., 2012), and contigs were annotated using Prokka 1.11 (Seemann, 2014). Further annotation was performed using NCBI’s Prokaryotic Genome Annotation Pipeline (PGAP). The genomic sequences are available in DDBJ/ENA/GenBank under the accession numbers JAOAQM000000000 and JAOAQN000000000, respectively, for Peribacillus frigoritolerans 2RO30 and Pseudomonas sivasensis 2RO45.

The prediction of PGP genes was obtained from KEGG pathway analysis (https://www.kegg.jp/kegg/mapper/reconstruct.html), while secondary metabolite biosynthesis gene clusters were determined by antiSMASH (version 6.0) (https://antismash.secondarymetabolites.org).




2.7 Assay of plant pathogens growth inhibition in vitro

Bacterial isolates were screened for inhibition against fungal pathogens: Alternaria alternata 783, Botrytis cinerea 873, Fusarium culmorum 2333, Fusarium oxysporum 872, Fusarium solani 25, Phytophthora cactorum 1925, and Phytophthora megasperma 404, which can affect canola plants (Fernandez, 2007; Krasnow and Hausbeck, 2015; Al-Lami et al., 2019; Romero et al., 2008; Monnier et al., 2018; Ismaiel et al., 2021; Yu et al., 2023). Plant pathogenic fungi were obtained from the Plant Pathogenic Bank of the Institute of Plant Protection in Poznan (Poland). Fungi were cultivated on PDA plates (Biomaxima, Warsaw, Poland) for 5 days at 26°C, while bacteria were cultivated on PDA for 24h at 26°C. After incubation, mycelium agar discs (5 mm in diameter) were inserted onto PDA plate containing spread bacteria. Cultures were incubated for 7 days at 26°C and the diameter of the fungal mycelium was estimated. Pure cultures of each fungus were used as a control. Each experiment was performed in triplicate. The fungal growth inhibition zone was estimated by the following formula:

	

where C is the diameter of fungi colony in the control plate, B is the diameter of fungi colony that grew in the presence of rhizobacteria (Wonglom et al., 2019).





3 Results



3.1 Assay of plant growth–promoting traits in vitro

The total rhizobacterial population was counted from different plant growth stages: the vegetative, flowering, and maturity. This analysis showed that the total bacterial load was the highest in the flowering stage followed by a maturity and vegetative stage (Supplementary Table S1). Fifty canola rhizospheric bacteria were isolated from the three plant growth stages and were tested for PGP traits including IAA, phosphate, ACC deaminase, siderophores, chitinases, HCN, and ammonia production. Ammonia and HCN production by bacterial strains can also have a positive effect on plant growth, for example by elongation of plant roots and shoots (Bhattacharyya et al., 2020). The plant growth promotion assay in vitro showed that rhizobacterial strains isolated from different growth stages exhibited various PGP traits (Supplementary Figure S1). Six isolates possessed the best PGP properties (Table 1). All of the strains were able to produce IAA, sequester siderophores and solubilize phosphates. Among these strains 2RO45 was the most effective regarding all three PGP. RO37 demonstrated the highest ACC deaminase activity. Three of the isolates: RO33, RO45, and 3RO30 were able to produce chitinases. Moreover, RO33 and 3RO30 strains were HCN and ammonia producers.


Table 1 | Plant growth–promoting traits by selected PGPR strains.






3.2 Greenhouse experiment in sterile and non-steriled conditions

Six bacterial strains identified as Pseudomonas sp. RO33, Pseudomonas poae RO37, Pseudomonas kairouanensis RO45, Peribacillus frigoritolerans 2RO30, Pseudomonas sivasensis 2RO45, and Pseudomonas migulae 3RO30 were used in greenhouse experiment to evaluate their in-vivo ability to stimulate canola growth under sterile conditions (Figure 1). The results showed that P. frigoritolerans 2RO30 and P. sivasensis 2RO45 significantly increased CCI and roots length compared to the non-inoculated control and to seedlings inoculated with RO33, RO37, RO45, and 3RO30. In addition, these isolates significantly improved shoots length and epicotyl weight compared to the untreated control. Seedlings inoculated with P. frigoritolerans 2RO30 showed significantly higher mean value of epicotyl length compared to RO37, RO45, and 3RO30, while for P. sivasensis 2RO45, this parameter was higher compared to RO37 and 3RO30 strains. Inoculated canola with 2RO30 and 2RO45 had significantly higher shoots weight compared to non-inoculated plants and those inoculated with RO33, RO37, and RO45 strains. Moreover, P. sivasensis 2RO45 induced leaves weight compared to the control and to RO33, RO37, RO45, and 3RO30 treatments while, for petioles weight, significant increase was observed compared to seedlings inoculated with RO33, RO45, and 3RO30, but not to the control. The PGP effect of P. frigoritolerans 2RO30 and P. sivasensis 2RO45 under sterile conditions is visible in the Figure 2.




Figure 1 | Plant growth parameters in sterile soil. Different letters indicate significant differences based on Tukey test as a post hoc, p< 0.05; *not normal distribution (test for equal medians: Mann–Whitney).






Figure 2 | Peribacillus frigoritolerans 2RO30 and Pseudomonas sivasensis 2RO45 effect on canola growth compared to untreated control under sterile conditions.



Based on growth promotion effects under sterile conditions P. frigoritolerans 2RO30 and P. sivasensis 2RO45 were selected for greenhouse experiment in non-sterile soil. Additionally, as compatibility between these strains was not observed, the consortium of the isolates was used for the experiment (Figure 3).




Figure 3 | Plant growth parameters in non-sterile soil. Different letters indicate significant differences based on Tukey test as a post hoc, p< 0.05; *not normal distribution (test for equal medians: Mann–Whitney).



Our findings demonstrated that P. sivasensis 2RO45 significantly improved CCI compared to the untreated control and other inoculant treatments. Moreover, 2RO45 strain significantly increased shoots length compared to the non-inoculated control, but not to the other inoculated seedlings. Seedlings inoculated with the strain showed significantly higher SLA index and weight of roots compared to consortium but not to the control. Significant differences in LWR index and shoots weight between P. frigoritolerans 2RO30 and P. sivasensis 2RO45 were observed with higher mean values for P. sivasensis 2RO45. Figure 4 showed the PGP effect of P. sivasensis 2RO45 compared to untreated control under non-sterile conditions.




Figure 4 | Pseudomonas sivasensis 2RO45 effect on canola growth under non-sterile conditions.



The physicochemical analysis of the non-sterile soil (Supplementary Table S2) recorded potassium content of 350 mg/kg, followed by phosphorus content of 310 mg/kg, and magnesium content of 91 mg/kg. The ammonium nitrogen, nitrate nitrogen, and organic carbon contents were 6.57 mg/kg, 79.13 mg/kg, and 1.65%, respectively. The soil had a slightly acidic pH.




3.3 Genome sequencing, prediction of PGP genes, and biosynthetic gene clusters

Annotation of P. frigoritolerans 2RO30 and P. sivasensis 2RO45 genomes identified 5,435 and 5,797 coding genes, respectively, and 120 and 77 pseudogenes, respectively. In total, 1,877,684 and 2,803,949 reads were obtained from the whole-genome sequencing of 2RO30 and 2RO45 and assembled into 85 and 92 contigs with GC content of 40.19% and 59.63%, respectively (Supplementary Table S3).

Whole genome sequencing of the P. frigoritolerans 2RO30 and P. sivasensis 2RO45 revealed differences in identified PGP genes between strains (Figure 5 and Supplementary Table S4). 2RO30 genome harbored pstA, and pstB, while 2RO45 genome coded for pstS, genes, which are responsible for phosphate transport. The genomes of 2RO30 and 2RO45 included genes involving in ACC deaminase (dcyD) and IAA (trpA,B,C,D,E) production. However, additional genes contributing to ACC deaminase (acdA) and IAA (trpF, trpG) were detected in P. sivasensis 2RO45 genome. Among 2RO30 and 2RO45 genomes, only 2RO45 genome contained genes involved in siderophores sequestration (fbpA, mbtH, and acrB). Moreover, genes related to acetoin and butanediol synthesis were found in 2RO30 and 2RO45 genomes. 2RO30 genome coded for budC gene, while 2RO45 coded for poxB.




Figure 5 | Genes responsible for plant growth–promoting characteristics.



The analysis of biosynthetic gene clusters (BGC) revealed the presence of betalactone (fengycin) in both P. frigoritolerans 2RO30 and P. sivasensis 2RO45 genomes. Moreover, four additional type of genes, including nonribosomal peptide synthetases (NRPS) (viscosin, syringomycin, and pyoverdin), terpene (enterobactin), arylpolyene (APE Vf), and redox-cofactor (lankacidin C) were detected in 2RO45 genome. The abovementioned BGCs of P. frigoritolerans 2RO30 and P. sivasensis 2RO45 are present in the Figure 6 and Supplementary Table S5.




Figure 6 | Detection of the secondary metabolite genes in Peribacillus frigoritolerans 2RO30 and Pseudomonas sivasensis 2RO45 genomes.






3.4 Assay of plant pathogens growth inhibition in vitro

The phytopathogens inhibition assay revealed that P. sivasensis 2RO45 had antifungal effect against all tested fungi. 2RO45 strain inhibited the mycelial growth of six plant pathogens (A. alternata, B. cinerea, F. culmorum, F. oxysporum, F. solani, and P. cactorum) with the inhibition rate of more than 10%. Whereas, P. frigoritolerans 2RO30 antagonistic effect in the rate greater than or equal to 10% was observed only against B. cinerea and F. oxysporum (Figure 7).




Figure 7 | Inhibition of plant pathogens by Peribacillus frigoritolerans 2RO30 and Pseudomonas sivasensis 2RO45. Different letters indicate significant differences based on the Tuckey HSD test, p< 0.05.







4 Discussion

PGPR can promote plant growth by direct and indirect mechanisms, which can be active simultaneously or independently at different plant growth stages (Kumar et al., 2012). In our study, the bacterial community was enumerated from three canola growth stages: vegetative, flowering and maturity. The results showed that the total bacterial load was the highest in the flowering stage followed by a maturity and vegetative stage. It can be explained by the fact that, when a plant grows, rhizospheric bacteria enter the plant system at vegetative stage and multiply during flowering stage but again start declining at maturity stage, for example, due to water stress, nutrient deficiency or free radical formation (Marag and Suman, 2018). Our results are in agreement with other studies. Marag and Suman (2018) enumerated endophytic population from different maize growth stages and found that the maximum bacterial loads were at the flowering stage. However, it is not known whether there is any association between the isolation of bacteria from different growth stages and their plant growth promoting (PGP) characteristics. Our study showed that rhizobacterial strains isolated from different periodic growth stages exhibited various PGP traits. However, a higher number of strains with the following PGP activities: IAA, ACC, phosphates, siderophores, and ammonia production were isolated from the flowering stage. This could be explained by much higher bacterial loads at the flowering stage than at the vegetative and maturity stages.

In addition, our results showed that two strains isolated from flowering stage growth: P. frigoritolerans 2RO30 and P. sivasensis 2RO45 were the most effective in stimulating canola growth in sterile conditions. According to Pérez-Montaño et al. (2014) when PGPR promote plant growth under sterile conditions, their effect on plant development should be evaluated also under non-sterile conditions. Therefore, to demonstrate the plant growth promotion ability of P. frigoritolerans 2RO30 and P. sivasensis 2RO45, a greenhouse experiment in non-sterile conditions was performed. In addition to testing the PGP effect of P. frigoritolerans 2RO30 and P. sivasensis 2RO45, a consortium of these two strains was used in the non-sterile experiment. Swiontek Brzezinska et al. (2022) showed that co-inoculation of three rhizobacterial strains from different taxa (Pseudomonas, Sphingobacterium and Microbacterium) enhanced canola growth in comparison to single-inoculant treatments. However, our results showed that canola growth parameters increased only when plants were inoculated with P. sivasensis 2RO45. Interestingly, P. frigoritolerans 2RO30, which promoted plant growth under sterile conditions, did not promote canola under non-sterile conditions. Beneficial effects of PGPR on plant development are highly variable under natural conditions due to the native rhizosphere microbial communities’ presence (Pacheco da Silva et al., 2022). According to Bhattacharyya et al. (2018), certain indigenous microbes might negatively affect the function and survival of introduced PGPR. Our results could be explained by that P. frigoritolerans 2RO30 failed in competition with soil natural microbiota and therefore it did not promote in non-sterile conditions. Moreover, it could be associated with differences in PGP characteristics in vitro and PGP genes between P. frigoritolerans 2RO30 and P. sivasensis 2RO45 strains.

High IAA production and phosphates solubilization features responsible for promoting canola growth under sterile conditions have been confirmed by the presence of appropriate genes in the genomes of these strains. However, P. sivasensis 2RO45 coded for many additional genes related to ACC and IAA production, such as acdA and trpF,G, which could have contributed to better canola growth promotion both in sterile and non-sterile soil. PGPR that produce IAA may increase root biomass, allowing the plant better access to soil nutrients and water uptake, which in turn can stimulate plant growth (Gilbert et al., 2018). Whereas, ACC deaminase can facilitate adaptation and survival of plants and increase roots length, thereby promote plant growth (del Carmen Orozco-Mosqueda et al., 2020). Świątczak et al. (2023c) found that the presence of trpA,B,C,D,E,F,S and pqq, pstAB genes in Brevibacillus laterosporus K75 genome and its high IAA and phosphates activity in vitro contributed to maize growth promotion under sterile and non-sterile conditions.

Apart from the genes mentioned above, 2RO45 genome contained fbpA, mbtH, acrB genes involved in siderophores production. BGC analysis revealed the presence of siderophore–enterobactin in its genome. Moreover, P. sivasensis 2RO45 showed the highest siderophores production in the PGP assay in vitro. It was reported that siderophores are responsible for plant growth promotion indirectly by inhibition of plant pathogens. However, siderophores can also stimulate plant species directly by enhancing iron (Fe) uptake in plants (dos Santos et al., 2020). Therefore, we assumed that high siderophores activity in vitro and the presence of many genes related to siderophores production in comparison to P. frigoritolerans 2RO30 are also responsible for P. sivasensis 2RO45 PGP effect under non-sterile conditions.

Moreover, P. sivasensis 2RO45 inhibited the mycelial growth of all fungi and with higher inhibition rates than P. frigoritolerans 2RO30. These observations are confirmed by genome mining and BGC analysis where P. sivasensis 2RO45 harbored six more secondary metabolite cluster genes than P. frigoritolerans 2RO30. The founded NRPS: syringomycin, pyoverdine, and viscosin are well known as antifungal agents (Bensaci et al., 2011; Alsohim et al., 2014; Sass et al., 2021). Fengycin is a lipopeptide producing by Bacillus amyloliquefaciens PPL, which contributes to antifungal activity against Fusarium oxysporum (Kang et al., 2020). Arylpolyene from Vibrio fischeri ES114 (APE Vf) was found in many Pseudomonas species (Gaete et al., 2022; Han et al., 2022) and according to Dutta et al. (2020) this lipid influences the antifungal effect of P. fluorescens NBC275. Strain Streptomyces rochei FS18 producing polyketide antibiotic–lankacidin and its derivatives, showed significant antifungal effect against Aspergillus niger (Cao et al., 2015). It can be assumed that these BGCs were responsible for the antifungal activity of P. sivasensis 2RO45 against plant pathogens, and if it has more possibilities of defense against pathogens, it promotes plants more effectively.




5 Conclusions

Pseudomonas sivasensis 2RO45 and Peribacillus frigoritolerans 2RO30 possessing the highest IAA production and phosphates solubilization, showed the best promoting effect on canola growth under sterile conditions. Under non-sterile conditions, only Pseudomonas sivasensis 2RO45 promoted canola growth, which can be associated with the presence of additional genes responsible for ACC deaminase (acdA), IAA (trpF, trpG), and siderophores production (fbpA, mbtH, and acrB) in its genome. Our study is the first report describing Pseudomonas sivasensis 2RO45 as a plant growth promoter, both under controlled and natural conditions, thus suggesting its application in improving canola yield, by improving nutrient availability, enhancing stress tolerance, and reducing the environmental impact of farming practices. Its application aligns with the principles of environmentally friendly and economically viable agriculture. However, more research about how this strain competes with native soil microbes is necessary.
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Plant disease outbreaks are increasing in a world facing climate change and globalized markets, representing a serious threat to food security. Kiwifruit Bacterial Canker (KBC), caused by the bacterium Pseudomonas syringae pv. actinidiae (Psa), was selected as a case study for being an example of a pandemic disease that severely impacted crop production, leading to huge economic losses, and for the effort that has been made to control this disease. This review provides an in-depth and critical analysis on the scientific progress made for developing alternative tools for sustainable KBC management. Their status in terms of technological maturity is discussed and a set of opportunities and threats are also presented. The gradual replacement of susceptible kiwifruit cultivars, with more tolerant ones, significantly reduced KBC incidence and was a major milestone for Psa containment – which highlights the importance of plant breeding. Nonetheless, this is a very laborious process. Moreover, the potential threat of Psa evolving to more virulent biovars, or resistant lineages to existing control methods, strengthens the need of keep on exploring effective and more environmentally friendly tools for KBC management. Currently, plant elicitors and beneficial fungi and bacteria are already being used in the field with some degree of success. Precision agriculture technologies, for improving early disease detection and preventing pathogen dispersal, are also being developed and optimized. These include hyperspectral technologies and forecast models for Psa risk assessment, with the latter being slightly more advanced in terms of technological maturity. Additionally, plant protection products based on innovative formulations with molecules with antibacterial activity against Psa (e.g., essential oils, phages and antimicrobial peptides) have been validated primarily in laboratory trials and with few compounds already reaching field application. The lessons learned with this pandemic disease, and the acquired scientific and technological knowledge, can be of importance for sustainably managing other plant diseases and handling future pandemic outbreaks.
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1 Introduction

Climate change and the global food trade are exacerbating the impact of plant diseases worldwide, facilitating the dissemination and increasing the unpredictability of the occurrence of many phytopathogenic microorganisms, which constitute a serious threat to global food security (Anderson et al., 2020). Numerous plant diseases still lack sustainable management strategies and rely on the frequent use of hazardous chemical pesticides. These pesticides are often poorly effective and are persistent in the environment, where they affect the biota and degrade the quality of water masses and soils (Urionabarrenetxea et al., 2022). Moreover, plant diseases also lead to high mitigation costs due to control measures and have downstream impacts on human health (Ristaino et al., 2021).

Among the causal agents of plant diseases, bacteria have been subject to particular concern due to the emergence of lineages which have been severely affecting several agroecosystems in recent years. The Kiwifruit Bacterial Canker (KBC) constitutes a representative example for being the most devastating disease currently impairing kiwifruit (Actinidia spp.) cultivation worldwide (Donati et al., 2020), after the emergence of a highly virulent biovar of the bacterium Pseudomonas syringae pv. actinidiae (Psa). Psa is a Gram-negative, rod-shaped and flagellated bacterium, which utilizes motility and biofilm formation for epiphytic fitness and survival (Sawada and Fujikawa, 2019; Krishna et al., 2022). After this epiphytic stage, the pathogen infects the host through natural openings such as stomata, lenticels, hydathodes, and plant-damaged tissues (e.g., broken trichomes, pruning wounds), for later colonizing both xylem and phloem (Gao et al., 2016; Cellini et al., 2021). In 2008, there was a very serious outbreak in Italy (caused by Psa biovar 3), and KBC became a pandemic disease, leading to severe economic losses in all main kiwifruit-producing countries, such as China, New Zealand, Italy, Chile, France, Portugal, Spain and South Korea (Abelleira et al., 2015; Cunty et al., 2015; McCann et al., 2017; Vanneste, 2017; Kim et al., 2018). Soon after the outbreak, the implementation of strict phytosanitary orchard management routines, conjugated with copper treatments and application of antibiotics (where allowed), was very important in containing Psa dispersion. Nonetheless, since 2012, owed to the increasing bacterial resistance to those chemicals, and the Psa ability to disseminate and infect kiwifruit plants, this pathogen is included up to now in the A2 List from the European and Mediterranean Plant Protection Organization (EPPO), which identifies the organisms recommended for regulation as quarantine pests and diseases (EPPO, 2012).

In the last two decades the scientific community and commercial sector have made a good progress in developing and bringing to the market more environmentally friendly alternatives to the use of copper and antibiotics. The gradual substitution of susceptible Actinidia cultivars with Psa-tolerant ones (plant breeding programs) (Wang et al., 2020), and the application of plant elicitors for triggering plant defenses against the Psa (Beatrice et al., 2017), are supporting a slow recovery of the kiwifruit sector (Nunes da Silva et al., 2022b). More recently, the development of eco-friendly KBC control methods has been focused on screening and testing a myriad of emerging molecules, compounds, and Microbial Biological Control Agents (MBCAs) with potential to reduce in planta Psa load, motility and spread capacity, resulting from their bacteriostatic, bactericidal and competition activity. These include plant Essential Oils (EOs) and other bioactive compounds, phages and Antimicrobial Peptides (AMPs) (Monchiero et al., 2015; Lovato et al., 2019; Pereira et al., 2021). In addition, state-of-the-art gene-editing techniques, currently giving the first steps in Actinidia (Michelotti et al., 2022), hold promise to constitute powerful tools for accelerating kiwifruit breeding programs, despite the European strict regulatory constraints (Callaway, 2018). Finally, the development of forecast models and early disease detection methods have the potential for integrating control strategies, allowing anticipated action to contain Psa spread at plant, orchard and regional levels (Do et al., 2016; Narouei-Khandan et al., 2022; Reis-Pereira et al., 2022). For effective mitigation of KBC, these methods may be combined in an orchestrated manner to enhance plant defense capacity and to suppress Psa virulence.

In this literature review we provide an in-depth and critical analysis on the scientific and technological progress made, and the current limitations, regarding the tools being explored for a sustainable disease management – focusing on KBC as a case study. A set of opportunities and threats are also presented, which may provide guidance for researchers, policy makers and regulators on the path ahead towards the mitigation of future plant disease outbreaks.




2 State-of-the-art on sustainable disease management tools to mitigate KBC

An effective phytosanitary program requires strategies for avoiding pathogen spread, for developing pathogen-tolerant cultivars and the release of commercial products which are biologically safe to humans and to the environment. The containment of virulent pathogens such as Psa demands the implementation of measures to be adopted at local, regional, national and international levels. Moreover, other agronomical aspects related to crop maintenance in the field need also to be addressed. In Actinidia-Psa, for example, favoring less dense canopies and avoiding excessive plant vigor have been pointed out as important aspects to consider in places with higher pathogen pressure (Mauri et al., 2016). In addition, optimized nutritional regimens should also be developed aiming at increasing Actinidia tolerance to Psa (Mauri et al., 2016; Gu et al., 2021; Nunes da Silva et al., 2021b). These aspects have been addressed in recent reviews (Ristaino et al., 2021; Nunes da Silva et al., 2022b). Complementary to this, in the present review we focused on precision agriculture and biotechnological tools, namely: (i) the application of early detection tools, (ii) modelling for predicting the distribution and potential spread of Psa globally, (iii) the advances and prospects about plant breeding for Psa tolerance, and (iv) numerous molecules and MBCAs being tested for enhancing plant defense or suppressing the Psa pathogenicity.



2.1 Precision agriculture



2.1.1 Early disease detection tools

In the last decade, many studies and commercial applications arose on the use of non-invasive methodologies for early disease detection (Mahlein et al., 2018; Reis-Pereira et al., 2021). These methodologies allow to generally assess plant fitness as they detect plant physiological, nutritional and structural alterations, based on spectral characteristics (reflectance, transmittance and absorbance) of the plant tissues (Bergsträsser et al., 2015). The optical sensing systems being currently applied explore different technologies including: (i) techniques that provide images, namely Red-Green-Blue (RGB) and thermal cameras, multispectral (lower resolution) cameras, hyperspectral (higher resolution) cameras and fluorescence imaging devices; (ii) non-imaging techniques, based on visible (VIS) and infrared (IR) spectroscopy and fluorescence spectroscopy (Gogoi et al., 2018). Current technological sophistication allows to measure data within a spectral range from 325 to 2500 nm of wavelength of electromagnetic radiation, with very high resolution (Mahlein, 2016; Reis-Pereira et al., 2022). The rationale behind the application of these technologies lies in modifications on the composition or structure of plant tissues resulting from the action of stressors (either of biological or non-biological origin). In the best possible scenario, the analyses of the optical properties of plants would enable to detect early plant infection processes, before symptoms could be detected by the human vision, thus allowing anticipated phytosanitary measures to be applied in the field.

Satellite imagery has been used for monitoring Psa incidence in kiwifruit orchards, and a series of vegetation indices that could be related to disease development were identified (Taylor et al., 2014). Multi-spectral imagery, using wavebands ranging from VIS to near-infrared region (NIR) of the electromagnetic spectrum, were analyzed and compared with shapefiles, resulting from precise mapping of Psa-positive samples collected along orchards in New Zealand. The authors achieved reasonable detection accuracies, ranging from 75% to 79%, by using binomial logistic regression in the modelling of the vegetation indices. However, the method was more limited during stages when vine vigor was more stationary (Taylor et al., 2014).

Thermal imagery (or IR thermography) can be used to assess leaf tissue temperature, which is correlated to evapotranspiration (Mahlein, 2016). Therefore, slight modifications in transpiration caused by Psa infection can be detected with IR cameras before symptoms can be visualized in the field. For instance, Maes et al. (2014) found that Psa could be detected at the leaf level by thermal imaging, as early as two days after exposure, through the identification of cold spots on the leaf surface not showing visual symptoms. At the orchard level, this technology was also validated in the mapping of affected zones with Psa-infected areas showing colder canopies (from 1 °C to 3 °C, approximately), and a tendency for higher Psa incidence in outer parts of the canopies was also observed (Maes et al., 2014). Nonetheless, this approach cannot discriminate Psa infection from other stresses that induce changes in evapotranspiration (e.g., heat or drought stress).

Given that numerous factors can cause physiological and anatomical disturbances, several authors have dedicated their work to try to identifying spectral signatures which ultimately would assist the disease diagnosis (Mahlein et al., 2013; Ashourloo et al., 2014; Al-Saddik et al., 2017). Recently, this approach was also applied for early detection of Psa infection in a two-week monitoring in kiwifruit orchards in Portugal (Reis-Pereira et al., 2022). For this, the authors utilized a portable spectroradiometer (non-imaging approach) for measuring the spectral reflectance of A. chinensis var. deliciosa leaves within a spectral range between 325-1075 nm, which includes part of the Ultraviolet (UV) region, the entire VIS and part of the NIR region of the electromagnetic spectrum. By applying several mathematical and computational tools, the authors were able to differentiate symptomatic from asymptomatic vines, with an accuracy of 85%. The most discriminatory regions of the electromagnetic spectrum were in the blue (350–500 nm), green (500–600 nm), red (600–750 nm) and NIR (>750 nm) regions. These alterations might be related to diminished content of photosynthetic pigments, cell death and other structural damages (Wang et al., 2018b; Reis-Pereira et al., 2021). It was recently shown that the reduction in carotenoids of kiwifruit leaves resulting from Psa infection could be detected recurring to a special spectroscopic technique called Surface-Enhanced Raman Spectroscopy (SERS), only three days post Psa inoculation, when leaves were still asymptomatic (Jiang et al., 2023).

Nevertheless, care is advised when taking conclusions from experiments conducted under field conditions, where a variety of biotic and abiotic stresses may interfere with spectral signatures. Studies utilizing plant inoculations under controlled conditions are needed for more precisely elucidating the alterations of the optical properties of plant tissues during the first stages of infection, providing a basis of knowledge for improving field surveillance. Also, the development of robust discriminative spectral wavebands capable of differentiating Psa infection from other plant-pathogens interactions is still required (Al-Saddik et al., 2019). In this respect, the use of emerging techniques of deep machine learning (convolutional neuronal networks) may greatly improve the application of early disease detection techniques to mitigate KBC (Mohanty et al., 2016; Boulent et al., 2019; Toda and Okura, 2019).




2.1.2 Forecast models for Psa risk assessment

Forecast modelling has long been used to predict the spread and incidence of several plant pathogens, allowing to better plan and anticipate the set of necessary measures for a more effective phytosanitary control. Concerning Psa management, the ‘OsiriS’ (Marcon et al., 2015) and ‘OttaviO’ (Cacioppo et al., 2015) sensing systems were successfully tested by Cacioppo et al. (2015) in a field trial. The systems measured pedoclimatic parameters (including air temperature, relative humidity, leaf wetness, wind speed, photosynthetically active radiation, soil tension, pH, and electrical conductivity), which can be remotely accessed for decision-making. This integrated approach was used to predict Psa infection and to decide when to apply copper treatments. The authors claimed that it resulted in a 60% decrease in Psa symptoms and in the reduction of costs associated with copper application.

Another weather-based model for predicting the risk of Psa infection (Psa-V risk model) was developed and further tested in New Zealand, Italy and Korea (Beresford et al., 2017; Kim et al., 2018; Antoniacci et al., 2019). This model conjugates the concept of multiplication capacity (M index, which estimates pathogen population growth based on accumulated air temperature, leaf surface wetness and relative air humidity) and Psa dispersal. The risk of infection (R index) depends on the total rainfall of the last 24 h, which should be above 1 mm, otherwise the R index would be considered null (Beresford et al., 2017). This model was further optimized to avoid false positives during summer due to high temperatures that, not being favorable to Psa growth, were not taken into consideration in the risk estimation. Accumulation of rain had also to be re-considered, not only because of inoculum reductions during heavy rainfalls but also due to the influence of temperature on humidity persistence on the plant surface (Kim et al., 2018).

Modelling methods such as CLIMEX, MaxEnt and multimodel framework (MMF) were also used to predict the global spread and distribution of Psa (Narouei-Khandan et al., 2013; Narouei-Khandan et al., 2022). Narouei-Khandan et al. (2013) utilized CLIMEX to generate ecoclimatic indices to predict the favorableness of a specific region to be colonized by Psa, and MaxEnt to predict Psa distribution using a set of selected bioclimatic variables combined with geo-referencing. However, discrepancies between both models were observed for regions with different climatic conditions than those in which the models were originally trained (Narouei-Khandan et al., 2013), reinforcing the importance of calibration and revalidation in forecast modelling. Such discrepancies between modelling methods motivated a different approach where CLIMEX, MaxEnt and MMF were utilized for developing a consensus model (Narouei-Khandan et al., 2022). This model relied on prediction agreement among different methods to “dilute” the fragilities from each individual modelling tool, resulting in higher sensitivity and fewer false negatives through this approach (Narouei-Khandan et al., 2022).

Regarding modelling for Psa infection and spread, considerations must be taken on factors that could exacerbate disease development, such as frost, wind, or genotypic susceptibility (Woodcock, 2016). Freezing temperatures and their duration were considered in the model from Do et al. (2016) to predict damage accumulation in Psa-infected canes from A. chinensis var. deliciosa ‘Hayward’ and A. chinensis var. chinensis ‘Hort16A’. However, this model was only accurate in predicting accumulated damage (lesion extension and rate of necrosis) in the less susceptible cultivar (‘Hayward’) but not in the most susceptible one (‘Hort16A’) (Do et al., 2016).

One of the biggest challenges in forecast modelling is the adjustment to new contexts for reliable extrapolation, further aggravated under scenarios of climate change. Considering future climatic scenarios, MaxEnt was used in combination with ArcGIS® (ESRI, 2014) for modelling Psa distribution in China, resulting in mapping regions according to four categories of suitability to harbor the pathogen (Wang et al., 2018a). More recently, Qin et al. (2020) presented their projections of Psa distribution in China by 2050, using an ensemble model resulting from three modelling algorithms combining a set of bioclimatic variables. The authors highlighted several aspects – such as precipitation from late winter to early spring, and average temperature during the warmest quarter – further indicating that environmental variables contribute to a greater extent to model accuracy when translated into bioclimatic features with more ecological meaning (Qin et al., 2020). These projections should be extended to other regions for a better action plan against Psa at both regional and global levels.





2.2 Plant breeding

Plant breeding is a cornerstone of an integrated approach to mitigate agronomical pathogens, including Psa. Whereas previous breeding programs were mainly oriented towards improving fruit organoleptic properties, after the complete collapse of the most sensitive cultivar worldwide (yellow-fleshed kiwifruit A. chinensis var. chinensis ‘Hort16A’), Psa tolerance became one of the main screening and selection traits (Beatson et al., 2012; Debenham et al., 2013; Wang et al., 2019). This resulted in the categorization of numerous Actinidia species, cultivars and progeny of novel crosses in terms of their susceptibility to Psa (Datson et al., 2015; Hoyte et al., 2015; Nardozza et al., 2015; Wang et al., 2019; Thomidis et al., 2021; Wang et al., 2023a).

As a result of this joint effort, susceptible cultivars are being gradually replaced by more tolerant ones, including var. chinensis ‘Gold3’, developed by the breeding program from The New Zealand Institute for Plant & Food Research Limited and the Zespri Group Limited (Ashrafzadeh and Leung, 2019). Nevertheless, there is still an enormous genetic wealth in Actinidia spp. germplasm to be explored by, e.g., introgression breeding (Huang and Liu, 2014). Introgressions from the wild A. eriantha were firstly aimed at desirable peelability to increase convenience in fruit consumption (Atkinson et al., 2009). Later, A. eriantha was used as the male parent in the crossing with A. chinensis var. chinensis for the commercial release of ‘Jinyan’ (Huang and Liu, 2014), which, apart from other agronomically interesting traits, also showed lower susceptibility to Psa (Lei et al., 2015). Several other species have been pointed as promising breeding material to improve Psa tolerance, including A. rufa, A. kolomycta, A. tetramera, A. macrosperma, A. polygama, A. arguta, A. valvala, A. latifolia and A. callosa (Lei et al., 2015; Kisaki et al., 2018; Wang et al., 2019; Wang et al., 2020).

Another aspect to explore is the large variation in ploidy within the genus Actinidia, which includes diploids, tetraploids, hexaploids, heptaploids and octaploids species (Huang et al., 2004; Zhang et al., 2017; Asakura and Hoshino, 2018). Higher ploidy has been associated with higher tolerance to Psa (Cotrut et al., 2013; Wang et al., 2020; Wang et al., 2023a). Disease incidence was observed to be higher in diploid and tetraploid A. chinensis var. chinensis genotypes, whereas in A. arguta diploid individuals registered higher susceptibility to Psa and tetraploid individuals showed a lower degree of susceptibility, which was similar to hexaploids of ‘Hayward’ (Cotrut et al., 2013).

Since plant pathogens evolve and their pathogenicity is also influenced by climate change (Anderson et al., 2020), it is important to better explore the plant morpho-physiological, biochemical and molecular mechanisms associated with Psa tolerance. Examples of genotype-dependent traits linked with Psa tolerance include the differential action of enzymes involved in the antioxidant system (e.g., phenylalanine ammonia-lyase, peroxidase and catalase), the sucrose metabolism, functioning of lenticels, density, and size of trichomes, lignification processes, density of stomata and leaf size (Li et al., 2005; Nunes da Silva et al., 2020; Gu et al., 2021; Wang et al., 2023b). All these features should be considered when breeding for resistance to Psa. Furthermore, adequate criteria must be considered in screening for tolerance to Psa, and this aspect is, so far, poorly understood. The extension of lesions in canes, callus formation or assessment of bacterial proliferation within tissues have been considered reliable criteria for assessing susceptibility to Psa (Hoyte et al., 2015; Nardozza et al., 2015; Wang et al., 2019), whereas visual leaf symptoms, per se, might be misleading (Wang et al., 2019). Frequently, traditional breeding techniques are expensive, lengthy, and imprecise (Borrelli et al., 2018; Wang et al., 2018c). Techniques of random genetic modification fusing mutagenic agents (e.g., ethyl methanesulfonate) are still applied in developing new genotypes, including Actinidia cultivars (Sartori et al., 2015). However, the process is very laborious, involving the need to analyze the genetic changes that could be incorporated into elite lines. The more recent possibility of introducing precise modifications into the genome of an organism, through gene-editing, is a major opportunity being used in state-of-the-art plant breeding (Dong and Ronald, 2019), but still greatly unexplored in Actinidia spp.

The Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) system is the most recent gene-editing technique revolutionizing biotechnology and has already been applied in numerous crop species to enhance their tolerance against pests and pathogens (Peng et al., 2017; Fister et al., 2018; Ortigosa et al., 2019). Ortigosa et al. (2019) edited the gene in tomato that expresses a co-receptor which is the target of coronatine produced by Pseudomonas syringae pv. tomato. Since the bacterium uses this phytotoxin to promote leaf colonization through stomata opening (as well as by Psa biovars, but not biovar 3 (Sawada and Fujikawa, 2019)), the gene-editing technique allowed to repress that process, resulting in increased resistance of tomato to the causal agent of the bacterial speck (Ortigosa et al., 2019).

Despite these promising results, the applicability and precision of the CRISPR/Cas9 technology seem to depend on the efficacy of the CRISPR/Cas9 complex (e.g., the combination of the single-guide RNA with the Cas9 protein). Whereas the results have been remarkable for some plant species, it has been less satisfactory for others (Wang et al., 2018c). Nonetheless, three recent studies have shown practical applications of the technology in Actinidia (Wang et al., 2018c; Varkonyi-Gasic et al., 2019; Michelotti et al., 2022). Varkonyi-Gasic et al. (2019) edited two CENTRORADIALIS (CEN)-like genes from A. chinensis, namely AcCEN and AcCEN4, which are thought to be involved in the regulation of plant maturity, architecture and flowering (Voogd et al., 2017). The authors utilized the CRISPR/Cas9 technique with two polycistronic PTG cassettes bound to promoters from Arabidopsis sp., to introduce modifications in target sites of those genes, producing smaller and more compact A. chinensis plants, with increased precocity (Varkonyi-Gasic et al., 2019). Wang et al. (2018c) were able to optimize gene-edition in Actinidia by developing an alternative strategy to CRISPR/Cas9. This strategy consisted in designing a PTG to target the kiwifruit Phytoene desaturase (AcPDS) gene in different sites and, comparing the PTG/Cas9 gene-editing approach with CRISPR/Cas9, the authors showed a remarkable 10-fold higher target-editing efficiency, thus demonstrating optimization of gene-editing in kiwifruit. Nevertheless, only recently the CRISPR technology was applied aiming at increased kiwifruit tolerance to Psa. In particular, a set of CRISPR vectors were developed for editing a gene belonging to the APETALA2/Ethylene Response Factor (AP2/ERF) transcription factors in a selection of A. chinensis var. chinensis plants (Michelotti et al., 2022). Given the involvement of AP2/ERF transcription factors in regulating several plant physiological processes, including defense response to both biotic and abiotic stressors (Gu et al., 2017; Bai et al., 2021), the approach might lead to Psa tolerant mutants employing, for example, differential ethylene and ABA regulation (Gunaseelan et al., 2019). However, validation of increased Psa tolerance among the developed Actinidia mutants is still lacking (Michelotti et al., 2022).

Nowadays, there are several resources available to assist in the use of gene-editing of plants. They include online tools such as the CRISPRCasFinder and computer programs for Cas designing (e.g., Cas-Designer) or off-target identification using machine-learning approaches (e.g., VARSCOT) (Park et al., 2015; Couvin et al., 2018; Wilson et al., 2019). Moreover, in the specific case of kiwifruit, databases with genomic information on Actinidia spp. have been made available (Wang and Lin-Wang, 2007; Yue et al., 2020). However, several operational constraints related to the commercial release of genetically modified organisms still occur, limiting the use of gene-editing applications, particularly in regions with stricter regulations as e.g., Europe (Callaway, 2018).

The knowledge of the genes to be targeted in plant breeding programs is the fundamental basis for the development of Psa-tolerant kiwifruit genotypes. In this respect, much remains to be unraveled about the genetic bases underlying tolerance traits, but progress has been made with kiwifruit genome sequencing (Huang et al., 2013; Tang et al., 2019) and greater knowledge on functional genomics of kiwifruit plants infected by Psa (Wang et al., 2018b; Nunes da Silva et al., 2019; Tahir et al., 2019; Nunes da Silva et al., 2020; Nunes da Silva et al., 2022a).




2.3 Plant elicitors

One alternative strategy to using conventional pesticides relies on inducing plant resistance with elicitors (also known as defense inducers, plant activators or priming agents) (Ramírez-Carrasco et al., 2017; Oliveira et al., 2019). Until now, numerous chemical compounds have been reported as plant elicitors, including phytohormones and their analogues, carbohydrate polymers, lipids, glycoproteins, vitamins and polysaccharides (Bektas and Eulgem, 2015; Mauch-Mani et al., 2017; Tripathi et al., 2019) as well as beneficial elements such as silicon (Bokor et al., 2021). For instance, salicylic acid (SA) and its functional analogues benzothiadiazole (BTH) and b-aminobutyric acid (BABA) are among the most studied for their action as broad-spectrum defense inducers through systemic acquired resistance (SAR) (Tripathi et al., 2019). The most used BTH in kiwifruit protection is acibenzolar-S-methyl (ASM), commercialized as Bion® or Actigard®. Several works have shown the effectiveness of ASM in controlling Psa in Actinidia spp., despite the effect being genotype dependent. For example, Cellini et al. (2014) showed that A. chinensis var. deliciosa plants with lower Psa incidence were more prone to form necrotic spots, deposit callose and have superoxide bursts after ASM application, while the same was not observed in A. chinensis var. chinensis. Nevertheless, the protective effect of ASM was maintained for several weeks in both species (Cellini et al., 2014). Additionally, Wurms et al. (2017) observed that ASM significantly reduced the lesion length of Psa infection by 50%, indicating that primed plants could respond more strongly to the infection. Interestingly, elicitation of the ethylene (ET) and jasmonic acid (JA) pathways were associated with the worsening of disease incidence, most likely owed to SA pathway suppression and promotion of stomatal opening, which facilitates Psa invasion into the host tissues (Bektas and Eulgem, 2015; Michelotti et al., 2018; Brunetti et al., 2020; Nunes da Silva et al., 2021a).

The application of ASM has also shown a synergistic protective effect with MBCAs (de Jong et al., 2019) and in providing vine protection during the post-harvest stage (Reglinski et al., 2023). Enhancement of plant defense capacity during this stage is particularly important due to the occurrence of plant wounding during fruit harvest. Notwithstanding, co-application of ASM and copper demonstrated capacity to upregulate defense genes (using copper treatment as control) such as Benzyl alcohol dehydrogenase (BAD), Downy mildew resistance 6 (DMR6), NIM-interacting protein 2 (NIMIN2) and WRKY70i, associated to the SA pathway and to the encoding of pathogenesis-related (PR) proteins (Reglinski et al., 2023). The resulting state of “alertness” of the kiwifruit vines provides enhanced defense responses, when plants are challenged with microbial phytopathogens such as Psa (de Jong et al., 2019; Reglinski et al., 2023).

BABA is a plant metabolite that tends to accumulate in sites of bacterial or fungal infection, with potential for controlling pathogens and pests in several plant species (Baccelli and Mauch-Mani, 2016; Li et al., 2019). In kiwifruit, Brunetti et al. (2020) presented promising results in a leaf disk assay, with BABA showing Psa symptom reduction, which might have been due to a direct bactericidal effect.

Apart from SA-analogues, chitosan is one of the most studied elicitors and has already been included in commercial products for field applications in kiwifruit orchards (Collina et al., 2016; Brunetti et al., 2020). This compound is believed to act as bacteriostatic, affecting the biochemistry of the bacterial surface (Shanmugam et al., 2016), and may also hamper the pathogen’s access to nutrients and minerals (Beatrice et al., 2017). Chitosan-elicited kiwifruit plants have shown enhanced expression of genes encoding PR proteins after Psa inoculation (Beatrice et al., 2017). Field efficacy to control Psa was demonstrated in a three-year trial with A. chinensis var. deliciosa ‘Hayward’, where leaf spots, twig wilting, and the number of exudates were significantly reduced due to chitosan application (Scortichini, 2014). Numerous positive attributes have been pointed to chitosan, including its broad activity spectrum, biodegradability and biocompatibility (Scortichini, 2014; Beatrice et al., 2017; Yang and Zhong, 2017); however, an important drawback for field application is its insolubility in water. To overcome this, several water-soluble chitosan derivatives have been obtained. In addition, several chitosan derivatives have been reported as having higher antibacterial activity than chitosan itself, especially against Gram-negative bacteria, possibly due to differences in the bacteriostatic effect and interference with the pathogen homeostasis (Yang and Zhong, 2017).

Plant elicitors are a viable alternative to conventional pesticides, and we believe that there will be an increment in their use in the coming years. Notwithstanding, further studies are required for optimizing elicitors´ use regarding application timings, methods and doses.




2.4 Emerging molecules and compounds



2.4.1 Essential oils and other bioactive compounds

Plants produce a wide diversity of substances used for signaling processes and defense against invaders, which include numerous bioactive molecules/compounds present in plant extracts (lato sensu) and, more specifically, in plant EOs (Song et al., 2016; Mori et al., 2019; Sciubba et al., 2019). The antibacterial activity of plant extracts has been attributed e.g. to the alterations in the permeability of pathogen cell surface, ultimately leading to the loss of intracellular contents and the death of the microorganism, and affecting its quorum sensing mechanisms (Chouhan et al., 2017; Pucci et al., 2018).

Activity against Psa and other pseudomonads were found in extracts from plants from the Liliales and Urticales orders, which inhibited bacterial multiplication for, at least, two weeks after leaf spraying (Balestra, 2007). Antimicrobial activity against Psa was also demonstrated for extracts and EOs from plants belonging to the families Myrtaceae (Pimenta spp., Melaleuca spp. and Syzygium aromaticum), Lauraceae (Cinnamomum spp. and Laurus spp.), Lamiaceae (Mentha suaveolens, Rosmarinus spp., Salvia spp., Monarda spp., Thymus vulgaris and Origanum vulgare), Poaceae (Phyllostachys heterocycla f. pubescens), Euphorbiaceae (Sapium baccatum), Amaryllidaceae (Allium sativum), Theaceae, Hypericaceae (Hypericum perforatum), Polygonaceae (Polygonum cuspidatum) and Vitaceae (Vitis vinifera) (Song et al., 2016; Vavala et al., 2016; Mattarelli et al., 2017; Vu et al., 2017; Pucci et al., 2018; Lovato et al., 2019; Mori et al., 2019; Simonetti et al., 2020). Until now, among the most effective EOs against Psa, as indicated by laboratory trials, are those rich in phenolic compounds, stilbenes, xanthones, olefinic compounds, cinnamaldehyde and tannins (Song et al., 2016; Vu et al., 2017; Mori et al., 2019; Simonetti et al., 2020). Song et al. (2016) showed the inhibitory effect against Psa of the constituents eugenol, methyl eugenol and estragole, from Pimenta spp. EO, and cinnamaldehyde, from Cinnamomum cassia EO. Activity against Psa and other bacteria was also demonstrated in vitro for several constituents of EOs isolated from the medicinal plant Sapium baccatum, including, methyl gallate, corilagin, tercatain, chebulagic acid, chebulinic acid, quercetin 3-O-α-L-arabinopyranoside and gallic acid (Vu et al., 2017).

Lovato et al. (2019) demonstrated the suppression of Psa virulence traits after exposure to green tea extracts (Camellia sinensis) by reducing pathogen motility and biofilm production. Despite the promising ability of EOs to inhibit Psa, their composition is strongly influenced by the plant growth conditions, chemotype, plant age and organ used (Pucci et al., 2018). Moreover, the extraction method is decisive relatively to what can be maintained or lost in EOs extract preparation (Mori et al., 2019). For example, Mori et al. (2019) showed that the antimicrobial activity of EOs from P. h. f. pubescens against Psa and other plant pathogens was considerably higher for EOs extracted by super-heated steam, as compared with EOs extracted with ethanol or hot water. In addition, Mattarelli et al. (2017) observed marked differences in the composition of EOs extracted from the closely related species Monarda didyma and M. fistulosa, not only in terms of constituent detected but also in their relative abundance. Despite this, their activity against Psa was similar, presumably because of higher content of carvacrol, observed in the EO with less thymol. Later, it was demonstrated, in vitro, that the antimicrobial capacity of carvacrol against Psa (including inhibition of Psa growth and biofilm formation) could be enhanced when combined with phages (Ni et al., 2020). Additionally, EOs can act synergistically, which might result in some cases in much lower doses needed for their efficacy against pathogens (Vavala et al., 2016), although little is known about the interactions leading to synergism or antagonism between EOs or their constituents (Chouhan et al., 2017).

Despite the clear advantages of using EOs in plant protection, phytotoxicity, difficulties in the uniformization and perishability of the products, low solubility and chemical instability, limit their inclusion in commercial formulations (Rossetti et al., 2017; Pucci et al., 2018). Nanotechnology can address some of those limitations. This was demonstrated by microencapsulating gallic acid and ellagic acid to control bacterial pathogens in kiwifruit plants (Rossetti et al., 2017). Nevertheless, the antimicrobial activity of integral EOs and their constituents, combined or applied alone, should be subject to further investigation and tested in the field. As these limitations are overcome and further research is developed, more EO-based products are very likely to emerge in the market soon.

Propolis is rich in EOs and in several bioactive compounds, including phenols, aromatic acids, diterpenic acids, aldehydes, monoterpene, amino acids, steroids, and inorganic compounds (Bulman et al., 2011; Gavanji et al., 2012; Pobiega et al., 2019). Despite major differences observed in the composition of different types of propolis, they are consistently referred as having a broad range of biological activities against bacteria (Ordóñez et al., 2011; Jaski et al., 2019), but studies on their use against Psa are still lacking.

Several bioactive compounds originated from plants have been investigated individually. One example includes forsythoside A, a phenylethanoid glycoside with antimicrobial properties obtained from the medicinal plant Forsythia suspensa (Oleaceae family) (Yuan et al., 2022). This compound has shown lytic capacity against Psa, as well as effectiveness in preventing biofilm formation, reducing swimming motility and affecting Psa biochemical processes (e.g., reduction of Psa IAA synthesis and interfering with the expression of virulence genes) (Pei et al., 2022). In planta, this resulted in decreased KBC symptoms in A. chinensis var. deliciosa ‘Hongyong’ potted plants (Pei et al., 2022).

Plant elicitation may also trigger the synthesis of potent bioactive compounds in plants. For example, root extracts from the xanthone-rich plant Hypericum perforatum elicited with chitosan oligosaccharides showed higher activity against Psa, when compared with extract from roots of non-elicited plants (Simonetti et al., 2020).




2.4.2 Antimicrobial peptides

Antimicrobial Peptides (AMPs) are short-chain molecules constituted of sequences of amino acids (typically between two and fifty amino acids) (Zhang et al., 2023b). Natural AMPs are universally distributed in living organisms, as part of the defense system of bacteria, protozoans, fungi, plants and animals (Srivastava et al., 2021). These biomolecules present microbiocidal and microbiostatic activity, also being able to modulate immune responses exclusively against prokaryotes (Kumar et al., 2018; Chen et al., 2021). For plant protection, there is a number of AMP-based products currently under development, and a few AMP-based commercial products have already been released to the market (Zhang et al., 2023b). However, to the best of our knowledge, there are no commercially available AMP-based products to be used against Psa.

The bactericidal capacity of AMPs is based on two main modes of action, namely including cell lysis through disruption of bacterial membranes and entrance inside the bacteria for interacting with intracellular components (Benfield and Henriques, 2020). Despite much remains to be unraveled about their functioning, it is known that the antimicrobial capacity of AMPs is related to the cationic activity of amino acids such as lysine and arginine, as well as to the hydrophobicity of amino acids like leucine, isoleucine, valine, phenylalanine and tryptophan targeting the cell membrane of the target microbe, and to the ratio between hydrophilic and hydrophobic residues or domains present in AMPs, a feature known as amphipathicity (Hale and Hancock, 2007; Kumar et al., 2018; Srivastava et al., 2021). Moreover, it has been pointed out the importance of the spatial arrangement of AMPs, establishing a relationship between the localization of hydrophobic, cationic or polar residues within AMPs and their antimicrobial capacity (Nguyen et al., 2011; Chen et al., 2021).

The AMPs have been included in several databases, such as the Antimicrobial Peptide Database (APD; https://aps.unmc.edu/) among others listed elsewhere, for disseminating their applicability, predicting their functioning and supporting the design of novel AMPs (Wang, 2015).

The use of AMPs in the control of pathogens shows several advantages such as their abundance of sources, the possibility of designing AMPs, rapid antimicrobial action, the capacity of degrading biofilms, low likelihood of promoting microbial resistance and efficacy in controlling metabolically inactive microbes (Han et al., 2021). The main disadvantages include their in vivo activity being diminished by ionic interactions, degradation by proteases and peptidases, the possibility of causing cytotoxicity, low-specificity, which may cause biological imbalances, and high cost in their production mainly due to the extraction and purification processes (Jung and Kang, 2014; Holaskova et al., 2015; Han et al., 2021). Nevertheless, these drawbacks have been gradually overcome, with existing AMPs serving as templates for designing novel molecules of enhanced antimicrobial capacity, with better stability, increased specificity, and lower cytotoxicity (Eckert et al., 2006; Jang et al., 2012). Candidate AMPs are screened through a trial-and-error approach, and synthetic AMPs with improved characteristics are constructed with modifications, multimerizations and inclusions of artificial amino acids and peptides (Zeitler et al., 2013; Kai et al., 2018; Gong et al., 2019; Chen et al., 2021). Regarding Psa, the first steps in the use of AMPs against this bacterium were made almost one decade ago. Cameron et al. (2014) reported short cationic AMPs with activity against Psa in vitro (the dodecapeptide amide, KYKLFKKILKFL-NH2, and the hexapeptide amide, WRWYCR-NH2), which showed effectiveness in controlling Psa comparable to that of streptomycin. The authors also showed that conjugation with the toxic moiety 5-nitro-2-furaldehyde (NFA) may be used for designing novel AMPs against Psa, whereas, in this case, acylation diminished the antimicrobial activity of the tested AMPs. Later, analogues of the cyclic lipopeptide battacin, produced in nature by the soil-borne bacterium Paneibacillus tianmunesis, have demonstrated enhanced antimicrobial activity if their synthesis includes linearization of the original structure. The most active was further tested in vitro for its ability to act against Psa, proving to be highly effective either in preventing biofilm formation or eradicating preformed biofilms (Zoysa et al., 2015). Activity against Psa and other phytopathogens was also demonstrated for a collection of 36 linear lipopeptides from the cecropin A-melittin hybrid undecapeptide (BP100). In general, it was observed that lipopeptides bearing a hexanoyl chain were more effective against both Psa and P. syringae pv. syringae (Oliveras et al., 2018). Mariz-Ponte et al. (2021) performed antibiograms for selecting candidate AMPs for further analysis against Psa. This resulted in the selection of three AMPs for conducting an in vitro assessment of their activity against eight Psa strains, utilizing the well-studied BP100 as a reference, and a flow cytometry technique to inspect bacterial membrane integrity, during the exposure to the tested AMPs. The authors suggest CA-M and 3.1 peptides as promising molecules for mixing with BP100 due to their higher bacterial permeabilization capacity when compared with BP100 (Mariz-Ponte et al., 2021). Hence, this constitutes an example of the potential of combining AMPs with different modes of action, aiming at a synergistic effect of these biomolecules against plant pathogens. More recently, the AMP Jelleine-Ic has shown effective control of Psa both in vitro and in vivo. This AMP showed ability to alter the bacterial membrane integrity, with strong consequences at the intracellular level in Psa. Moreover, Jelleine-Ic downregulated bacterial genes related to replication and damage recovery, which ultimately resulted in alleviating KBC symptoms in kiwifruit leaves (Zhang et al., 2023a).

Considering the natural sources of AMPs and the structural and biochemical modifications that can be performed in the synthesis of novel peptides, the possibilities are enormous. Moreover, despite many research studies on the activity of AMPs, in planta trials are still lacking. Limitations such as cytotoxicity, poor in vivo performance, instability of the substances and production costs are still major obstacles, concerning the application of AMPs against plant pathogens (Tang et al., 2018). These aspects have been tackled through peptide engineering, with production costs being gradually reduced because of advances in their synthesis, including the application of recombinant techniques using E. coli and yeast (Benfield and Henriques, 2020). The growing list of candidate AMPs to be used in the control of Psa points out to emergence of AMP-based commercial products to be used in KBC mitigation in the forthcoming years.





2.5 Microbial biological control agents

In recent years, the use of MBCAs for suppressing phytopathogens has become one of the dominating topics in plant disease management, with strong research and development of new Plant Protection Products (PPP) and many commercial products already in the market containing (beneficial) fungi, bacteria, and phages, as well as several bioactive compounds obtained from them (Fira et al., 2018; Pereira et al., 2021; Córdova et al., 2023). The great potential of MBCAs for controlling plant pathogens is based on several ecological characteristics, which confer a variety of action modes against their target, as recently reviewed by other authors (Köhl et al., 2019; Córdova et al., 2023).



2.5.1 Phages

Phages (or bacteriophages) are viruses that exclusively infect bacteria and whose genome consists of single-stranded or double-stranded DNA or RNA (Liu et al., 2022). They are the most abundant type of biological entity known to date, being virtually found in all environments (Di Lallo et al., 2014; Frampton et al., 2014). Despite being seen as promising agents for controlling phytopathogens since 1926, their application in agricultural settings remained minor for several decades, with phages mostly used for typing plant-infecting bacteria (Sulakvelidze and Barrow, 2005). However, this scenario has been changing in recent years, because of the need for providing suitable alternatives to antibiotics and copper-based compounds in plant disease management.

Phage taxonomy traditionally relied on morphological traits, but modern genomic tools have shifted the classification to a genome-driven approach (Chibani et al., 2019). This method enhances phylogenetic accuracy and aligns with phages’ mode of action, categorized into lysogenic and lytic cycles (Kering et al., 2019). Lysogenic phages integrate into bacterial genomes, delaying host disruption until triggered by environmental cues, while lytic phages swiftly destroy hosts upon injection (Vu and Oh, 2020; Liu et al., 2022). Lytic phages, preferred for plant protection due to higher efficacy and biological safety, are crucial in selecting phages for plant disease management. Key considerations include avoiding genetic transfer to hosts, efficient pathogen control (e.g., time of death), and specificity (Di Lallo et al., 2014; Frampton et al., 2014; Flores et al., 2020).

The success of phages in controlling several phytopathogens had led to the emergence of several phage-based commercial products, but none of them has been specifically developed to control Psa (Pereira et al., 2021; Wagemans et al., 2022). Nevertheless, an extensive list of candidate phages has been made available following several trials where their efficacy against Psa has been demonstrated both in vitro (Pinheiro et al., 2019) and in vivo (Flores et al., 2020). Active phages against Psa have been isolated either from healthy or Psa-infected Actinidia spp., as also from other sources such as the orchard environment, water bodies, or even from public sewage (Di Lallo et al., 2014; Yu et al., 2016; Park et al., 2018; Yin et al., 2019; Flores et al., 2020; Liu et al., 2021; Ni et al., 2021; Bai et al., 2022; Zhang et al., 2022). After an exhaustive screening of phage-host combinations, Frampton et al. (2014) selected 24 from more than 250 phages with activity against Psa, including phages with both narrow and broad host ranges. From this assessment using Psa strains and other pseudomonads (collected in kiwifruit orchards from several countries), the authors concluded that most of the phages against Psa belong to the Caudovirales order, have narrow interspecific host range and, presumably, use several strategies in the infection process. Nevertheless, this gives a gigantic basis of work to plant researchers, as it has been estimated that about 96% of phages fall into the Claudovirales order, which is further categorized into three families, depending on their tail structure: Myoviridae (contractile tail), Siphoviridae (non-retractable long tail) and Podoviridae (short tail) (Liu et al., 2022).

The commercially available RNA phage ϕ6 (from DSMZ Braunschweig, Germany) from the Cystoviridae family (Mindivirales order), originally applied in other pathogenic pseudomonads, was recently tested against Psa (Pinheiro et al., 2020). This phage showed efficacy in killing the bacteria both in vitro and ex vivo, using artificially inoculated leaves from Actinidia sp. (variety not disclosed) and two Psa strains belonging to biovar 3 (Pinheiro et al., 2020). Another study demonstrated enhanced capacity of a combination of two RNA phages from the Siphoviridae family with two DNA phages from the Podoviridae family in controlling Psa in planta, utilizing artificially inoculated A. chinensis var. rufopulpa seedlings (Bai et al., 2022). In particular, the authors observed stronger lytic capacity and prolonged growth of the phages within the mixture, when compared to their action alone (Bai et al., 2022).

Ni et al. (2021) assessed the lytic spectrum of the phage PN09, from the Myoviridae family, using 29 Psa strains and other five bacterial species (including P. aeruginosa) in vitro. This phage showed high specificity, causing lysis in all tested Psa strains while being innocuous to the other tested species. Furthermore, the endolysins produced by PN09 (LysPN09) showed lytic activity of about 65% (assessed through turbidimetry) when combined with ethylenediaminetetraacetic acid (EDTA) (Ni et al., 2021). Phage endolysins are crucial in bacterial virulence, as they degrade the peptidoglycan layer. In Gram-negative bacteria like Psa, effective disruption of the outer membrane and peptidoglycan layer during phage infection requires collaboration with adjuvant proteins, including holins, pinholins, and spanins (Gontijo et al., 2021). In fact, the lack of bacterial resistance against phages is largely due to the lytic action of endolysins targeting a strongly conserved structure such as the peptidoglycan layer among bacteria, making it hard for these microorganisms to evolve alternative mechanisms to defend themselves from phages (Gontijo et al., 2021). However, the absence of the adjuvant proteins in ex vivo applications of endolysins makes it necessary the use of membrane permeabilizers such as EDTA, citric acid, malic acid, lactic acid, benzoic acid or acetic acid, so endolysins can effectively reach the peptidoglycan layer of their hosts (Oliveira et al., 2016).

Recently, the efficacy of phage therapy in mitigating KBC was validated in planta, using several phages from the Podoviridae family (Flores et al., 2020; Song et al., 2021; Fiorillo et al., 2023). Flores et al. (2020) showed Psa load reduction and fewer KBC symptoms after the application of a phage cocktail applied to two-year-old ‘Hayward’ plants artificially inoculated with Psa. This cocktail contained four phages, which were selected for their lytic activity against Psa and tolerance to a wide range of temperature (4-37 °C), pH (4-7) and exposure to solar radiation (up to 60 min). Nevertheless, the putative synergism among different phages must be assessed on a case-by-case basis. For example, Song et al. (2021) observed that the phage PPPL-1 significantly reduced the KBC symptoms in six-week-old grafted plants grown in pots (with ‘Hayward’ and ‘Haehyang’ as rootstock and scion, respectively), while not confirming enhanced antibacterial capacity of a cocktail combining this phage with two other with known lytic activity against Psa. More recently, the phage φPSA2 (characterized in Di Lallo et al. (2014)), also from the Podoviridae family, demonstrated capacity to counteract Psa colonization capacity inside plant tissues and to reduce KBC symptoms in kiwifruit plants (Fiorillo et al., 2023). Hence, combinations of phages must be tested for their suitability to incorporate cocktails with increased antibacterial action. This is because their high specificity often restricts their action at the bacterial strain level (Hyman and Abedon, 2010). In fact, this aspect may represent either an advantage or an inconvenience. On the one hand, their high specificity confers biological safety but, on the other hand, this feature limits their antimicrobial action and may constitute a strong limitation to the market value of phage-based products, hampering their upscaling under multiple-target scenarios. For these reasons, to date, no commercial phage products have been approved to be used against Psa.




2.5.2 Fungi and bacteria

The modes of action of MBCAs are related to three categories of antagonistic interactions between MBCAs and plant pathogens: direct antagonism, mixed-path antagonism and indirect antagonism (Wachowska et al., 2017). Direct antagonism involves killing the pathogenic target through hyperparasitism/predation, whereas mixed-path antagonism involves suppression mechanisms through the production of antibiotics, lytic enzymes, bacteriocins, pathogen-inhibiting volatile compounds and siderophores. In turn, indirect antagonism is related to the induction of host resistance and/or to competition for ecological niches against pathogens (Tontou et al., 2016a; Tontou et al., 2016b; Wachowska et al., 2017; Compant et al., 2019; Gimranov et al., 2022).

An increasing list of beneficial fungi and bacteria applied to control Psa in kiwifruit orchards has been made available in recent years, including the fungi Aureobasidium pullulans, Trichoderma spp. and Ulocladium oudemansii and the bacteria Bacillus subtilis, B. amyloliquefaciens subsp. plantarum, P. fluorescens and Pantoea agglomerans (Stewart et al., 2011; Hill et al., 2015; Woodcock, 2016; Hoyte et al., 2018; de Jong et al., 2019; Rheinländer et al., 2021; Biondi et al., 2022). The kiwifruit ecosphere has been utilized as a source of microorganisms with antagonistic action against Psa. For example, Kim et al. (2019) performed a stepwise screening of bacteria for their activity against Psa, beginning with about three thousand isolates collected from rhizosphere soil, branch sap and pollen from A. chinensis var. deliciosa ‘Deliwoong’. The authors selected the bacteria Streptomyces sp. (undisclosed species), Streptomyces racemochromogenes (both collected from rhizosphere) and S. parvulus (collected from pollen) for their strong in vitro activity against Psa, and subsequent confirmation in planta, where these species demonstrated to reduce KBC symptoms in 12-week-old ‘Deliwoong’ plants. Also noteworthy was their capacity of colonizing both roots and leaves, opening good perspectives for their application as PPP (Kim et al., 2019). Several pseudomonads extracted from kiwifruit plants have also been tested as MBCAs against Psa. For example, P. putida and P. poae extracted as epiphytes from ‘Hayward’ leaves collected from kiwifruit orchards, have demonstrated their capacity to antagonize Psa on flower surfaces due to a fast epiphytic colonization. The authors also showed that the application of these MBCAs could provide epiphytic protection when applied under mild temperatures (10 °C), as this was tested in the experiment to mimic those which represent a higher risk of Psa infection in the field (Correia et al., 2022). In another study, the endophyte P. synxantha, isolated from A. chinensis var. chinensis, was proposed for further investigation due to its antagonistic activity against Psa, possibly resulting from the presence of genes involved in the synthesis of nonribosomal peptide synthetases, which may antagonize this phytopathogen (Tontou et al., 2016a; Tontou et al., 2016b). It was demonstrated that the endophytic bacterium P. bijieensis XL17 (P. corrugata subgroup), isolated from a crown gall of a rape plant, and its cell-free culture filtrate could antagonize Psa in in vivo trials (detached leaves) (Ali et al., 2022). Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) techniques were applied to show that P. bijieensis and its filtrate were able to destroy cells from this pathogen in an antagonistic action in which the phenolic polyketide 2,4-diacetylphloroglucinol (DAPG) and lipopeptides are likely involved (Ali et al., 2022). Therefore, the potential of using MBCAs goes beyond their direct action against the target phytopathogen, as several bioactive compounds can be obtained from them. For example, isobenzofuranones and isocoumarins obtained from the fungus Paraphaeosphaeria sporulosa and imidazole alkaloids obtained from Fusarium tricinctum, both fungal species extracted epiphytically from healthy kiwifruit plants, have demonstrated capacity to inhibit the growth of Psa in plate assays (Chen et al., 2022; Ma et al., 2022; Ma et al., 2023). Other bioactive compounds extracted from the fungus Zopfiella sp. obtained from kiwifruit plants include 3-decalinoyltetramic acid derivatives (Yi et al., 2021). In addition, the kiwifruit endophytic fungus Bipolaris sp. was found to have terpenoids (including sesquiterpenoids, sesterterpenoids and analogues) and xanthones with antimicrobial activity against Psa (and other phytopathogens), notwithstanding being less potent in inhibiting Psa growth than streptomycin (used as control, in plate assays) (Yu et al., 2022a; Yu et al., 2022b).

Extracts from four marine bacteria belonging to the phylum Planctomycetes, namely Alienimonas chondri, Rhodopirellula rubra, Rubinisphaera brasiliensis and Novipirellula caenicola obtained from the macroalgal biofilm of Gracilaria bursa-pastoris showed bacteriostatic effect against Psa and other phytopathogenic pseudomonads in a plate assay, whereas extracts from three bacterial species from the phylum Actinobacteria did not show antagonism against the tested targets (Gimranov et al., 2022). Furthermore, lactic acid bacteria (e.g., Lactobacillus plantarum) have also been considered a promising group because of their production of acidifying metabolites (organic acids), antimicrobial peptides (e.g., bacteriocins) and other bioactive compounds (Daranas et al., 2018; Purahong et al., 2018). Endophytic bacteria from the New Zealand native Leptospermum scoparium also showed activity against Psa both in vitro and in A. chinensis var. deliciosa plants, in which endophytes were inoculated through stem wounding and foliar spraying (Wicaksono et al., 2018). A few commercial MBCAs-based PPPs originally conceived for targeting other phytopathogens have been approved for KBC management. This was the case of Amylo-X® (based on B. amyloliquefaciens subsp. plantarum) and BOTRY-ZenR (based on U. oudemansii), after demonstrating the capacity to control Psa in the field, whereas AUREO® Gold (based on A. pullulans) and Kiwivax® (Based on T. atroviride and T. virens) were developed having Psa as main target (Hoyte et al., 2018; Rheinländer et al., 2021; Biondi et al., 2022). However, a full satisfactory level of preventive and curative capacity has not yet been achieved. Low mobility within the plant and the lack of knowledge on the persistence of the inoculated organisms are among the reasons why the long-term efficacy of using MBCAs is still seen with some reservations when considering field applications (Wicaksono et al., 2018). The development of MBCA-based products must go through the laborious path of a thorough comprehension of their mode of action to assure the lack of environmental disturbances related to their use (e.g., impact on pollinators). Furthermore, the approval of this type of PPP implicates strict and costly legal processes, which constitute important constraints for the release of new commercial products.






3 Overview on the scientific and technological progress of available tools for sustainable KBC management

Nearly fifteen years after the 2008 Psa outbreak, some of the disease management tools have evolved to the point of their commercial application, whereas other are still at more precocious stages of technological maturity. One of the most commonly used methods for assessing the level of maturity, between technologies that have little in common, consists in the Technology Readiness Level (TRL) model, which is presented in a nine-point system encompassing fundamental research (TRL1-TRL3), development and demonstration (TRL4-TRL6) and deployment of a given technology to a real environment (TRL7-TRL9) (White et al., 2022). Figure 1 depicts our view on the current technological maturity of each tool discussed above. The diagram was constructed considering three premises: (i) the technological maturity of each tool covered more than one TRL for better reflecting the diversity of developmental status of different molecules or techniques, within each disease management tool applied to KBC; (ii) achieving the validation and demonstration in relevant environment (TRL5 and TRL6, respectively) requires in vivo experiments (i.e., involving plant material) with a consistent degree of positive results; (iii) the evolution of the tools to the deployment phase (≥ TRL7) requires positive results in managing KBC in real environment (i.e., under field conditions), further distinguishing the consistency of results to a qualified level (TRL8) and evolution to the point of deployment of commercial solutions for KBC management (TRL9). Thus, the TRL analysis further evidences the role of plant breeding in a significant, though gradual, mitigation of KBC following the devastating impacts caused by biovar 3 of Psa. Indeed, at the moment of the 2008 outbreak, adequate tools to deal with this highly virulent phytopathogen were not available for the kiwifruit industry to effectively and timely address the KBC problem (Vanneste et al., 2011). Thereafter, the gradual substitution of Psa-sensitive cultivars with more tolerant ones has been consistently contributing to a recovery of the kiwifruit industry. In turn, the precision agriculture tools addressed in the current review (i.e., early disease detection tools; forecast models for Psa risk assessment) are still ongoing more precocious stages in the path to deploying effective and consistent solutions for their commercial application for KBC management, accessible to kiwifruit growers (Figure 1).




Figure 1 | Estimate of the current Technology Readiness Levels (TRLs) of different disease management tools for the mitigation of the kiwifruit bacterial canker. MBCAs, Microbial Biological Control Agents; Psa, Pseudomonas syringae pv. actinidiae.



In what regards the other disease management tools, it is clear that the molecules and MBCAs referred in the present work are currently at different stages in the development of novel PPP to counteract KBC. For instance, plant elicitors and fungal and bacterial MBCAs against Psa have already reached TRL9 (commercial application), whereas EOs and AMPs are found at lower TRLs (Figure 1). Indeed, a considerable part of these tools are presently ongoing laboratorial screenings, whereas other have been tested in planta, inclusively in greenhouse and field trials. Supplementary Table S1 (Supplementary Material) illustrates the diversity of molecules and MBCAs that have been tested for KBC mitigation, with a large part of the studies focusing on plant elicitors, EOs and other bioactive compounds, whereas the utilization of AMPs and phages remain poorly explored in Actinidia-Psa. In addition, the screening of novel molecules or MBCAs to be used against Psa is commonly made recurring to plate assays, and in planta trials most often utilize foliar spraying as application method in climate chamber, greenhouse or open-field conditions. Regarding the mode of action, there is a preponderance of plant elicitation of the SA-pathway, competition against Psa (in the case of MBCAs), bacteriophagy and antibacterial activity, both related to the bacteriostatic and bactericidal capacity of a number of molecules, mainly from EOs. Several molecules, especially plant elicitors, and MBCAs have already been tested under greenhouse and field conditions. Surprisingly, despite the promising results in relation to the application of EOs or their constituents in laboratory trials, there is a clear lack of studies addressing their testing in greenhouse or field conditions.

In respect to the assessment of the treatments’ efficacy, numerous molecules have shown ability to reduce visual symptoms in plant tissues, mainly in leaves, often subsequently to enhanced plant immune responses, with up-regulation and overexpression of defense-related genes in Psa-infected kiwifruit plants. Some of those studies point-out those responses as being genotype-dependent, further evidencing the necessity to increase the knowledge about susceptibility, tolerance and resistance to Psa of Actinidia genotypes. Furthermore, synergistic effects between molecules have been reported, inclusively when combining chemical elicitors (e.g., ASM) with fungal MBCAs such as A. Pullulans and Thrichoderma spp. (Hill et al., 2015; de Jong et al., 2019).

Most often, the in vivo antibacterial activity of the molecules has been referred in terms of Psa growth control, not allowing a fully understanding whether the results reflect a bacteriostatic or bactericidal effect against Psa. Nevertheless, studies including the testing of phages refer to Psa load reduction, pointing towards effective bacteriophagy of these microorganisms, belonging mainly to the families Cystoviridae, Podoviridae, Siphoviridae and Myoviridae, which have shown promising groups to explore in screening phages against Psa (Pinheiro et al., 2020; Bai et al., 2022; Liu et al., 2022).

Phytotoxicity and stability of the substances relatively to environmental conditions (e.g., temperature, UV radiation, pH) were utilized as criteria for assessing the suitability of several molecules for in planta application. Furthermore, the potential threat of pathogens to evolve, becoming more virulent or resistant to existing control methods, further increases the unpredictability in the development and deployment of plant disease management strategies (Colombi et al., 2017; Hemara et al., 2022). Until now, this has been addressed by targeting highly conserved structures of the pathogen. Apart from the need for guaranteeing low probability of bacterial resistance acquisition by Psa, it is also necessary to assure low environmental persistence of the new generation PPP to be used in KBC management. In fact, these two criteria have been the main motivations behind the recommendation of substitution of copper-based compounds in PPPs in the European Union (European Commission, 2018) and, in this sense, the plant elicitors, emerging molecules and MBCAs may render suitable alternatives.

In addition, innovative disease management tools, other than those presented in this literature review, may emerge possibly leveraged by the increasing knowledge about the Psa pathogenicity or the mechanisms of susceptibility/tolerance of kiwifruit plants to Psa. For example, recent studies have contributed to the understanding on how Psa utilizes signal receptors for host recognition, quorum sensing and induction of virulence responses through sensing plant- and bacterial-derived molecules, which inclusively allow Psa cells to communicate with other bacteria (Fiorentini et al., 2019; Cellini et al., 2020; Cellini et al., 2022). Hence, interfering with these bacterial communication systems could result in diminishing the KBC incidence.

In sum, all the strategies being developed for controlling Psa have inherent strengths, weaknesses, opportunities and threats (SWOT) which need to be considered in designing effective and sustainable KBC management (Table 1), ultimately providing the necessary tools to growers and phytosanitary surveillance programs.


Table 1 | SWOT analysis of different plant disease management tools currently being used or under development for the mitigation of the kiwifruit bacterial canker, caused by the bacterium Pseudomonas syringae pv. actinidiae (Psa).






4 Conclusion

Plant breeding is a cornerstone approach for achieving the milestone of reducing the chemical pesticides application (in 50% by 2030) to meet the European Green Deal. Indeed, breeding for tolerant genotypes (whenever possible) leads to lesser use of phytosanitary products in disease management routines, protecting the environment and human-health. In the case of KBC, the recent gradual introduction of tolerant cultivars had a major contribution in controlling Psa dissemination reducing the threat of this disease. Despite the controversies surrounding gene-editing techniques, these are contributing to further understand fundamental aspects of the plant-pathogen interactions.

Also aligned with the European Green Deal, the search for novel substances to manage KBC is being mostly focused on molecules of natural origin. In this respect, plant elicitors, EOs and other bioactive compounds, AMPs and MBCAs (phages, fungi and bacteria) have shown potential to be used against Psa, and the complexity of their matrices and the enormous possibilities of combination of active ingredients represent a very appealing basis of work for researchers dealing with the Actinidia-Psa pathosystem. Indeed, the plant protection industry is currently undergoing a profound transformation and MBCAs and their metabolites will certainly be among the main active ingredients of next-generation PPP to combat Psa.

Emergent technologies such as nanotechnology, for the development of innovative formulations, and artificial intelligence, to be used in the analysis of large amounts of data, will certainly be subject of further development in the next years, and be included in control strategies against Psa in commercial orchards. Increasingly sophisticated disease surveillance tools based on monitoring plant optical properties and forecast models have been gradually implemented in KBC management, and most likely will become a staple in coming years. They hold promise to assist in reducing production losses and containing pathogen spread by means of anticipated sanitary action in the field. Notwithstanding, these novel trends in KBC control are currently at different stages in terms of development, demonstration and deployment. Moreover, the pathogen-host-environment interplay has become increasingly dynamic and unpredictable in face of climate change and food trade globalization. Thus, the plant morpho-physiological, biochemical and molecular mechanisms underlying Psa tolerance must be thoroughly understood to allow developing optimized management regimens, combining different methodologies to tackle distinct risk factors, rather than relying upon one or two approaches alone. Finally, the potential threat of Psa evolving to more virulent biovars, or resistant lineages to existing control methods, highlights the importance of keeping on exploring effective and more environmentally friendly tools for KBC management. We believe that this review will help researchers in better understanding the mode of action, opportunities and limitations of different biotechnological and precision agriculture tools. Moreover, it supports the identification of knowledge gaps and avenues to propel further scientific and technological advances for managing KBC and preventing future outbreaks.
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Trifolium repens L. (white clover) and Lolium perenne L. (ryegrass) are green manures widely used in conservation tillage systems worldwide. Eleusine indica L. (goosegrass) is a globally recognized noxious weed. Herein, we investigated the effects of aqueous extracts, decomposed liquids, and different straw-to-soil ratios on the germination and growth of goosegrass. The results showed that high concentrations (≥ 30%) of aqueous extracts or decomposed liquids of both green manures significantly inhibited germination-related parameters of goosegrass. The strongest inhibitory effect was observed for the 7-day decomposition treatment, and white clover’s inhibitory effect was greater than ryegrass’s. A pot experiment showed that non-photochemical quenching, catalase, and peroxidase activity levels of goosegrass leaves were significantly increased. At the same time, the net photosynthetic rate significantly decreased. Seedling growth was inhibited when the straw-to-soil ratio was greater than 3:100. The ryegrass treatments inhibited goosegrass seedlings more than the white clover treatments. This study demonstrated the inhibitory potential of white clover and ryegrass straw return on seed germination and seedling growth of goosegrass. The study has also helped to identify weed-resistant substances in these green manures so that their weed-control properties can be used more effectively and herbicide usage can be reduced.
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1 Introduction

Herbicides are essential for agricultural output because weeds pose a serious threat to many agricultural systems. However, decades of herbicide usage have caused a rise in the number of herbicide-resistant weed populations and their toxicity to the environment, including crops, air, water, and soil (James et al., 2018; Tudi et al., 2021; Tataridas et al., 2022). High glyphosate (i.e., a common herbicide) levels in rivers and seas in China have been reported (Devi et al., 2022). There is a real and pressing demand to reduce the usage of herbicides. Planting green manures, also known as cover crops, effectively controls weed growth in farmlands (Mirsky et al., 2011). Green manures can suppress weed growth because they occupy the same ecological niche as weeds and compete with them for resources such as light, nutrients, water, etc. (Valentin et al., 2017). Additionally, they can release allelochemicals to inhibit or delay the germination of some weeds via allelopathy (Scepanovic et al., 2021; Tang et al., 2022).

Allelopathy has been defined as the chemical mediation of plant interactions. Allelochemicals, which are generally plant secondary metabolites, are released into the environment by foliar leaching, volatilization, residue decomposition, and root exudation and can inhibit the germination, growth, and survival of neighboring plants (Rice, 1985; Warren et al., 2017; Li et al., 2021). In a concentration-dependent manner, allelochemicals may significantly reduce germination and seedling growth in neighboring plants (Wang et al., 2018; Zhu et al., 2020; Wang et al., 2022). Furthermore, at the early stages of residue decomposition, the levels of inhibitory allelochemicals can be highly phytotoxic; however, as residue decomposition time increases, the levels eventually decrease (Puig et al., 2018). Many studies have attempted to design and develop herbicides based on major allelochemicals, such as phenolic compounds, terpenoids, and alkaloids, because of the inhibitory effects of these compounds (Macías et al., 2010; de Albuquerque et al., 2011; Jabran et al., 2015; Macías et al., 2019).

Conservation tillage is widely used in agricultural production worldwide because it improves soil health, stabilizes and increases crop yields, reduces greenhouse gas emissions, and so on (Derpsch et al., 2014; Dat and Lyubov, 2019; Deng et al., 2022). Conservation tillage can also control weeds by retaining crop residues to restrict the growth and propagation space for the weeds, increasing the populations of weed seed predators, combining crop rotation, etc. (Derpsch et al., 2014; Quinn et al., 2016; Deng et al., 2022; Yu et al., 2022). The numbers of Chinese research and applications concerning conservation tillage in northern areas of China are more prevalent than those in southern areas (Ao et al., 2021). It is theoretically feasible to use green manures and conservation tillage to suppress weeds in southern China, which has abundant water and heat resources and a serious weed threat (China Geological Survey, 2015).

White clover (WC) is a fast-growing perennial legume herb with intense coverage. Ryegrass (RG) is a multi-tillering herb in the Gramineae family that grows quickly. These plants are multipurpose green manures that are used widely worldwide (Bergtold et al., 2019). Goosegrass is an annual gramineous weed that occurs worldwide and harms crop yields (Zhang et al., 2021). It has a very high population in southern China because of the high temperatures and rainfall in the region. In our previous study, these green manures showed inhibitory effects on weed biomass in “green manure–maize–peanut” rotation systems, although the impacts of allelopathic effects have not been studied (Liu et al., 2022). The present study focuses on the effects of WC and RG straw on the germination and seedling growth of goosegrass, employing aqueous extracts (AE), decomposed liquids (DL), and straw return experiments to provide a scientific basis for using green manures to reduce herbicide usage.




2 Materials and methods



2.1 Plant material

Wild goosegrass seeds were collected at the Zengcheng Experimental Base of South China Agricultural University (23°24′29.85″N, 113°64′39.06″E). Green manures for the trials were sown in November 2019 and collected at the base in March 2020. The source of seeds was Junji Garden Seedling Farm. The collected straw was cleaned with clean water, allowed to dry naturally, crushed, and stored at indoor temperatures for later use.




2.2 Experimental and treatment design

The abbreviations appearing throughout Figure 1 are in the Supplementary Material (Table S1).




Figure 1 | The flowchart of the experimental process (WC, white clover; RG, ryegrass; AE, aqueous extract; DL: decomposed liquid).



We used dry WC and RG powder as the materials. In the AE experiment, 20 g of material were weighed to be mixed with 500 mm of sterilized water in a bottle and soaked in a shaker for 48 h at 200 rpm. This extract was filtered sequentially with filter paper and centrifuged at 12,000 rpm for 10 minutes. A 0.22 μm microporous membrane filtered the supernatant to remove bacteria. A 100% concentration of AE was prepared. The extracts were diluted with sterilized ultra-pure water into 2, 5, 30, and 80% of the treatment solution. Sterile water treatment was used as a control. Each treatment was set up in five replicates. We used 2.2% sodium hypochlorite to disinfect the goosegrass seeds for ten minutes, adopted the double-layer filter paper method, inoculated 30 goosegrass seeds into Petri dishes, and treated them with the treatment solution. The inoculated Petri dishes were placed in an artificial climate incubator at a temperature of 26 ± 2°C, a relative humidity of 75%, and a light-dark cycle of 12 h/12 h. The water was replenished and the germination number was recorded every day. The emergence of the radicle indicated the germination of goosegrass. The recording was stopped when the germination rate remained unchanged for three days.

In the decomposition experiment, we mixed material, fresh paddy soil, and ultra-pure water according to a weight ratio of 1:1:30 and put them into a plastic bottle with an inner lid. A soil solution without powder was used as the control. The mixtures were placed in a constant temperature shaker at 28°C for 200 rpm for 2, 3, 7, and 15 days. The extracts were sequentially filtered with filter paper, centrifuged (with the program set at 12,000 rpm for 10 min), and filtered with a 0.22 μm microporous membrane. A 100% concentration of DL was prepared. The next steps were similar to the AE experiment.

In the pot experiment, we mixed WC or RG powder with the substance (consisting of peat soil, coconut bran, vermiculite, and perlite) at a mass ratio of 1:100, 3:100, 6:100, and 10:100 (Liu et al., 2022). The substance without material was the control. The mixtures were put in the flowerpot, and 30 goosegrass seeds were sown. Each treatment was set up in five replicates.




2.3 Test items

Germinated seeds were counted daily. Goosegrass seeds were scored as germinated when their radicle length reached 1 mm. The plant height (PH) was measured from 10 seedlings with uniform growth selected from each treatment on the seventh day after inoculation. The fresh weight (FW) was measured for 20 seedlings randomly selected from 150 seeds from each treatment for three replicates (a particular proportion reduced the number of samples, and the final result was multiplied by the corresponding multiple after weighing when the sample was insufficient).

	

	

	

	

where Gr is the germination rate, Gp is the germination potential, Gi is the germination index, Gt is the germination number on different days, Dt is the statistical number of days, and Vi is the vital index.

The allelopathy response index (RI) was evaluated to determine the allelopathic effects of the AE and DL on goosegrass germination and seedling growth. The RI was defined as 1−C/T if T ≥ C or as T/C−1 if T< C, where C and T are the control and treatment values, respectively (Bruce and Richardson, 1988). RI > 0 indicates allelopathic stimulation, and RI< 0 indicates allelopathic inhibition. The absolute value was consistent with the degree of allelopathy. RI accumulate value = RIGr + RIGp + RIGi + RIVi + RIPH + RIFW. The RI accumulated value reached −6, indicating that germination was fully inhibited.

In the pot experiment, the last fully expanded goosegrass seedling leaf was selected for analysis from five replicates of each treatment. Superoxide dismutase (SOD) activity was measured by the nitro tetrazolium blue chloride reduction method, peroxidase (POD) activity by a colorimetric method, and catalase (CAT) activity by the guaiacol method (Zhang et al., 2017). The soluble protein (SP) content was measured by Coomassie brilliant blue staining (Jamshidi et al., 2021). The malondialdehyde (MDA) content was measured by the thiobarbituric acid method (Xiao et al., 2021).

The LI-6,800 photosynthesis measurement system (LI-COR, United States) was used to measure the following photosynthesis and fluorescence-related indexes: the net photosynthetic rate (Pn), the transpiration rate (Tr), stomatal conductance (Gs), the intercellular carbon dioxide concentration (Ci), the instant water use efficiency (iWUE), the maximal quantum yield of photosystem II (Fv/Fm), the quantum yield of photosystem II (ΦPSII), the electron transport rate (ETR), photochemical quenching (qP), and non-photochemical quenching (NPQ). The SPAD values (a leaf color value used to describe the relative chlorophyll content) were measured by a SPAD-502 plus (KONICA MINOLTA, Japan) instrument, which calculated the average of the leaf’s upper, middle, and lower parts.




2.4 Statistical analyses

The experimental data were analyzed using a one-way ANOVA. A two-way ANOVA was used to assess two main factors and their interactions: species and concentration in the AE experiment, decomposition times and concentration in the DL experiment, and species and ratios in the pot experiment. Significant differences were further compared using the post hoc Fisher LSD test. The significance analysis of the data was assessed in SPSS 24, plotted in GraphPad Prism 7, and expressed as the mean ± standard deviation. Correlation analysis, principal component analysis, and their visualizations were performed in RStudio 2023.03.0 (Posit Software, Boston, Massachusetts). The flowchart was plotted in draw.io v. 20.3.0 (JGraph Ltd., Northampton, England).





3 Results



3.1 Effects of aqueous extracts of green manures on goosegrass seed germination and seedling growth

Primary treatment factors of green manure species (S), concentration (C), and their interactions (S × C) significantly affected goosegrass seed Gp, Gi, and Vi (Figure 2, P ≤ 0.01). The factors C and S × C had the same effect on Gr except for S. Low concentrations of AE from the two green manures stimulated Gr, Gp, Gi, and Vi, while higher concentrations caused inhibition. It had a significantly inhibitory effect on the Gr, Gp, and Gi of both when the AE concentration reached 5%. At 30% concentration, WC had a stronger inhibitory effect than RG (Figures 2A–D, P ≤ 0.05). Only factor C significantly affected the plant height and FW of goosegrass. Both AEs stimulated seedling height (Figures 2E, F).




Figure 2 | Effects of the AE concentration of green manure species on goosegrass seed germination (A–D, n = 5), plant height (E, n = 10), and fresh weight (F, n = 3). Data are presented as mean ± SD. Different capital letters indicate significant differences between green manure species by the same concentration (P<0.05). Lowercase letters indicate significant differences among extract concentrations by the same green manures (P ≤ 0.05). S: green manures species; C: concentration; *: P ≤ 0.05; **: P ≤ 0.01; ***: P ≤ 0.001; NS: no significant difference.






3.2 Effects of decomposed liquids of green manures on goosegrass seed germination and seedling growth

The primary factors, decomposition duration (T) and concentration (C), and the interaction (T × C), significantly affected four germination indexes of goosegrass seeds (Figures 3A–D, P ≤ 0.001). The same trends as for AE were seen for the DL of the two green manures, i.e., Gr, Gp, Gi, and Vi were stimulated at low concentrations but inhibited at higher concentrations. The four germination indexes of goosegrass seeds under RG-DL were inhibited significantly at a 5% concentration, while the WC treatments had similar effects at a 30% concentration. The goosegrass seeds did not germinate when the WC-DL concentration reached 80% (Figures 3A–D, P ≤ 0.05). The inhibitory effects of DL on the four germination indexes increased with increasing duration of decomposition, and the maximum occurred in the treatments containing 7d DL as well as at the 30% concentration. WC and RG had similar effects, but the inhibitory effect of WC was stronger. For WC-DL at a 5% concentration allowed to decompose for 7d, Gp even approached zero (1.33%) (Figure 3B). However, Gr under the same conditions was inhibited compared to the control. Only factor C significantly affected the plant height (Figure 3E, P< 0.001). Nearly all WC-DL stimulated the plant height except those at an 80% concentration (Figure 3F).




Figure 3 | Effects of the DL concentration of green manure species on goosegrass seed germination (A–D, n = 5), plant height (E, n = 10), and fresh weight (F, n = 3). Data are presented as mean ± SD. Different capital letters indicate significant differences among decomposition days by the same green manure and concentration (P<0.05). Lowercase letters indicate significant differences among extract concentrations by the same green manures and decomposition days (P<0.05). T: decomposition duration; C: concentration; *: P ≤ 0.05; **: P ≤ 0.01; ***: P ≤ 0.001; NS: no significant difference.






3.3 Effect of white clover and ryegrass extracts on goosegrass seed germination and seedling growth

Both AE and DL of WG and RG inhibited goosegrass germination at high concentrations (≥ 30%) and stimulated it at low concentrations (2%) (Figure 4). Additionally, they had a specific stimulation effect on the plant height. Overall, the absolute values of RIGp were greater than RIGr, which showed that AE and DL inhibition effects were stronger for Gp than for Gr. The RI accumulated absolute values of WC were greater than those for RG under the same conditions at concentrations ≥ 30%. The inhibition effect of the DL decomposed for 15 days was lower than that for seven days. The RI accumulated absolute value of 30% WC-DL15d was 12.96% lower than that of 30% WC-DL7d, and the values for RG-DL15d averaged at 56.92% lower than those of RG-DL7d.




Figure 4 | RI accumulated the value of green manure extracts on goosegrass. RI, response index; WC, white clover; RG, ryegrass; AE, aqueous extract; DL, decomposed liquid. The adjacent columns from left to right in the same treatment represent concentrations of 2%, 5%, 30%, and 80% respectively.






3.4 Effects of white clover and ryegrass straw return to the soil on seedling growth and the SPAD value

The entire goosegrass seedlings were smaller than those in the 0:100 treatment group, i.e., the control, when the straw-to-soil ratio (SSR) was ≥6:100, and the leaf sizes of the seedlings treated with RG were smaller than those treated with WC (Figure 5A). Only the primary factor, the SSR (R), and the interaction (S × R) significantly affected the SPAD value. Nearly all of the treatments significantly inhibited the SPAD of the seedlings except for the WC6:100 treatment, compared with the control (Figure 5B).




Figure 5 | Effect of different ratios on goosegrass seedling growth (A) and the SPAD value (B, n = 5). Data are presented as mean ± SD. Different lowercase letters indicate significant differences among ratios by the same green manure (P ≤ 0.05). *, **, and *** above the column and the line indicate significant differences between WC and RG by the same ratio at the levels of P ≤ 0.05, P ≤ 0.01, and P ≤ 0.001, respectively. NS: no significant difference. S: green manure species. R: straw-to-soil ratio.






3.5 Effects of white clover and ryegrass straw return to the soil on seedling growth and photosynthesis-related properties of goosegrass

There was a significant effect among the green manure species (S), R, and the S × R interaction in the goosegrass photosynthetic parameters (i.e., Pn, Gs, Tr, and Ci) (Figures 6A–D, P ≤ 0.05). Only R and S × R significantly affected iWUE (Figure 6B, P< 0.05). Both the WC and RG treatments suppressed Pn overall compared to the control. The Pn level in the RG treatments was significantly lower than in the WC treatments. It was close to or less than half of the control value (4.73 μmol·m-2·s-1) when the same ratio was used (Figure 6A). WC and RG exhibited similar trends in their effects on Tr and Gs. Compared to the control, the WC treatments significantly stimulated Tr and Gs, while the RG treatments significantly decreased them (Figure 6B). Both Ci values were significantly improved under the WC and RG treatments compared to the control. The improvements in the Ci values for the 1:100, 3:100, 6:100, and 10:100 SSR were 95.81%, 106.00%, 82.01%, and 56.20%, respectively, compared to the control (Figure 6C). C and RG both significantly inhibited iWUE compared with the control group. With the increase in the ratio, the decreases in WC were 58.79%, 32.59%, 34.39%, and 55.27%, whereas those in RG were 22.86%, 16.17%, 55.13%, and 43.03%, respectively, compared to the control (Figure 6D).




Figure 6 | Effect of different ratios on goosegrass photosynthetic parameters (A–D, n = 5). Data are presented as mean ± SD. Different lowercase letters indicate significant differences among ratios by the same green manure (P ≤ 0.05). *, **, and *** above the column and the line indicate significant differences between WC and RG by the same ratio P ≤ 0.05, P ≤ 0.01, and P ≤ 0.001, respectively. NS: no significant difference. S: green manure species. R: straw-to-soil ratio.






3.6 Effects of white clover and ryegrass straw return to the soil on fluorescence parameters of goosegrass

The factors S, R, and S × R had a significant effect on the goosegrass fluorescence parameters (Fv/Fm, ETR, ΦPSII, and NPQ, P ≤ 0.05; Figures 7A, B, D). Only R and S × R significantly affected qP (P ≤ 0.05, Figure 7C). Only WC10:100 treatment significantly inhibited Fv/Fm, with a decrease of 7.38% (Figure 7A). The WC and RG treatments showed similar trends in their effects on ETR and ΦPSII. Overall, the WC treatment significantly increased ETR and ΦPSII, while RG significantly suppressed them. The WC treatment showed significantly higher ETR and ΦPSII values than RG at the 1:100, 3:100, and 6:100 ratios (Figure 7B). Both the WC and RG significantly increased the NPQ compared to the control. The stimulation ranges initially increased and then decreased as the SSR increased. The increases in NPQ for WC were 75.04%, 116.14%, 108.00%, and 64.02%, while those for RG were 72.34%, 183.95%, 254.77%, and 168.01%, respectively, compared to the control. When the ratio was ≥ 3:100, the inhibitory effect of RG was significantly greater than that of WC (Figure 7D). Compared to other indicators, qP was less affected by the WC and RG treatments (Figure 7C).




Figure 7 | Effect of different ratios on the fluorescence parameters of goosegrass seedlings (A–D, n = 5). Data are presented as mean ± SD. Different lowercase letters indicate significant differences between ratios by the same green manure (P ≤ 0.05). *, **, and *** above the column and the line indicate significant differences between WC and RG by the same ratio at P ≤ 0.05, P ≤ 0.01, and P ≤ 0.001, respectively. NS: no significant difference. S: green manure species. R: straw-to-soil ratio.






3.7 Effects of white clover and ryegrass straw returning to the soil on physiology indexes of goosegrass

The factors S, R, and S × R interaction significantly affected the SOD, POD, CAT, MDA, and SP values (Figure 8, P ≤ 0.01). RG significantly stimulated the physiology indexes of resistance stress in seedlings (i.e., SOD, POD, and CAT). The stimulation ranges by RG were greater than those by WC compared with the control (Figures 8A, B, P ≤ 0.05). There was no significant effect on SOD for WC except at the 6:100 ratio. The SP increase for WC and RG only occurred at the 1:100 SSR. No significant effect with WC was seen on the MDA of the goosegrass seedlings, but significant inhibition occurred with RG.




Figure 8 | Effects of different ratios on antioxidant enzyme activities (A, B), soluble protein, and MDA content (C, D) of goosegrass seedlings. Data are presented as mean ± SD. Different lowercase letters indicate significant differences between ratios by the same green manure (P< 0.05). *, **, and *** above the column and the line indicate significant differences between WC and RG by the same ratio at P< 0.05, P< 0.01, and P< 0.001, respectively. NS: no significant difference. S: green manure species. R: straw-to-soil ratio.






3.8 Comprehensive analysis of parameters for the straw return experiment

Pn has the highest number of pairwise correlations (13, r > 0.3) with the other parameters, while parameters Ci, qP, SOD, SP, and SPAD have fewer pairwise correlations (6, 6, 6, 2, and 4, respectively). Specifically, a very high positive correlation exists between Tr and Gs, and ETR and ΦPSII are similar (r > 0.95, P ≤ 0.001). Pn also strongly correlates positively with Tr (r = 0.78, P ≤ 0.001). Pn, Tr, Gs, ETR, ΦPSII, qP, and MDA show positive pairwise correlations between each other. NPQ, POD, and CAT also exhibit similar correlations. Conversely, Pn and MDA negatively correlate with NPQ, POD, and CAT. The negative correlation between Pn and NPQ is highly significant (r = −0.74, P ≤ 0.01). There is a negative relationship between Fv/Fm, Pn, Tr, Gs, ETR, and ΦPSII. It is also significant (P ≤ 0.01) for Pn, Tr, and ΦPSII (Figure 9A).




Figure 9 | (A) Relationship between different parameters of goosegrass seedlings. The red ellipse represents a negative relationship among parameters, and the blue represents a positive relationship among parameters. The stronger the correlation is, the smaller the ellipse is. The numbers represent the correlation coefficients calculated using the Spearman method. ns: no significant difference, * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001. (Ba) The results of multiple comparisons on the eigenvalues of PC1 for different treatments (P ≤ 0.05). (Bb) The variance contributions of the 16 parameters in the straw returning experiment to PC1 and PC2. (Bc) Principal component analysis (PCA) of different treatments among goosegrass seedlings. (Bd) The results of multiple comparisons on the eigenvalues of PC2 for different treatments (P ≤ 0.05).



The first two principal components (PC1 and PC2) represent 37.49% and 21.86% of the variation in physiological expression of the goosegrass seedlings, respectively (Figure 9Bc). The parameters that show contributions to PC1 and PC2 are greater than expected (i.e., 6.25%), and a total of nine parameters have been ranked in descending order as follows: Gs, ETR, ΦPSII, POD, Tr, MDA, Pn, NPQ, and CAT (Figure 9Bb). The angle for the response variables vectors is less than 90 degrees, indicating that they are positively correlated. The angle of negative correlated response variables vectors is greater than 90 degrees. The correlation relationships among the nine main parameters in the PCA analysis are similar to the results of the correlation analysis (Figure 9Bc). NPQ, POD, and CAT exhibit positive pairwise correlations. The remaining six parameters also display similar correlations. However, a negative correlation exists between these two groups of parameters. Among the latter group of parameters, the correlation between Pn and MDA is higher than their pairwise correlations with the other four parameters.

The results of the PCA indicate that the nine main parameters are grouped into three categories with respect to their correlations. The first group consists of NPQ, CAT, and POD. The second group includes ETR, ΦPSII, Gs, and Tr. The final group comprises Pn and MDA. When compared to the control, NPQ, CAT, and POD all show similar responses for the WC and RG, that is, a significant enhancement. The size of the increase grows as SSR goes up.

Additionally, NPQ in the RG treatment was significantly higher than in the WC treatment (SSR ≥ 3:100). Overall, Pn exhibited an inhibitory response in the WC and RG; the inhibitory effect was stronger in the RG treatment than in the WC treatment. The WC treatments showed no significant difference in MDA compared to the control, while the RG treatments significantly reduced MDA in the goosegrass seedlings. ETR, ΦPSII, Gs, and Tr showed similar responses in the straw return treatments, but differences were observed between WC and RG. The WC treatment exhibited overall stimulation compared to the control, while RG showed inhibition.

There are significant differences between the RG and WC treatments when it comes to the PC1 variables. Among the WC treatments, only WC3:100 is significantly different from the control (Figure 9Ba). For the PC2 variables, significant differences are present between the WC and RG compared to the control overall, and the degree of difference increases with the increase in ratio. The WC and RG treatments only show a significant difference at the 1:100 SSR (Figure 9Bd).





4 Discussion

High concentrations (≥30%) of white clover and ryegrass extracts have an allelopathic inhibitory effect on the germination of goosegrass seeds. There are many studies using plant extracts to inhibit seed germination to prove their allelopathic inhibitory effect. Wang et al. (2022) found that AE of three herbs inhibited Lactuca sativa seeds at high concentrations. Paula et al. (2020) found that the extract and fractions of Smilax brasiliensis leaves showed an inhibitory effect on Allium cepa seeds. Gil et al. (2022) found the thermal allelopathic effect of two coniferous plants (Pinus densiflora and P. koraiensis) on inhibiting Brassica napus germination and seedling growth. Sakit et al. (2022) found the phytotoxic effects of Acacia saligna stem extract on the germination of economically important crops. The germination experiment showed that goosegrasses for high concentration treatment significantly inhibited gemination indicators, indicating that there was a significantly inhibiting effect on the germination of goosegrass seeds by the extracts (AE and DL) of white clover and ryegrass. The inhibitory effect was greater with the white clover treatment than with the ryegrass treatment.

White clover and ryegrass treatments for high straw-to-soil ratio (≥3:100) had a significant inhibitory effect on the seedling growth of goosegrass. In these conditions, goosegrass seedlings grew more slowly, had lower photosynthesis-related properties, and had higher antioxidant enzyme activities. Studies with regard to the effect of straw return on weeds are usually focused on weed seedbank and weed density (Kumar et al., 2022). We referred to relevant research on plants under stress. Sakit et al. (2022) found that the leachate extract of Acacia saligna decreased photosynthesis, PSII activity, and water use efficiency of tested crop species, with evident effects at higher concentrations. Yan et al. (2022) found that the straw return treatment could reduce the photosynthetic capacity, inhibiting the growth of rice plants. Kumar and Singh (2018) found higher amounts of CAT and SOD in insect-damaged Ludwigia species compared to undamaged plants.

Compared to plants in non-stress conditions, stressed plants had lower photosynthesis and fluorescence parameters and higher antioxidant enzyme activities. However, the pot experiment showed goosegrass seedlings under high straw-to-soil ratios with higher fluorescence parameters (especially NPQ) and lower MDA content compared to the control. Non-photochemical quenching (NPQ) is a protective mechanism that regulates plants’ absorption and dissipation of excess light energy, thereby preventing damage to photosynthetic pigments and chloroplasts (Kreslavski et al., 2007; Ruban, 2016). Accumulation of malondialdehyde (MDA) commonly indicates plants with oxidative damage in stress conditions (Khosrojerdi et al., 2023). We hypothesized that goosegrass seedlings under high ratios with an available fluorescence protective mechanism and without oxidative damage. The treatments for the high ratios of WC and RG only delayed the growth of seedlings. Additionally, the delaying effect was greater with the ryegrass treatment than with the white clover treatment.

We think that it is less possible for the greater delaying effect of the ryegrass treatments under high ratios due to their high fluorescence parameters and low MDA content. Appropriate carbon/nitrogen ratios of green manures can promote straw decomposition (Tang et al., 2021). Previous studies have shown that leguminous green manure return had a greater effect on improving the composition of soil microbial communities than non-leguminous green manure (Zhan et al., 2018), enhancing the mineralization rate of organic matter by soil microorganisms (Qiao et al., 2018; Wang and Tang, 2018; Asghar and Kataoka, 2021), improving soil fertility (Li et al., 2016), and ultimately promoting crop growth (Manici et al., 2018). We speculated that it may be because white clover straw return could provide more nutrients to plants for better growth of goosegrass seedlings under white clover treatments at high ratios compared to the ryegrass treatments.

A limitation of this study is the inability to convert the extract concentrations in the germination experiment to the corresponding straw-to-soil ratios in the pot experiment. Another limitation is that we only considered the effects of green manure return on seed germination and seedling growth of goosegrass without considering their effects on the soil. The main mechanism that inhibits the seedling growth of goosegrass remains unclear.




5 Conclusion

This study indicated that incorporating white clover and ryegrass as green manure into soil could suppress goosegrass growth. It is necessary to study the direct and indirect effects of decomposition residues on the soil to investigate how green manure residue decomposition inhibits weed growth. For instance, further exploration of the changes in soil composition, nutrients, and microorganisms after the decomposition of straw return in different biomass would help provide a more scientific basis for reducing the usage of herbicides and utilizing white clover or ryegrass returned to the field to manage weeds in agricultural fields.
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Introduction

High-throughput phenotyping technologies together with metabolomics analysis can speed up the development of highly efficient and effective biostimulants for enhancing crop tolerance to drought stress. The aim of this study was to examine the morphophysiological and metabolic changes in tomato plants foliarly treated with two protein hydrolysates obtained by enzymatic hydrolysis of vegetal proteins from Malvaceae (PH1) or Fabaceae (PH2) in comparison with a control treatment, as well as to investigate the mechanisms involved in the enhancement of plant resistance to repeated drought stress cycles. 





Methods

A phenotyping device was used for daily monitoring morphophysiological traits while untargeted metabolomics analysis was carried out in leaves of the best performing treatment based on phenotypic results.




Results

PH1 treatment was the most effective in enhancing plant resistance to water stress due to the better recovery of digital biomass and 3D leaf area after each water stress event while PH2 was effective in mitigating water stress only during the recovery period after the first drought stress event. Metabolomics data indicated that PH1 modified primary metabolism by increasing the concentration of dipeptides and fatty acids in comparison with untreated control, as well as secondary metabolism by regulating several compounds like phenols. In contrast, hormones and compounds involved in detoxification or signal molecules against reactive oxygen species were downregulated in comparison with untreated control.






Conclusion

The above findings demonstrated the advantages of a combined phenomics-metabolomics approach for elucidating the relationship between metabolic and morphophysiological changes associated with a biostimulant-mediated increase of crop resistance to repeated water stress events.
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1 Introduction

Agricultural lands cover approximately 38 percent of the global land surface, and one-third of this is used as cropland (FAO, 2022). This could explain how nowadays crop production and food security may be subject to climate change and how much it will be in the future (Kang et al., 2009; Wang et al., 2023). Climate change refers to changes in climate conditions such as increasing temperatures, changes in precipitation frequency, duration and intensity, and occurring extreme weather events (Skuras & Psaltopoulos, 2012). Climate reports (NOAA, 2023) evidenced a trend from 1880 until now highlighting higher frequency of extreme events especially in the last ten years. One of the outcomes of this unbalanced situation is drought exacerbated by warm and dry conditions with a direct impact on water resources and irrigation requirements (Malek et al., 2018), crop growth conditions, productivity, and cultivation areas. Farmers should find new ways to improve resilience of their crop production aiming at building tolerance against the effects of global warming (Skuras & Psaltopoulos, 2012; Ward, 2022).

In this scenario plant biostimulants could help to preserve crop yields in unfavorable environmental conditions. Among biostimulants, protein hydrolysates (PHs) are gaining a growing interest due to the presence of several beneficial compounds (e.g., peptides, amino acids) that act at multiple levels on plant metabolism increasing nutrient and water use efficiency, yield, and quality, especially when crops grow in unfavorable environmental conditions (Colla et al., 2015; Colla et al., 2017; Van Oosten et al., 2017). Different researchers evidenced the benefits in applying PH on crops subjected to drought stress (Vasconcelos et al., 2009; Colla et al., 2015; Bavaresco et al., 2020; Agliassa et al., 2021). A study performed on tomato grown in open field showed a better water status and pollen viability, and increased yields under drought stress in plants treated with PH in comparison with an untreated control (Francesca et al., 2021). However, in the previous tomato study, PH was applied at high rate (4.8 g/plant) through fertigation system which may have affected plant performance more as nitrogen source than as biostimulant. In another tomato study, Hamedeh et al. (2022) observed in a short tomato trial (8 days) that foliar sprays of a biostimulant based on the complexation of a plant-derived pool of polyphenols with magnesium mitigated the negative effects of water deficit on plants by upregulating genes involved in the carbohydrate metabolism and translocation, stomatal closure, and cell homeostasis, and by stabilizing the levels of the photosynthetic pigments, regulating the accumulation of osmoprotectants, and preserving the cell wall lipid bilayer from oxidation. However, the above tomato study was not able to fully characterize the crop behavior to foliar biostimulant applications over time under multiple drought stress conditions. High-throughput plant phenotyping platforms have been used for studying the biostimulant activity of products through monitoring in a non-destructive way several morpho-physiological plant traits (Rouphael et al., 2018). Moreover, metabolomic analysis of plant tissues has been successfully combined with plant phenotyping to understand the mode of action of plant biostimulants. For instance, Paul et al. (2019) used a phenotyping platform to study the effects of a plant-derived PH on potted tomato plants at early stage of growth under limited water availability, and the best performing treatments were subjected to metabolomic analysis for understanding the mode of action of PH. The phenotyping system was based on multiple stations where plants were moved toward the sensors (‘plant to sensor’) to take information on morpho-physiological traits through RGB, kinetic chlorophyll fluorescence, and thermal imaging. Plant phenotyping revealed that tomato plants grown under low water availability conditions and treated with PH grew better (e.g. higher digital shoot biomass at the end of the trial, and greater relative growth rate over the entire phenotyping period) than control plants. Moreover, metabolomic analysis demonstrated that PH-treated tomato leaves exhibited an improved tolerance to reactive oxygen species in comparison with untreated control leaves. ‘Sensor to plant’ phenotyping platforms have been proposed as alternative to ‘plant to sensor’ platforms for avoiding mechanical disturbance of the plants due to their continuous movements toward the sensors and back to the growing area. A ‘sensor to plant’ phenotyping platform based on a 3D laser scanner implemented by Phenospex (PlantEye F500; Phenospex, Limburg, The Netherlands) was used by Sudiro et al. (2022) to study the effect of two foliar sprays of a plant-based biostimulant on tomato crop recovery after a single water stress event under growth chamber conditions. However, Sudiro et al. (2022) failed to discriminate the treatments effects on morpho-physiological parameters because phenotyping was applied only once at the early beginning of drought stress (4 days after treatment).

Starting from the above considerations, we hypothesized that PHs could improve drought stress recovery of tomato plants to repeated water stress events by modulating morpho-physiological traits and metabolic profile. A greenhouse trial was performed to evaluate the effects of two vegetal-derived PHs on tomato plant recovery after four water stress events. 3D laser scanners (PlantEye F500; Phenospex, Limburg, The Netherlands) were used to monitor daily the morphological traits (digital biomass, 3D leaf area, plant height, plant volume), and plant spectral indices related to the chlorophyll content and plant health. Moreover, metabolic analysis was performed on leaf samples from the best performing PH and control treatment to identify the metabolites differentially expressed on PH-treated leaves.




2 Materials and methods



2.1 Experiment set up, crop management and growing conditions

The experiment was performed under natural conditions of light and temperature in a polymethyl methacrylate greenhouse at the Experimental Farm of Tuscia University from 20 May 2022 to 22 June 2022 (33 days after transplanting); during the growing cycle the maximum and minimum air temperature was 39 and 16°C, respectively. To reduce excessive temperatures and humidity a ventilation system and side openings were automatically activated when the air temperature exceeded 27°C.

Tomato seeds (Solanum lycopersicum L. - cv Syrope F1, Nunhems-BASF, S. Agata Bolognese, Bologna, Italy) were sown in trays (160 holes/tray) filled with a commercial substrate containing mainly peat moss (Brill, Georgsdorf, Germany). The trays were maintained in a growth chamber since the cotyledons reached their full expansion, then they were moved in a greenhouse at 25°C and were regularly watered. After one week the seedlings were fertigated with a solution containing 1 g L-1 of a soluble NPK fertilizer (20% N - 8.8% P - 16.6% K), and once they reached two fully expanded leaves, plants were transplanted in 1 litre pots filled with a sandy loam soil (sand 79%, silt 9%, clay 12%), with sub-alcaline pH, medium cation exchange capacity, and low organic matter content. The pots were placed in benches with a plant density of 15 plants/m2. The irrigation system was a dripping system with 2 L h-1 emitters. During the crop cycle it was used a deltamethrin-based insecticide at the dose of 3 ml L-1 to control pests (Decis Evo, Bayer CropScience S.r.l., Milano, Italy).

Before transplanting the water container capacity was measured by saturating three pots and letting them drain for one day before weighing their water holding capacity. During the drain period the surface of the pots was covered with plastic film to avoid evaporation. The water container capacity was calculated as the mean of the weight difference between substrate at water holding capacity and the dry weight of substrate in each pot. Before transplanting all pots were saturated at container capacity and all plants after transplanting were regularly watered for the first week, then the irrigation was cut off to induce water stress. Irrigation was re-applied to saturate the substrate when the plants started showing visible symptoms of water deficit (e.g., beginning of leaf wilting and curling; stem bending), which correspond to a substrate water depletion of 75% of the water holding capacity. Water stress cycles became progressively shorter as air temperature and solar radiation increased, from 9 to 3 days of irrigation interruption.

Fertigation was applied manually two days after transplanting and repeated at mid-cycle with a nutrient solution having an EC of 2.0 dS m-1 and a pH of 6.0. The nutrient solution contained the following nutrients: N-NO3 (14 mM), P (1m M), S (2.5 m M), K (4 mM), Ca (7 mM), Mg (1.25 mM), Fe (17.1 µM), Mn (17.4 µM), Zn (3.7 µM), B (11 µM), Cu (1.9 µM), Mo (0.5 µM). Seventy-two plants were distributed according to a randomized complete block design with 12 replicates. Each replicate was composed by one plant per treatment. The following treatments were tested during the water stress cycles: two prototypes of plant-derived protein hydrolysates (PH1 and PH2) and a control treatment. PH1 and PH2 were obtained through enzymatic hydrolysis in the biostimulant discovery platform of Hello Nature USA (Anderson, IN 46016, US). PHs were applied as foliar spray diluted at the dose of 3 ml L-1 and control treatment sprayed with distilled water was also included. PH1 was a Malvaceae-derived PH containing 16.9% carbon, and 4.67% nitrogen as free aminoacids and peptides. The aminogram has been reported by El-Nakhel et al. (2023). PH2 was a Fabaceae-derived PH having a carbon content of 20.0%, and 4.9% of nitrogen as free aminoacids and soluble peptides. The PH2 composition has been reported by Ceccarelli et al. (2021). PHs were applied weekly for a total of 5 treatments starting 3 days after transplanting until 2 days before the end of the trial, and they were applied in the late afternoon when the conditions were more favorable (lower temperature and higher humidity) for leaf absorption. The solution was sprayed with a 2 L manual sprayer (Volpitech 2; Volpi, Casalromano, Italy) until it was running off leaves. During each foliar spraying event, pot surfaces were covered with plastic films to avoid substrate contamination with biostimulant treatments.




2.2 Plant phenotyping

A high-throughput phenotyping platform, belonging to Arcadia Spin-off Company (Rivoli Veronese, Italy), located at the Experimental Farm of Tuscia University was used to monitor morpho-physiological parameters of tomato plants. The platform consisted of two sensors (PlantEye F500 - Multispectral 3D laser scanners; Phenospex, Herleen, The Netherlands) able to detect a cloud of points/pixels corresponding to the plants shape. Simultaneously, a flashing light lit the plants and measured in different wavelengths to acquire information about the state of health. According to the data acquisition method, the plots were recognized by the sensors through barcodes (Figure 1).




Figure 1 | Experimental plots placed on the benches in correspondence of the barcodes detected by the PlantEye F500 - Multispectral 3D laser scanners.



The experimental design was set up on a software connected to the platform to monitor morpho-physiological plant traits (HortControl; Phenospex, Herleen, The Netherlands). Plants were scanned daily for the whole crop cycle. The scans were carried out in the central hours of the day when the atmospheric evaporative demand and the water stress effects on plants were highest.

Three main morphological crop traits were explored with the multispectral 3D laser scanners: digital biomass, 3D leaf area, and plant height. These traits are related to each other because digital biomass is the product of the leaf area and plant height. 3D leaf area is also linked to the projected leaf area, that is a parameter calculated on the section plane corresponding to the height of the pot set manually on the software. The following physiological parameters were explored thanks to the visible light and infrared spectra: Normalized Difference Vegetation Index (NDVI), Normalized Pigment Chlorophyll ratio Index (NPCI), Plant Senescence Reflectance Index (PSRI), Green Leaf Index (GLI), and Hue.

NDVI is widely used to study the plant photosynthetic efficiency and it is calculated as follow:

	

where the peak wavelength for NIR and RED was 720-750nm and 620-645nm, respectively.

NPCI is used to estimate chlorophyll content through the following formula:

	

where BLUE had a peak wavelength of 460-485nm.

NPCI values decrease when the chlorophyll content is higher.

PSRI represents the leaf senescence, and it is the ratio of carotenoids and chlorophyll detected:

	

where green had a peak wavelength of 530-540nm.

PSRI curve follows the plant development, so it has high values at seedling stage when plants are small and the chlorophyll content is concentrated in a small amount of tissue, lower values when the plant grows and the chlorophyll values predominate the carotenoids, and again an increasing trend during leaf senescence.

GLI quantifies the green parts of the plants as follows:

	

It represents the relation between the reflectance in the green channel compared to the other two visible light channels (red and blue), so the higher the green reflection compared to the other channels the higher the green leaf index.

These parameters are expressed in a range between – 1 and 1, except the Hue that is represented as an angle between 0° and 360°, allowing to classify a color as red, yellow, green, blue, or an intermediate between any contiguous pair of these colors.

NDVI, NPCI, PSRI, GLI, and Hue can be determined as average values or as bins representing the ranges in which plant pixels can fall depending on plant health. Four ranges for each index were generated for deeply explore the changes in spectral indexes.




2.3 Metabolomics analysis

At the end of trial (22/06/2022; 33 days after transplanting), when the tomato plants have been subjected to 5 foliar biostimulant treatments and 4 water stress cycles, 3 young leaves (third leaf from the growing tip) per plot were harvested and immediately frozen with liquid nitrogen and stored at -20°C. The 3 leaves from each replicate were pooled and homogenized, then metabolites were extracted in acidified 80% methanol, as previously reported by Paul et al., 2019. The samples were extracted by Ultra- Turrax (Ika T-25; Staufen, Germany), centrifuged and filtered through a 0.22 µm cellulose membrane into vials for analysis. Untargeted metabolomic analysis and metabolite identification in samples was performed at oloBion Laboratory (Barcelona, Spain) following the procedure described by Bonini et al. (2020).




2.4 Statistical analysis

The scan process may produce some noises due to the presence of pixels that correspond to the barcode, the benches or elements that may interfere with data detection. The software (HortControl, Phenospex, Heerlen, The Netherlands) allowed data reprocessing to remove the errors, then the dataset was downloaded and prepared for the statistical and graphical analysis using RStudio (RStudio Team, Vienna, Austria). First, the Pearson correlation coefficients were calculated and reunited in a correlation matrix including all variables derived from the phenotyping platform. Then, a correlation plot was created to observe the relationship between morphological and physiological parameters. For each treatment, linear regression analysis expressed as y = ax +b (where a is the slope and b is the y-intercept), was performed for Digital Biomass during each recovery period to evaluate the recovery rates (slopes of linear regression models) of stressed plant following re-irrigation. The effect of vegetal-protein hydrolysates was analyzed on Digital Biomass, 3D Leaf Area and Plant Height by one-way ANOVA and post-hoc test was Tukey’s test (p= 0.05). For each treatment the mean and standard error were calculated using the values of 12 plants. Metabolomic data was processed by oloMAP 2.02 created in oloBion laboratory (Bonini et al., 2020).





3 Results



3.1 Morphophysiological traits and their correlations

Pearson’s correlation coefficients were computed to investigate the relationships among morphological and physiological traits resulting from imaging phenotypes (Figure 2).




Figure 2 | Correlation plot derived from Pearson’s correlation coefficients computed on the morpho-physiological traits calculated by the HortControl software. Positive correlations, having correlation coefficients from 0 to 1, are represented by green colors, while negative correlations, having correlation coefficients from 0 to -1, are in pink. *, **, and *** are significant at p < 0.05, 0.01 and 0.001, respectively (t-test between pairs of variables).



Digital biomass was significantly positively correlated to 3D leaf area (r = 0.880***) and the plant height (r = 0.630***). Moreover, there was a significant positive correlation between 3D leaf area and projected leaf area (r = 0.979***), and plant height average and plant height maximum (r = 0.999***), respectively. Among the physiological traits, there was a significant positive correlation between Normalized Pigments Chlorophyll ratio index (NPCI) and Plant Senescence Reflectance Index (PSRI) (r = 0.945***), while they were both negatively correlated to Normalized Digital Vegetation Index (NDVI) (r = -0.271***, and r = -0.517***, respectively), and Hue (r = -0.890***, and r = -0.942***, respectively). NDVI was positively correlated to Hue (r = 0.564***), and Green Leaf Index (GLI) (r = 0.776***). Concerning the relationship between morphological and physiological parameters, a negative correlation between plant height average and Hue (r = -0.491***), GLI (r = -0.541***), and NDVI (-0.388***) was recorded.

The effect of the two PHs in mitigating drought stress of tomato plants was explored on digital biomass (Figure 3A), 3D leaf area (Figure 3B), and plant height (Figure 3C). Four major water stress events (10, 17, 20 and 23 days) were evident in the Figure 3 where digital biomass, 3D leaf area and plant height strongly decreased. The drop of digital biomass, 3D leaf area and plant height values was related to leaf wilting/curling and stem bending. After irrigation, plants needed 3 (from 10 to 13 day), 2 (from 17 to19 day), 1 (from 20 to 21 day), and 1 (from 23 to 24 day) days after water stress to recover (restore turgor of stems and leaves) in the first, second, third, and fourth stress event, respectively. Tomato plants treated with PH1 reached the highest values for digital biomass and 3D leaf area at the end of each recovery period (Figures 3A, B) in comparison to control treatment. In the first water stress event, PH2 performed similarly to PH1 while in the following stress events the performances of PH2 were similar to control treatment.




Figure 3 | Digital Biomass (A), 3D Leaf Area (B), Plant Height (C) from HortControl software during the trial. The x axis represents the days in which the scans were made, and the black vertical lines correspond to the days when the biostimulant treatments were applied. PH1 and PH2 represent a Malvaceae- and the Fabaceae-derived protein hydrolysate, respectively. Bars indicate standard errors of the means.



Linear regression analysis was performed to predict recovery rate (slopes of the linear models) of digital biomass in all treatments after each water stress event upon re-irrigation (Figure 4). Coefficients of determination (R2) were always higher than 0.91 for all linear regression models (data not shown). The slopes of linear regression for PH1 were significantly higher by 62, 48, 75 and 65% than untreated control during the recovery period after the first, second, third and fourth stress event, respectively (Figure 4). Except for the first stress event where the slope of PH2 linear regression during the recovery period was significantly higher than that of control treatment (506.5 vs 367.4), the slopes of PH2 linear regressions were similar to those of the control treatment after the second, third, and fourth stress event (Figure 4).




Figure 4 | Slopes of the linear regression models (y = ax +b where a is the slope and b is the y-intercept) describing the relationship between Digital Biomass (y) and days (x) of the recovery period upon re-irrigation after each water stress event (1st, 2nd, 3rd, 4th). PH1 and PH2 represent a Malvaceae- or Fabaceae-derived protein hydrolysate, respectively. Bars indicate standard errors of the means.



The effect of the two PHs on NDVI, NPCI, PSRI, GLI, and Hue was also evaluated during the trial (Figure 5). Concerning NDVI, plant pixels were mainly grouped in the [0.3:0.6] and [0.6:1] ranges. Untreated and PH2-treated plants showed higher percentages in the lower range [0.3:0.6], while PH1 had higher percentages in the [0.6:1] range. Plant pixels of GLI were mainly in the [0:0.3] and [0.3:0.6] ranges with similar values among treatments. In all treatments, NDVI and GLI values dropped at each stress event and then rose again during the recovery periods (re-irrigation). Moreover, NDVI and GLI declined over the growing cycle in the [0.6:1] and [0.3:0.6] ranges, respectively. On the contrary, NDVI and GLI increased over the growing cycle in the [0.3:0.6]: and [0:0.3] ranges, respectively. In all treatments, NPCI and PSRI values were mainly concentrated in the [0:0.2] range, with an increase of the values over time whereas NPCI and PSRI of the [-0.2:0] range declined over time (Figure 5). Hue (°) showed most of the plant pixels grouped in the [75:135] range interval with similar behavior among treatments.




Figure 5 | Plant spectral indices [Normalized Digital Vegetation Index (NDVI; (A), Normalized Pigments Chlorophyll ratio index (NPCI; (B), Plant Senescence Reflectance Index (PSRI; (C), Green Leaf Index (GLI; (D), HUE average (Hue; (E)] from HortControl software during the trial. The x axis represents the days in which the scans were made, and the black vertical lines correspond to the days when the biostimulant treatments were applied. For each plant spectral index, the pixels values that fall within the ranges of numbers reported above each chart are displayed. PH1 and PH2 represent a Malvaceae- and the Fabaceae-derived protein hydrolysate, respectively. Bars represent standard errors of the means.






3.2 Untargeted metabolomic analysis

Untargeted metabolomics was performed on leaves sampled at the last day of the trial to investigate the mode of action of the best performing PH treatment (PH1) in comparison with control treatment. This approach allowed to explore the entire metabolome influenced by the PH1 treatment. 191 metabolites were identified, 54 of them were significantly modulated by the PH1. Compounds subjected to chemical enrichment analysis with ChemRICH were grouped into clusters, highlighting metabolites belonging both to the primary and secondary metabolism (Figure 6).




Figure 6 | Chemical enrichment analysis (ChemRICH) of statistically different annotated metabolites in Malvaceae-derived protein hydrolysate (PH1) treated leaves compared to control treatment at the end of the trial. Upregulated or downregulated clusters are indicated by different colors as follows: red = up-modulation, blue = down-modulation, purple = up-/down-modulation.



Carboxylic acids and prenol lipids were the largest classes affected, in which most of the metabolites identified were upregulated in the PH1 treatment in comparison to the control one. Among the carboxylic acids, PH1 applications promoted the accumulation of dipeptides, such as Leu-Phe (with the highest increase corresponding to a fold change of 14.8 x), PyroGlu-Val (9.7 x), Arg-Phe (8.7 x), Leu-Leu (8.5 x) followed by many other dipeptides (Arg-Leu, Val-Pro, Val-Leu, Glu-Phe, Gly-Leu, Asn-Leu) that also showed an increase compared to control treatment. Conversely, metabolic intermediates such as (R)-S-lactoylglutathione and S-formylglutathione were downregulated in comparison with control treatment (0.73 x and 0.67 x respectively). Also, the pathway related to hormones biosynthesis was negatively modulated as demonstrated by the increase of methylated forms of gibberellins (A4 with a fold change of 1.50 x, and A34 1.61 x) within the prenol lipids, and 5-methyl-DL-tryptophan (1.95 x) within the indoles. Another compound that was downexpressed was scopolin, a glucoside of scopoletin (0.67 x), while interesting classes such as fatty acids and phenols were upmodulated (with average fold change of 1.48 x and 1.46 x, respectively).





4 Discussion

In this study, omics technologies such as high-throughput plant phenotyping and metabolomics analysis were used to evaluate the effects of two plant-derived protein hydrolysates (PHs) on relieving drought stress on tomato plants. Phenospex platform was primarily used in plant phenotyping to validate the instrument performing phenotypic measurements (Kjaer and Ottosen, 2015; Manavalan et al., 2021) or to study the crop response to stress such as wheat under salt stress (Lancelot et al., 2016) and okra under flooding stress (Schafleitner et al., 2021). In the current trial, the first goal was to investigate the relationship between the most important morpho-physiological traits recorded by the two multispectral 3D laser scanners. Digital biomass increased during growing cycle, and it had a strong positive correlation with its components (3D leaf area and plant height). Digital biomass was mainly correlated to 3D leaf area (r = 0.880***) than plant height (r=0.630***), as reported by Laxman et al. (2018) who examined digital biomass and predicted leaf area, linking both traits to fresh biomass. A strong positive correlation was also found between 3D leaf area and the projected leaf area on the section plane defined on the software (matching to the pot height). Furthermore, the maximum height (the highest pixel recorded by the scanner) and the average height (recorded as the average of the point cloud values of the plants) were positively correlated. Even though both traits had nearly identical values, the average height might be used in cases where plants develop irregularly, subjecting the maximum height to greater measurement error. Considering the spectral indices, the average NDVI was found to be negatively correlated with both the average NPCI and the average PSRI. NDVI has been described as one of the most important vegetative indices as well as a stress detector for revealing health status of the plants (Katsoulas et al., 2016). In all treatments NDVI dropped in the [0.6:1] range which corresponds to very healthy plants (Figure 5); NDVI of [0.6:1] range decreased over time due to the multiple stress events with highest values for PH1 treatments in most scan days. The better healthy status of plants in PH1 treatments was also confirmed by the lower pixels of PH1 treated plants in the NDVI range [0.3:0.6] in comparison with PH2 and untreated plants for most of the scan days. NPCI and PSRI behaved similarly throughout the growth cycle, suggesting an increase in chlorophyll content in leaf tissues (which supports the NDVI results). In contrast to NDVI, which showed an important drop when the stress was imposed, NPCI and PSRI were less influenced by water stress while they are usually more affected in the senescence phases of plants (Merzlyak et al., 1999; Hatfield and Prueger, 2010). NDVI was also positively correlated to Hue and GLI because Hue values were concentrated mostly in the green range [75:135] (Yang et al., 2015), and GLI values were mainly in ranges corresponding to higher reflectance in the green band (Louhaichi et al., 2001).

Except for the first water stress event, where the PH2 behaved similarly to the PH1, plants treated with PH1 always displayed the highest ability to recover from the drought stress events (Figure 3). The results are in line with a previous study where the application of a biostimulant containing vitamins, amino acids, proteins, and betaines, improved tomato tolerance to drought stress (Petrozza et al., 2014). The beneficial effect of PH1 was more evident in the 3D leaf area where the PH1 provided generally higher 3D leaf area compared to PH2 and control treatment (Figure 3). Plant height was less sensitive to water stress and PH application than 3D leaf area indicating that 3D leaf area is a more suitable morphological trait for screening plant biostimulants under water stress conditions.

The slopes of the linear regression models, describing the relationship between digital biomass and days of the recovery period after each water stress event for the three treatments, were determined for evaluating the drought-stress recovery effect of various biostimulant treatments. The results highlighted that Malvaceae-derived PH (PH1) was highly effective in enhancing plant recovery after all drought stress events while the positive effect of Fabaceae-derived PH (PH2) was detected only during the recovery period after the first stress event. The above findings are in line with a study of Domingo et al. (2023) where foliar applications of a vegetal protein hydrolysate conferred drought resistance to tomato plants resulting in higher biomass and shoot height.

Metabolomic results allowed to investigate the changes induced by the best performing PH treatment (PH1) on metabolic profile of leaves. Among carboxylic acids, dipeptides were the most prevalent compounds stimulated by the PH1, and most of them had larger fold changes than other metabolites (Table 1). Dipeptides represent an emerging class of small molecules playing a pivotal role in nitrogen distribution and as regulators of plant metabolism, including response to abiotic stress (Minen et al., 2023). The biogenesis of these molecules was identified mainly from protein degradation in plant cells, and especially in the activation of autophagy mechanisms (Calderan-Rodrigues et al., 2021). Recently, it was discovered in Arabidopsis that dipeptides accumulated in leaves under heat stress and dark conditions, and the accumulation was more pronounced for Asp- and Glu-containing dipeptides (Thirumalaikumar et al., 2020). Moreno et al. (2021) reported that Tyr-Asp enhanced growth of both Arabidopsis and tobacco plants under oxidative stress conditions, by inhibiting the activity of a key glycolytic enzyme and redirecting glycolytic triose-phosphates toward the pentose phosphate pathway and NADPH production. Similarly to the previous works, Calderan-Rodrigues et al. (2021), discovered that proteogenic dipeptides operate as metabolic switches, regulating essential enzyme activities involved in carbon flow distribution. Dipeptides were shown to be more abundant in short-day diel cycles, particularly dipeptides containing glucogenic amino acids like Pro, Asp, Ser, and Val, suggesting the possibility that they might act as alternate respiratory substrates to support plant growth. Since plant metabolism and growth are sustained by carbon reserves mobilization during the dark period, dipeptides composed by glucogenic amino acids (Asp, Arg, Glu, Gln, Gly, His, Met, Ser, Val), can represent a source for the genesis of carbon skeletons to produce pyruvate and then glucose through gluconeogenesis (Eastmond et al., 2015) to support loss of carbon reserves. In the current trial, drought stress conditions may have caused carbohydrate starvation due to the reduction of photosynthesis rates and the increase of sugar production as osmolytes. In such conditions, tomato leaves treated with PH1 showed a strong increase of dipeptides containing glucogenic amino acids (Arg-Leu, Arg-Phe, Asp-Leu, Asp-Phe, Glu-Phe, Gly-Leu, PyroGlu-Val, Thr-Val, Val-Leu, Val-Pro) in comparison with control leaves (Table 1); dipeptides containing glucogenic amino acids could have mitigated water stress on plants by acting as carbon source for plant growth under photosynthesis-limiting conditions (drought stress events). Moreover, drought stress has been associated to oxidative damage due to the over production of reactive oxygen species (Samaranayaka and Li-Chan, 2011). In contrast to the increased dipeptides, several compounds involved in detoxification of byproducts of plant primary metabolism, or in plant defense against (a)biotic stresses, were down-accumulated in PH1-treated leaves in comparison with control leaves. Plants treated with PH1 had decreased levels of (R)-S-lactoylglutathione, which is involved in the breakdown of methylglyoxal, a cytotoxic consequence of glycolysis (Ghosh et al., 2014). The similar fate occurred S-formylglutathione, which is implicated in formaldehyde detoxification (Haslam et al., 2002). Scopolin (a coumarin derivative of a specific pathway of the phenylalanine), having a role as signal molecule against reactive oxygen species (Döll et al., 2018), also decreased. Because certain dipeptides, such as those containing hydrophobic amino acid residues like Val or Leu at the N-terminus, were shown to have reactive oxygen-scavenging properties (Sultana et al., 2022), it is reasonable to assume that dipeptide accumulation in PH1-treated leaves could have contributed to mitigate the oxidative damage induced by water stress. The increase of dipeptides in PH1-treated leaves could have been determined by the exogenous supply of dipeptides from the PH1 or by enhancing the accumulation of endogenously produced dipeptides in plant cells. The downmodulation of detoxifying compounds in PH1-treated leaves can be linked not only to the increase of dipeptides but also to the enhance of other compounds having antioxidant properties like phenols (Kumar et al., 2020), and with the modulation of fatty acids (Zhong et al., 2011; Ullah et al., 2022) such as the unsaturated omega-3 fatty acids stearidonic acid.


Table 1 | Effects of the PH1 on the variation of compounds (up or down-regulation) in tomato leaves in comparison with control treatment.



Moreover, Luziatelli et al. (2019) observed that biostimulant effects of the foliar applications of a commercial vegetal derived PH on lettuce was associated to changes of microbial community in the phyllosphere with an enhancement of plant growth promoting bacteria population. Therefore, a microbial-mediated improvement of drought stress resistance in PH1-treated tomato plants cannot be excluded.

The inactive gibberellic acid form (Methyl gibberellins) increased in leaves of plants treated with PH1 in comparison with control treatment. Nir et al. (2013) observed higher tolerance to drought in transgenic tomato with reduced levels of active forms of gibberellins, probably counteracting simultaneously the action of 5-methyl-DL-tryptophan that conversely represents a growth inhibitor (Yamada et al., 2009). This was the case in the current trial where the increase of inactive gibberellin forms in PH1-treated leaves was associate with an improvement of drought resistance in tomato plants.




5 Conclusion

Today there is an urgent need to improve agricultural resilience against increasingly frequent extreme events such as drought. Plant biostimulants such as protein hydrolysates (PHs) could represent a useful tool to mitigate the negative effects of drought on tomato plants. In the current experiment, a novel approach combining high throughput plant phenotyping and metabolomics was employed to investigate the influence of two foliarly applied PHs (Malvaceae (PH1) or Fabaceae (PH2)-derived PH) on drought stress recovery upon reirrigation in tomato plants. The phenotyping results on digital biomass showed that PH1 was more effective for promoting plant recovery after multiple water stress events than PH2. The observed variations of digital biomass during multiple stress events were mainly linked to changes on 3D leaf area indicating that 3D leaf area can also be considered a suitable phenotypic marker for screening biostimulants for drought stress mitigation. Metabolomic analysis of leaves indicated that PH1-mediated improvement of drought stress resistance in tomato plants was mainly associated with an increase of dipeptides, a class of small compounds that are gaining interest due to their properties in enhancing plant tolerance to (a)biotic stress. Further studies are needed to better understand if the observed dipeptide changes in leaf tissues were caused by the direct supply of peptides from PH or by the stimulation of endogenous peptide accumulation.
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Lilium brownii F. E. Brown ex Miellez var. viridulum Baker (Longya lily) is a variety of Lilium brownii F.E. Br. ex Miellez. We used HS-SPME and GC-MS to screened the tissues of L. brownii roots, stems, bulbs, and leaves and obtained 2,4-DTBP as an autotoxic substance for subsequent analysis. 2,4-DTBP was highly autotoxic in some treatment groups. Based on changes in physiological indicators, we carried out transcriptomic analysis to investigate the mechanisms of autotoxicity of substances on L. brownii and obtained 188,505 Unigenes. GO and KEGG enrichment analyses showed that L. brownii responded differently to different concentrations and treatment times of 2,4-DTBP. We observed significant changes in genes associated with ROS, phytohormones, and MAPK signaling cascades. 2,4-DTBP affects chloroplasts, the integrity of the respiratory electron transport chain, and ribosomes, causing L. brownii autotoxicity. Our findings provide a practical genomic resource for future research on L. brownii autotoxicity and evidence for the mechanism of action of autotoxic substances.




Keywords: Lilium brownii, phenolic, autotoxicity, transcriptome, reactive oxygen species (ROS), phytohormone




1 Introduction

Lilium brownii is a perennial bulbous herb from the family Liliaceae that is used as a traditional Chinese herb. Its bulbs are rich in sugars, proteins, minerals, alkaloids, steroidal saponins, and other active ingredients, making it a popular natural health product that combines medicine and food. L. brownii is an important cash crop in Shao yang, Hunan Province, with economic benefits that are three to ten times greater than those of other crops. The L. brownii was designated as a Geographical Indication product in 2009, but there were severe Continuous Cropping Obstacles (CCO) in its production. For successive cultivations of L. brownii, soil sampling revealed significant acidification, along with severe outbreaks of pests and diseases, for which chemical control was inefficient.

Problems related to CCO have been reported in other crops (Zeng et al., 2020; Huang et al., 2021; Ku et al., 2022; Wang et al., 2022; Yan et al., 2022). Plant autotoxicity is thought to be a key contributing factor to the development of CCO. Autotoxicity affects the soil environment, microorganisms, and the crop itself by inhibiting the normal physiological functioning of chronically affected crops. Autotoxicity also causes soil acidification, nutrient imbalances, reduced enzyme activity, and an increase in pathogenic microorganisms (Gao et al., 2019; Chen et al., 2020a; Li et al., 2021). These effects have resulted in significant reductions in crop yields, increased rates of plant diseases, and the need to frequently change the land on which crops are grown, causing significant problems for agricultural production.

Secondary metabolite production is associated with plant adaptation to the environment in response to external stressors (Li et al., 2019b; Wu et al., 2020; Chen et al., 2020b; Yu et al., 2021). For example, phycocyanin and lignin are secondary metabolites that can act as biochemical barriers against invading pathogens (Ahuja et al., 2012; Gallego-Giraldo et al., 2018). Secondary metabolites are also involved in signaling plant disease resistance responses (Erb and Kliebenstein, 2020) and suppressing Herbivore-Induced defense signaling (Li et al., 2019a). Autotoxicity occurs when secondary metabolites produced by the decomposition of leachate and residues from plant roots, stems, and leaves, or chemicals secreted by a plant inhibit the growth of the plant’s roots, decrease its activity, and inhibit the growth of crops of the same species or the following crop.

The most commonly reported autotoxic substances are phenols and terpenoids, such as benzoic acid (Wu et al., 2015; Xiang et al., 2022), ferulic acid (Chi et al., 2013), p-hydroxybenzoic acid (Wu et al., 2021), and saponins. Autotoxic substances primarily affect the plant cell membrane, chloroplasts, mitochondria, and other cell structures, causing vesicle, cell membrane, and organelle destruction and affecting cell membrane permeability. Autotoxic substances influence plant physiological processes such as hormone homeostasis, oxidative stress response, cellular respiration, and photosynthesis (Kim et al., 2019; Yang et al., 2020; Zhang et al., 2020; Adamakis et al., 2021).

Few studies have investigated autotoxic substances in L. brownii. In this study, we isolated and identified the autotoxic substances that causes Continuous Cropping Obstacles from the tissues of L. brownii. We analyzed the activity of autotoxic substances and their effects on the physiological biochemistry of L. brownii. We used transcriptome sequencing to investigate the molecular mechanisms of autotoxic substance-induced stress in L. brownii. Our findings provide a theoretical foundation for further research into the autotoxic effects of L. brownii and aid in managing its Continuous Cropping Obstacles.




2 Materials and methods



2.1 Collection, separation, identification, and screening of autotoxic substances



2.1.1 Collection of L. brownii tissue

Samples of fresh, healthy Longya lilies were collected from plants grown at the plant protection base after one-year cultivation at Hunan Agricultural University (28°10′44″N 113°04′29″), Hunan Province, China. The roots, bulbs, stems, and leaves were cleaned and dried at 45°C, then ground and stored at 4°C in the refrigerator for analysis.

Tissue culture plants of L. brownii were propagated in our laboratory.




2.1.2 Isolation and identification of autotoxic substances and screening

Headspace solid-phase microextraction was used to isolate autotoxic substances from L. brownii samples. The headspace vial was preheated with 0.2 g of ground L. brownii for 40 min at 80°C, samples were then extracted for 40 min at 80°C followed by desorption for 5 min.

An GCMS-QP2010 system(Shimadzu, Japan) was used to identify the autotoxic substances isolated from L. brownii. The temperature of the injector and ion source was 240°C and 200 °C, respectively. The ionization was carried out in the electron impact (EI) mode at 70 eV. The capillary column was 30.0m length, 0.25 mm i.d., and 0.25 um film thickness. An initial column temperature was 50°C, retained 4 min, then increased to 200°C at a rate of 6°C/min and held for 10 min, and finally increased to 240°C at the rate of 8°C/min and held for 15 min. Helium was used as a carrier gas at a constant flow of 1.0 mL/min. The MS data were acquired in full scan mode from m/z 45~500 with an acquisition frequency of 2.5 scans per second, according to the method of Deng et al (Deng et al., 2004).

Results were compared and analyzed in the NIST database.





2.2 Bioassay of 2,4-DTBP treatment on Allium ascalonicum

Lilium brownii is a perennial plant with a long annual growth cycle that makes observation difficult in the early stages of growth, Allium ascalonicum, was selected for the test seed.

Using the GC-MS results, 2,4-DTBP solutions were prepared at concentrations of 0 (CK), 0.05, 0.1, 0.2, 0.4 and 0.8 g/L. 5 mL of each concentration was added to Petri dishes lined with filter paper. Healthy, uniform-sized Allium ascalonicum seeds were soaked at 50°C for 30 min, then left to cool naturally in a bottle containing 50°C water for 2 h. The seeds were then soaked in 5% sodium hypochlorite for 5 min, rinsed three times with sterile water and dried. The A. ascalonicum seeds were then evenly distributed in the Petri dishes and incubated at 25°C for 12 h in an illuminating incubator. The germination rate was recorded after 4 d. Root length and stem length were measured after 5 d. Twenty seeds per treatment were used, with three replicates per treatment, according to the method of Wang et al (Wang et al., 2018).

L.brownii tissue culture plants were treated with 0 (CK), 0.2, and 0.8 g/L of 2,4-DTBP to observe the effects of autotoxic substances.

Data are expressed as means ± standard errors. Differences were analyzed using one-way analysis of variance (ANOVA) and least significant difference (LSD) in SPSS 22.0 for Windows (SPSS, Inc., Chicago, IL, USA). P < 0.05 was considered significant.




2.3 Physiological and biochemical measurements of Lilium brownii after 2,4-DTBP treatment

L. brownii bulbs were placed in a hydroculture solution containing 0 (CK), 0.05, 0.2, and 0.8 g/L of 2,4-DTBP and sampled at 9 h, 12 h, 24 h, 72 h, and 120 h, and the content of superoxide dismutase (SOD), peroxidase (POD) activity, and malondialdehyde (MDA) was measured. Superoxide dismutase activity was determined using the nitrogen blue tetrazolium (NBT) method, peroxidase (POD) activity using the guaiacol method, and malondialdehyde (MDA) content using the thiobarbituric acid method.




2.4 Transcriptome sequencing of Lilium brownii under 2,4-DTBP stress



2.4.1 Plant sample preparation

We used 0 (CK), 0.05, and 0.8 g/L 2,4-DTBP solutions for the L. brownii hydroculture. L. brownii root samples were collected at 9h, 24h, and 120h, washed with sterile water, blotted dry with sterile filter paper, immediately frozen in liquid nitrogen, and stored at -80°C in the refrigerator.




2.4.2 RNA extraction, library construction, and sequencing

Total RNA was extracted using a Trizol reagent kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol. RNA quality was assessed on an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) and checked using RNase-free agarose gel electrophoresis. Prokaryotic mRNA was enriched by removing rRNA by Ribo-ZeroTM Magnetic Kit (Epicentre, Madison, WI, USA). The ligation products were size selected by agarose gel electrophoresis, PCR amplified, and sequenced using Illumina novaseq 6000 by Gene Denovo Biotechnology Co. (Guangzhou, China).




2.4.3 Unigene function annotation

DESeq2 software was used to analyze RNA differential expression between two different groups (and by edgeR between two samples). Genes with a false discovery rate (FDR) below 0.05 and an absolute fold change ≥2 were considered differentially expressed. DEGs were analyzed using gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment.





2.5 Validation of expression profiles by qPCR

To verify the reliability of the RNA-seq results, nine genes with differential expression in each period were randomly selected for qPCR validation. The RNA extracted earlier was reverse transcribed using an Evo M-MLV RT Premix for qPCR (Accurate Biotechnology [Hunan]). We designed qPCR primers for the selected genes using Primer 3.0 (https://bioinfo.ut.ee/primer3-0.4.0/), with EIF and BHLH serving as internal reference genes. For the qPCR experiments we used the SYBR® Green Premix Pro Taq HS qPCR Kit (Accurate Biotechnology [Hunan]) in the Bio-Rad CFX96 system. Relative expression levels were calculated using 2-ΔΔCt and normalized by the average of the two internal reference gene expressions. Each treatment had three biological replicates.




2.6 Tissue culture seedlings of L. brownii reprocessing with 2,4-DTBP

To confirm the impact of 2,4-DTBP on the oxidative phosphorylation and hormones of L. brownii as the transcriptome described, we treated tissue culture seedlings of L. brownii by the same method as the treatment did for the transcriptome analysis. Tissue culture seedlings with consistent growth of L. brownii were sampled after treatment with 0, 0.2 and 0.8 g/L of 2,4-DTBP for 0, 9 and 120 hours, respectively. Seedlings were planted in rooting medium contenting 2.3 g/L MS, 0.1 mg/L NAA, 7 g/L agar and 25 g/L sucrose. The medium was supplemented with 2,4-DTBP mother liquor to a final concentration of 0, 0.2, and 0.8 g/L. Each treatment had three replicates. DEGs which are pertinent with oxidative phosphorylation and hormones pathways were chosen for validation. The succinate dehydrogenase (SDH) was extracted and the activity was determined by following the procedure outlined in the SDH test kit (Solarbio, BC0950).





3 Results



3.1 Isolation and identification of autotoxic substances and screening

Headspace solid-phase microextraction followed by GC-MS (Figures 1A–D) was performed on the roots, bulbs, stems, and leaves of Lilium brownii. There were 64 peaks with more than 80% similarity. The compounds identified from the four tissues were categorized and showed a high degree of variability between the tissues (Supplementary Table S1). The roots, bulbs, and leaves contained the most compounds with 53, 48, and 60 compounds, respectively (Table 1). Only 16 compounds were isolated from the stems. The roots contained primarily phenol and alcohol compounds, while the leaves and bulbs contained mainly aldehydes. No ester compounds were identified in the stems. The roots, stems leaves, and bulbs contained heptadecane, 2,4-di-tert-butylphenol, and 2,4-dimethyl benzaldehyde, and all expect bulbs contained 4-methyl dodecane. The bulbs, roots, and stems contained n-hexadecane, 2-ethyl hexanol, (2-methyl propyl) nonane, and hexanal, while the leaves, bulbs, and stems contained n-tetradecane. The three most diverse compounds shared by bulbs, leaves, and roots were decanal, heptanoic acid, n-dodecane, D-(-)-pantolactone, octanoic acid, trans-2-noninal, and hexanoic acid.




Figure 1 | GC-MS of L. brownii four tissues, (A) Leaf (B) Root (C) Stem (D) Bulb, and (E) Venn diagram of GC-MS analysis results for the four tissue. Effects of different concentrations of 2,4-DTBP on (F) Root length (G) Stem length (H) Germination rate of Allium ascalonicum. Values are mean ± SEM. Different letters indicate statistical differences according to ANOVA (P < 0.05).




Table 1 | Results of GC-MS analysis of L. brownii.



The majority of autotoxic substances were phenolic, ester, saponin, and other compounds. Screening 2,4-DTBP, an autotoxic substance, was performed by combining the number of occurrences of each compound in each tissue of the plant in the Venn diagram (Figure 1E). The effect of 2,4-DTBP on Allium ascalonicum (Liliaceae crop) root length, stem length, and seed germination rate was determined separately (Figures 1F–H).




3.2 Effect of 2,4-DTBP on the enzymatic activity of Lilium brownii

POD and SOD activities in CK-treated L. brownii increased significantly after 24 h (Figures 2B, C). The high level of POD activity remained constant at 72 h, whereas the MDA content was elevated between 12-24 h but then leveled off between 24-72 h. POD and SOD activities were inhibited by 2,4-DTBP at concentrations of 0.05 g/L and 0.2 g/L compared to CK. At 0.2 g/L 2,4-DTBP, POD and SOD activities increased between 9h and 24 h reaching a peak at 120 h. In contrast, the MDA content remained the same. Additionally, the increase in POD activity did not inhibit membrane lipid peroxidation. Under 0.8 g/L 2,4-DTBP treatment conditions, POD and SOD enzyme activity remained at the same level as CK. In contrast, MDA content increased significantly compared to CK at the beginning of 12 h and remained at the same level as CK in the subsequent process. High concentrations of 2,4-DTBP treatment caused irreversible damage to the cell membrane structure of L. brownii, and changes in antioxidant enzyme activity could not eliminate the stressing effects caused by autotoxic substances.




Figure 2 | Changes in physiological indices of hydroponically grown Lilium brownii from 9h to 120h. (A) MDA content (B) Peroxidase activity (C) Superoxide dismutase activity Values are mean + SEM. All experiments were repeated at least three times with similar results.



The MDA content increased with an increase in 2,4-DTBP concentration (Figure 2A), reaching a peak at 24 h. Treatment with a high concentration of 2,4-DTBP accelerated the onset of lipid peroxidation in L. brownii. At 12 h, the MDA content in the treatment group increased with the concentration of 2,4-DTBP. The MDA content in all treatment groups returned to relatively low levels at 120 h but was still significantly higher than CK. To investigate the effect of 2,4-DTBP on L. brownii under different conditions, we treated roots with CK, 0.05 g/L, and 0.8 g/L 2,4-DTBP for 9h, 24h, and 120h, and collected samples for transcriptome sequencing.




3.3 Transcriptome analysis of Lilium brownii

The 27 samples sequenced generated raw data ranging from 37937896 to 63057410 Unigenes, with 99% clean reads and a Q20 greater than 98% (Supplementary Table S2). The clean reads were assembled using Trinity software 2.1.1, and a total of 188505 Unigenes were obtained with an average length of 807bp, an N50 of 1356bp, a maximum splicing length of 17880bp, and a minimum of 201bp. There were 67437 (35.77%), 51917 (27.54%), 83,329 (44.21%), and 60056 (31.86%) similar Unigene sequences annotated in KEGG, KOG, Nr, and Swiss-Prot, respectively. 40215 Unigenes were simultaneously annotated by four major databases, accounting for 21.33% of the total Unigenes (Figure 3A).




Figure 3 | (A) Venn diagram of Unigene function annotation of Lilium brownii. (B) Statistical analysis of differentially expressed genes among samples of Lilium brownii. (C) Validation for the expression of selected DEGs by qPCR. The qPCR results were analyzed by an independent-sample t-test with a significance level of P<0.05.



We used analysis of variance to screen significantly different genes with an FDR <0.05 and |log2FC|>1. Different pairs of groups were compared and the up- and downregulated genes were counted separately (Figure 3B). The number of differential genes varied among the different groups. The control and high-concentration treatment groups had the highest number of differential genes at 120h, with 678 upregulated and 453 downregulated. Enrichment analysis was performed after classification of differential genes using volcano and Wayne plots. KEGG pathway and GO annotations with an FDR < 0.05 were selected for discussion. QPCR was used to investigate the relative expression levels of nine randomly selected differential genes to validate the RNA sequencing results (Figure 3C).




3.4 DEG analysis of the effects 2,4-DTBP concentration gradient on L. brownii

Groups treated with higher concentrations of 2,4-DTBP had more active gene expression differences, with a higher number of differential genes at 9h, 24h, and 120h than those treated with lower concentrations of 2,4-DTBP (Figure 4A). There were only four genes with significant difference in gene expression after 9 h of treatment with a low concentration of 2,4-DTBP compared to the control. However, after 24 h a significant change in the number of differential genes was observed.




Figure 4 | (A) Comparison of volcano plots with different concentrations at the same time. The number of DEGs in each tissue is presented and based on the significance shown in the volcano plots. The vertical dash lines in the volcano plots depict the two-fold differential expression cut-off (axis expressed as log2 values) and the horizontal dash lines shows the -log10(P-value). Dots in red (group_2 up-regulated relative to group_1) and blue (down-regulated) indicate differences in gene expression (FDR <0.05), while black dots show no differences. (B) Comparison of different treatment groups, Venn diagram of DEGs between various periods.



While the high concentration treatment and control groups shared a similar number of differential genes at 9h and 120h, less than 20% were identical (Figure 4B). The specific differential genes present in each of the three time periods were analyzed separately for enrichment analysis (Figures 5A–C). Genes identified at 9h were mainly hormone signaling and ribosome-related genes. GO analysis revealed that the associated differential genes were primarily related to cell wall formation and response to external influences. After 24h, differential genes were mainly associated with mitochondrial membranes and cellular respiration, and at 120h they were mostly associated with cell structure (Figures 5D–F).




Figure 5 | The enriched KEGG pathways of the DEGs. Choosing DEGs was only specifically present in various periods of the high-concentration treatment group. (A) 9h (B) 24h (C) 120h. The horizontal axis describes the name of the pathway, and the vertical axis shows the number of genes in the pathway. GO functional annotation of the DEGs. (D) 9h (E) 24h (F) 120h.



Overall, there was an increase in the number of specific differential genes in the low concentration 2,4-DTBP treatment group at 9h, 24h, and 120h compared to the control group, However, within the treatment group there were fewer differential genes at 9h compared to 24h and 120h. KEGG analysis revealed that 24h-specific differential genes were enriched in the Oxidative phosphorylation (Ko00190) and Ribosome (Ko03010) pathways, and at 120h differential genes were primarily enriched in the Ribosome (Ko03010) pathway (Figures 6A, B).




Figure 6 | The enriched KEGG pathways of the DEGs. Choosing DEGs was only specifically present in various periods of the low-concentration treatment group. (A) 9h (B) 24h. The vertical axis describes the name of the pathway, and the horizontal axis shows the number of genes in the pathway. (C) Heatmap representing expression dynamics of genes involved in phytohormones at 9h CK vs H. group. (D) Heatmap representing expression dynamics of genes involved in Oxidative phosphorylation at 9h CK vs H. group. Heatmap representing expression dynamics of genes involved in Oxidative phosphorylation at 24h (E) CK vs H. and (F) CK vs L. group.



A stress response was observed in L. brownii after 9 h treatment with high concentrations of 2,4-DTBP. Auxin, gibberellin, ethylene, and brassinosteroid-related genes in the hormone signal transduction pathway (Ko04075) were significantly downregulated, while abscisic acid, jasmonic acid, and salicylic acid-related genes were significantly upregulated (Figure 6C). After 24 h, annotations related to respiration, mitochondrial membrane, and electron transport were enriched in both treatment groups compared to CK. However, oxidative phosphorylation-related mitochondrial complexes, cell wall, and endoplasmic reticulum-related genes were differentially expressed in the high-concentration treatment group but not in the low-concentration treatment group.

After 9h, oxidative phosphorylation-related genes were upregulated in the high-concentration treatment group (Figure 6D), but the level of upregulation varied by gene. Furthermore, the 9h annotated transcripts of genes for NADPH dehydrogenase, cytochrome C oxidase, and cytochrome C reductase were significantly more upregulated than for ATPase but not Unigene 0076202 (Figures 6E, F).




3.5 DEG analysis of the effects of 2,4-DTBP treatment time on L. brownii

After 24h, the number of differential genes specific to the high-concentration treatment group were several-fold higher than in the low-concentration treatment group and CK, and differentially expressed genes were mainly enriched in primary and secondary metabolic pathways and photosynthesis (Figure 7A). GO enrichment analysis identified 77 biological process annotations that were significantly enriched in response to 2,4-DTBP treatment (Supplementary Table S3). These were mainly related to the photosynthetic membrane (GO:0034357), cell wall (GO:0005618), cytoplasm (GO:0005737), and other structures in the cell membrane (GO:0016020), all of which are associated with oxidoreductase activity (GO:0016491). Under low concentration 2,4-DTBP treatment conditions, only the oxidative phosphorylation (Ko00190) and ribosome (Ko03010) pathways were significantly enriched (Figure 7D), with the differential genes primarily involved in processes relating to cellular respiration, including the electron transport chain.




Figure 7 | The enriched KEGG pathways of the DEGs. Choosing DEGs was only specifically present in various periods or treatment group. High-concentration treatment group (A–C), (A) 9-24h (B) 24-120h (C) 9-120h. Low-concentration treatment group (D–F), (D) 9-24h (E) 24-120h (F) 9-120h. Control group (G, H), (G) 24-120h (H) 9-120h.



After 120h, the differential genes in CK were associated with cell structure (Figure 7G). Low-concentration treatment resulted in differential genes enriched in ribosomes (Ko03010) and MAPK signaling pathway-plant (Ko04016) (Figure 7E) which are involved in RNA modification (GO:0009451) and ribonucleoprotein complex biogenesis (GO:0022613) processes. High-concentration treatment for 120h enriched more secondary metabolic pathways than 24h treatment (Figure 7B).

Compared to CK, significantly fewer genes were upregulated in the high-concentration treatment group between 9h and 120h (Figures 7C, 8A). In contrast, gene expression trends were similar between the low-concentration treatment group and CK across all treatment periods. However, the low-concentration treatment group showed a more significant degree of change in gene expression and a greater number of differential genes compared to the high-concentration treatment group (Figure 8A). Differential genes specific to the low-concentration treatment group were not significantly enriched in the KEGG pathway (Figure 7F). In the CK group, Ribosome, Glycolysis/Gluconeogenesis, and Oxidative phosphorylation were enriched between 9h and 120h, and were primarily associated with electron transport chain and hormone regulation (Figure 7H). We found fewer identical differential genes between the treatment groups and CK (Figure 8B), and L. brownii treated with different concentrations of 2,4-DTBP showed different growth patterns. No significant enrichment pathways were found in L. brownii subjected to low-concentration 2,4-DTBP treatment. However, GO annotation indicated that differential genes were involved in the response of L. brownii to acid, organic nitrogen compounds, and endogenous stimuli throughout the low-concentration treatment. High concentrations of 2,4-DTBP had a regulatory effect on the phytohormone and MAPK signaling pathways in L. brownii. Secondary metabolic pathways such as phenylpropane, flavonoids and Stilbenoid, diarylheptanoid, and gingerol biosynthesis were actively involved in the response to 2,4-DTBP.




Figure 8 | (A) Comparison of volcano plots with different periods at the same concentration. The number of DEGs in each tissue is presented and based on the significance shown in the volcano plots. The vertical dash lines in the volcano plots depict the two-fold differential expression cut-off (axis expressed as log2 values) and the horizontal dash lines shows the -log10(P-value). Dots in red (group_2 up-regulated relative to group_1) and blue (down-regulated) indicate differences in gene expression (FDR <0.05), while black dots show no differences. (B) Venn diagram of DEGs between various treatments.






3.6 2,4-DTBP got an impact on the oxidative phosphorylation and hormones of L.brownii

There was no significant difference observed in appearance between the control group and the treatment group after the first nine hours in touching with 2,4-DTBP (Figures 9A–F). The SDH activity was upregulated in the low concentration group with a short exposure (9h) to 2,4-DTBP compared to the control group(Figure 9K), and was significantly higher than that observed in the high concentration group. Leaf of the treatment group massive withered after 120 hours (Figures 9H–J), the SDH activity are decreased in two treatment groups than the control group. SDH activity of high concentration group remained suppressed throughout the experiment. DEGs in Figures 6C, D pertinent with oxidative phosphorylation and hormones pathways were selected for qPCR (Figure 9L), the results are the same as the transcriptome.




Figure 9 | Tissue culture seedlings with consistent growth of L. brownii which treatment with 0 (A–C), 0.2 (D–F) and 0.8 (H–J) g/L of 2,4-DTBP for 0, 9 and 120 hours. (K) The succinate dehydrogenase (SDH) activity of L. brownii. Values represent the mean + SEM (n=3). (L) QPCR result of DEGs in Figures 6C, D pertinent with oxidative phosphorylation and hormones pathways.







4 Discussion

Previous studies identified 2,4-DTBP as an autotoxic substance in Lilium davidii Duch. ex Elwes (Cui et al., 2022) and Atractylodes macrocephala Koidz (Zheng, 2018). Cui et al. (2022) found the rhizosphere of Lilium davidii exhibited reduced soil enzyme activity and a suppressed microbial community, and that 2 mmol/L of 2,4-DTBP increased the level of pathogenic fungi such as Fusarium. Recently, 2,4-DTBP has been frequently used as a weed control agent due to its broad-spectrum toxicity to plants (Chuah et al., 2015; Zain et al., 2021). A concentration of 0.8 g/L 2,4-DTBP had a higher inhibitory effect on root and stem length development and significantly inhibited germination of Allium ascalonicum.

2,4-DTBP is a phenol that affects the dynamic equilibrium of ROS in plant roots. Low concentrations of phenolic acids increase plant stress resistance (Mei et al., 2020; Chen et al., 2021; Migut et al., 2021). The accumulation of phenolic acids in the soil leads to soil acidification, where the cells of plant roots are the first to be affected. When phenolic acids enter cells with a higher pH, they dissociate to produce large amounts of hydrogen ions, resulting in a decrease in intracellular pH and depolarization of the intra-membrane environment. Intracellularly, phenolic acid autotoxic substances inhibit the activity of antioxidant enzymes, such as peroxidase (POD) and catalase (CAT), leading to an increase in ROS and lipid peroxidation (Zhang et al., 2018; Wang et al., 2019; Xiao et al., 2019; Marchiosi et al., 2020). Autotoxic substances caused a significant increase in the root cell ROS content of Angelica Sinensis (Xin et al., 2019). The determination of ROS in the root tips of treated seedlings indicated that phenolic acid-induced oxidative damage was an essential factor in the development of autotoxicity. Increasing ferulic acid concentration decreased the growth rate of Oryza sativa roots and increased ROS, calcium content, and lipoxygenase activity (Chi et al., 2013). Treatment with a low concentration of 2,4-DTBP inhibited POD and SOD in L. brownii, resulting in lipid peroxidation and an increase in MDA content. During high-concentration treatment, L. brownii may be affected by a combination of abiotic stresses such as osmotic stress, oxidative stress, and ionic stress. There was no significant difference between POD and SOD activity and CK for any of the time periods except 72h POD activity, which was significantly lower than CK.

Plant growth and development requires ATP which is produced by mitochondrial respiration. Complexes I-IV known as NADH ubiquinone oxidoreductase, succinate dehydrogenase, cytochrome bc1 complex and Cytochrome c oxidase are responsible for the formation of the respiratory chain. Simultaneously, complex V is involved in electron transfer and the establishment of the electrochemical proton gradient across the inner mitochondrial membrane. The Results show that the SDH activity was decreased by long-term exposure to the medium containing the 2,4-DTBP. SDH related to regulates downstream defense and stress gene expression by being the source of mH2O2, and the defective SDH affecting mitochondrial electron activity (Gleason et al., 2011). Under Abiotic stress, ATP is consumed more as a fade-back mechanism. For example, ATP is used in large quantities to scavenge ROS and enhance the antioxidant capacity of plants under stress (Zhu et al., 2022). Excess reactive oxygen radicals disrupt the plant cell membrane structure and oxidize sulfhydryl groups of mitochondrial MPTP-associated proteins to disulfides, promoting MPTP opening. They also cause mitochondrial membrane peroxidation, which results in reduced membrane fluidity. The phenolic acid produced by continuous cropping causes an excessive accumulation of intracellular ROS by inhibiting the activity of enzymes such as SOD, POD, and CAT (Wang et al., 2019). Oxidative stress affects protein synthesis, and oxidants affect tRNA’s post-translational modification ability and stability (Shcherbik and Pestov, 2019). Wurtmann and Wolin (2009) found that oxidized RNA slows down protein synthesis, resulting in the production of aggregated and truncated peptides (Wurtmann and Wolin, 2009).

We isolated and screened the roots, stems, leaves, and bulbs of Lilium brownii and identified 2,4-DTBP as an autotoxic substance. The toxicity and enzymatic activity assay results of L. brownii following 2,4-DTBP treatment were used to screen three 2,4-DTBP concentrations and three time-point samplings for transcriptome sequencing.

Using the transcriptome data, we conducted a preliminary analysis of the effects of autotoxic substances on L. brownii. Different concentrations of 2,4-DTBP had varying effects on the growth and development of L. brownii. A response to external autotoxic effects was signaled by regulation of the MAPK-signaling and plant hormone signaling pathways, while secondary metabolic pathways, such as photosynthesis and phenylpropane synthesis and metabolism, were involved as downstream pathways for signaling responses to autotoxic substances. Our findings demonstrate hormonal changes at the transcriptional level in L. brownii. Endogenous plant hormones are affected by phenolic compounds (Desmedt et al., 2021). Following 2,4-DTBP treatment for 9h, the expression of phytohormone-related genes was upregulated in L. brownii. High BPA concentrations in soybean roots can inhibit root growth at the seedling stage by reducing the content of IAA, ZT, GA3, and ETH in roots and increasing the content of ABA (Li et al., 2018). This has also been observed in Arabidopsis (Bahmani et al., 2020). Hormones play a role in the response of plants to abiotic stresses (Zhou et al., 2018; Peng et al., 2021). For example, SA is related to the dynamic balance of plant ROS (La et al., 2019; Poór, 2020), and salt stress alters the content of plant hormones such as ABA and IAA (Wu et al., 2017). Additionally, ABA-promoted ROS in the mitochondria of Arabidopsis root tips is an essential retrograde signal that regulates root meristem activity by controlling auxin accumulation/signaling and PLT expression (Yang et al., 2014). Further studies are required to determine the specific changes in plant hormone content in response to autotoxic substances.

Plant hormone signaling, ROS, and the MAPK-signaling pathway are all involved in signaling activation and transmission in response to autotoxic substance stress. However, the mechanisms underlying these three processes needs further investigation. More research is required to confirm the specific effects of autotoxic substances on mitochondria and ribosomes and the role of each pathway in alleviating the onset of autotoxicity in L. brownii.
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Introduction

Salinity negatively affects maize productivity. However, calcium lignosulfonate (CLS) could improve soil properties and maize productivity.





Methods

In this study, we evaluated the effects of CLS application on soil chemical properties, plant physiology and grain quality of maize under salinity stress. Thus, this experiment was conducted using three CLS application rates, CLS0, CLS5, and CLS10, corresponding to 0%, 5%, and 10% of soil mass, for three irrigation water salinity (WS) levels WS0.5, WS2.5, and WS5.5 corresponding to 0.5 and 2.5 and 5.5 dS/m, respectively.





Results and discussion

Results show that the WS0.5 × CLS10 combination increased potassium (K 0.167 g/kg), and calcium (Ca, 0.39 g/kg) values while reducing the sodium (Na, 0.23 g/kg) content in soil. However, the treatment WS5.5 × CLS0 decreased K (0.120 g/kg), and Ca (0.15 g/kg) values while increasing Na (0.75 g/kg) content in soil. The root activity was larger in WS0.5 × CLS10 than in WS5.5 × CLS0, as the former combination enlarged K and Ca contents in the root while the latter decreased their values. The leaf glutamine synthetase (953.9 µmol/(g.h)) and nitrate reductase (40.39 µg/(g.h)) were higher in WS0.5 × CLS10 than in WS5.5 × CLS0 at 573.4 µmol/(g.h) and 20.76 µg/(g.h), leading to the improvement in cell progression cycle, as revealed by lower malonaldehyde level (6.57 µmol/g). The K and Ca contents in the leaf (881, 278 mg/plant), stem (1314, 731 mg/plant), and grains (1330, 1117 mg/plant) were greater in WS0.5 × CLS10 than in WS5.5 × CLS0 at (146, 21 mg/plant), (201, 159 mg/plant) and (206, 157 mg/plant), respectively. Therefore, the maize was more resistance to salt stress under the CLS10 level, as a 7.34% decline in yield was noticed when salinity surpassed the threshold value (5.96 dS/m). The protein (13.6 %) and starch (89.2 %) contents were greater in WS0.5 × CLS10 than in WS5.5 × CLS0 (6.1 %) and (67.0 %), respectively. This study reveals that CLS addition can alleviate the adverse impacts of salinity on soil quality and maize productivity. Thus, CLS application could be used as an effective soil amendment when irrigating with saline water for sustainable maize production.
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Introduction

Food security is threatened by salinization, water depletion, and environmental pollution. The total global water consumption in industrial, domestic, and agricultural activities is estimated to increase by 23% in 2025 and 40% by 2030 (Oumarou Abdoulaye et al., 2019; Boccaletti, 2023). Therefore, agriculture in most areas is estimated to face extreme food, water, and environmental crises over the next few decades (Kumar et al., 2022). Irrigation is the main water user, which is adopted to support agricultural production in regions where rainfall is insufficient. However, the shortage of water used for irrigation forced farmers to use low-quality water to irrigate crops (Dotaniya et al., 2023). Thus, everywhere saline irrigation is applied, the negative environmental impacts of salinization on agriculture are intensified (Mukhopadhyay et al., 2021; Sadak et al., 2024).

Salinization affects 33% of the total irrigated lands, and the amount of the world’s salt-affected soils is expected to increase yearly (Mukhopadhyay et al., 2021). This increase can be further hastened by the massive application of poor-quality water for irrigation, climate change, and excessive implementation of irrigation linked to poor drainage and exhaustive farming (do Nascimento et al., 2024). Under salt stress, crops must mainly cope with ionic and osmotic stresses. The osmotic stress is caused by reduced soil moisture potential, whereas the large salt captivation of crops causes ionic stress (Ludwiczak et al., 2021). Therefore, salinization restricts the acquisition of plant nutrients, initiates nutritious disorders, and eventually leads to crop yield losses (Alfadil et al., 2021; Ahmed et al., 2024). However, salt-resistant plants reduce sodium uptake in roots and shoots (Rady et al., 2011; Wang et al., 2022), as sodium accumulation in plant tissues is the main reason for crop deterioration under salt stress (Zhao et al., 2021; Atta et al., 2023). Therefore, the crop’s capability to eliminate the harmful sodium cations is one of the utmost tactics for reducing salinization stress.

Numerous strategies have been employed to decrease salinization effects on crops by submitting different organic materials, such as biochar, to soils (Mishra et al., 2023). Biochar is a carbonic matter generated by biomass thermal degeneration under high temperatures and low oxygen conditions (Zou et al., 2022). Biochar is of great interest due to its capability to improve soil carbon sequestration (Li et al., 2021b). Biochar can also improve the fertility of saline soils (Tang et al., 2023). Moreover, biochar enhanced soil chemical characteristics regarding soil pH, soil surface area, and soil cation exchange capacity under abiotic stresses (Yuan et al., 2023). However, applying biochar may limit crop yield by soil nutrients, causing a deficiency of nutrients available to crops (Hossain et al., 2020). Also, biochar’s frequent and long-term application causes soil compaction and degradation (Brtnicky et al., 2021). Moreover, some biochar is a potential source of soil pollution, although heavy metals are included in the biochar itself (Narayanan and Ma, 2022).

Alternatively, calcium lignosulfonate (CLS) application has great potential to regulate soil pH and enhance the fertility and quality of saline soils (Abbas et al., 2022). Calcium lignosulfonate is an amorphous material obtained during the sulfite pulping of softwood, biocompatible in soils with low cost (Liu et al., 2020). CLS is a complex organic polymer produced through lignin solubilization under alkaline conditions (Ghavidel Darestani et al., 2018; Liu et al., 2023). After completion of the pulping, the water-soluble calcium randomly lignosulfonate polymeric framework with three aromatic alcohols is separated from the cellulose, purified, acidified, evaporated, and spray dried. CLS addition has an obvious influence on the growth of plant roots, stimulates the improvement of chlorophyll, amino acids, and sugars in plants and aid in photosynthesis. Moreover, it has positively impacted shoot and root development, plant pigments, nourishing efficiency, and crop yield (Kok et al., 2021). CLS controls the stomata close and open on the leaves, thus increasing the plants’ ability under stressed conditions (Schulze et al., 2021). CLS application also improved soil health, plant–soil interactions, and rhizosphere microorganisms; moreover, the positive impacts of CLS application on crop root development were obvious (Elsawy et al., 2022). Furthermore, CLS could promote overall plant growth in maize as it has negative charges with a short-chain structure, simplifying the reaction with the salts (Ertani et al., 2019). Therefore, CLS addition could motivate root and shoot development, thereby boosting leaf growth, chlorophyll content, and crop yield (Kok et al., 2021). However, very limited information is available on the interactions between crop-soil-CLS particles and their relations to productivity and grain quality of maize with the addition of increasing CLS amounts under saline irrigation. Moreover, the physiological processes of plants and the observation of shoot development adaption during different stages are largely scarce. Therefore, soil is treated with CLS to adjust the soil properties, thereby enhancing maize productivity and quality under salinity stress is of utmost interest.

Globally, maize is the third leading food crop after rice and wheat. Salinity adversely impacts plant growth and physiology, leading to significant crop yield loss. Root–soil interactions regulate the plant growth level, and superior root development supports higher maize production (Gao et al., 2020). The maize–soil interactions are also varied by environmental variations and controlled by the availability of nutrients in the soil. Moreover, the interactions between roots and organic elements can affect overall maize physiological and biochemical attributes under salinity stress (Helaoui et al., 2023). However, the crop’s physiological attributes, nutrient uptake, and their relationships to the grain quality of maize with CLS application under salinity stress conditions are poorly understood. Therefore, the observation of maize responses to increasing rates of CLS application under salinity stress is vital to ascertain the accurate soil amendments to enhance maize productivity, and interpretations of the plant’s physiological attributes at different growth phases are essential for this objective. In addition, the water shortage has become a major constrain of agriculture production (Ingrao et al., 2023; Bakry et al., 2024). Therefore, soil quality should be enhanced by applying precise soil management tactics emphasizing irrigation approaches in crop production (Hamoud et al., 2022). To date, limited information on the effects of increasing CLS application on soil quality and maize productivity under salinity stress has been provided. Thus, to address the existing gap in knowledge, the present study hypothesized that CLS application could improve the soil chemical properties under salinity stress, which motivates the root physiological traits of maize. The study also assumed that the CLS addition could increase the availability of nutrients in the soil, increasing shoot physiological traits, nutrient uptake, and maize quality under salinity stress. To test this hypothesis mentioned above, this study evaluated the effects of CLS addition on soil chemical properties as well as the availability of nutrients in the treated soil under different levels of salinity stress. This study also determined the impact of CLS addition on the maize’s physiological performance and grain quality under varied levels of salinity stress. The guiding of this study would be of great development of sustainable agriculture, providing practical support and a theoretical base for precision soil and water management of maize. This study also identifies the mechanism by which CLS addition would improve soil quality and increase growth and yield of maize, elucidating the synergistic interaction between saline irrigation and CLS addition on grain yield and quality of maize.





Materials and methods




Study site description and soil properties

This experiment was carried out from June to November 2022 at the agricultural farm of Hohai University, Nanjing (31°57′N, 118°50′E), China. The weather of this zone is categorized as humid subtropical with four seasons. The annual mean temperature is 15.9°C, the maximum and the minimum temperatures are 43°C and −16.9°C, and the mean annual rainfall is 1,062 mm (Yang et al., 2018). The soil was collected from the topsoil layer (0 cm–15 cm), dried by sunlight, and passed through a 5-mm screen. The used soil was classified as loam-textured soil, which was characterized as follows: soil pH was 7.02 ± 0.47, the soil organic matter was 6.43 ± 0.37 g·kg−1, the total phosphorus (TP) content was 0.47 ± 0.012 g·kg−1, the available phosphorus (AP) content was 14.75 ± 1.36 mg·kg−1, the available nitrogen (AN) content was 32.41 ± 6.12 mg·kg−1, and the available potassium (AK) content was 123.46 ± 15.02 mg·kg−1.





Experimental design, treatments, and cultural practices

This study was carried out using a randomized complete block design using three repetitions (Figure 1). The first factor was saline water used for irrigation, which imposed three levels with an electrical conductivity (EC) of 0.5 dS/m as control, 2.5, and 5.5, representing WS0.5, WS2.5, and WS5, respectively. The addition made the saline irrigation of 50% sodium chloride (NaCl) and 50% calcium chloride (CaCl2) by weight in well water. NaCl was supplied to water used for irrigation to attain the proposed irrigation water salinity levels (WS2.5 and WS5.5) (melting 0.5843 g of NaCl in 1 liter of water increased the EC by 1 dS/m).




Figure 1 | Illustration displaying the experimental pot setup and experimental design.



The second factor was calcium lignosulfonate (CLS) in addition to three levels: CLS0 (0%), CLS5 (5%), and CLS10 (10%) on a weight basis. A group of 27 PVC vessels were installed in an uncontrolled shelter roofed with elastic film. Every experimental vessel (depth: 40 cm, diameter: 25 cm) had tiny holes at the bottom and was occupied with 10 kg dry soil (Figure 1).

Later, CLS amounts were supplied and homogenized with the soil. The quantity of CLS at 5% (CLS5) was calculated on a weight basis, supposing the soil bulk density of 1 g/cm3. The quantity of CLS at the level of 10% (CLS10) enlarged twice to accomplish the rate of 10% (CLS10), whereas no CLS was added to the rate of 0% (CLS0).

After filling the pots with the soil mixed with the corresponding rates of CLS, the superphosphate (12%, P2O5), urea (46% N), and potassium chloride (60% K2O) as chemical fertilizers were added to the mixture according to the soil test. The pot moisture holding capacity was measured for each rate of CLS. Then, the maize variety, so-called Xianyu 335, was used. The seeds were sown in soil peat moss at three seeds per plug tray cell and thinned to one plant per hole 3 weeks after the germination. Then, the seedlings were transplanted to the pots and irrigated to 100% of pot water-holding capacity every other day for a week. Afterward, irrigation water salinity treatments were implemented every other day, and water amounts were determined based on the water quantity needed to increase the moisture content to 100% of the pot water-holding capacity.





Soil analysis

For chemical investigation, the soil samples were obtained from the topsoil layer (0 cm–20 cm). A pH meter estimated soil acidity (pH) in soil/water extract (1/2.5). The EC of soil was assessed by measuring the extract through an EC meter. Some samples were placed in a fridge at 4°C to estimate the dissolved organic carbon (DOC). Additional samples were also saved to measure soil easily oxidative carbon (EOC) and soil total organic carbon (TOC). The TOC amount was computed by the titration of ferrous ammonium sulfate and the potassium dichromate oxidation (Lu, 1999). The soil DOC level was computed in the soil/water extract at 25.5°C after shaking for 1 h (Jiang et al., 2006) and rotating at 4,500 r·min−1 for 15 min (Bankó et al., 2021). The occasioning supernatant was passed through a 0.45-mm screen, and the attained blend was measured by the titration of ferrous ammonium sulfate and the oxidation of potassium dichromate. The EOC amount was estimated by reacting finely dried samples with 333 mmol·L−1 KMnO4 through shaking at 60 r·min−1 for 60 min (Blair et al., 1995). After that, the resultant was centrifuged for 5 min at 2,000 r·min−1. The obtained mixture was diluted, and its absorbance was noted at 565 nm using a spectrophotometer. Subsamples were added to a blend of salicylic acid and selenium sulfate to measure the ion contents of potassium (K+), calcium (Ca++), and sodium (Na+) in the soil. The mixture was transferred to the ingestion cylinders, which were heated for 30 min at 100°C. The temperature was then raised to 380°C for 180 min using a hotplate (YKM-36, Shanghai, China) (Jackson, 2005). Soil K+, Ca++, and Na+ contents were identified by the flame photometer method (FB640N, Wincom, Hunan, China) (Ghosh, 1993).





Measurements of root growth traits

At physiological maturity (R6), plants were collected, partitioned into grains, stems, and leaves, positioned in the oven for 3 days at 75°C, and balanced to get dry weights. Plant samples for each plant part were milled, sieved using a 1-mm mesh, and kept in the paper bags for further analysis. The soil/root tubes for each treatment were collected, and roots were isolated by carefully washing the soils. The plant roots were dried with paper tissues, and the fresh root mass was determined. The methylene blue dyeing method estimated the root active adsorption area (RAAA) using fresh root samples (Zhang et al., 1994). The root dry weight (RDW) was measured from the fresh root biomass and the water amount of the dried root.





Measurements of shoot growth and physiological traits

During the vegetative (tassel, VT) and reproductive (dent, R5) growth stages, data regarding plant height (PH, cm), stem diameter (SD, cm), leaf number per plant (NL), and leaf length (LL, cm) were recorded in triplicate. The PH was identified from the soil surface unit at the shoot’s top. The SD was identified through a digital caliper (CD 7303V, China). The NL per plant was counted, and LL was measured using a meter tap.

The photosynthesis level (Pn, µmolCO2 m2/S) of the leaf was measured through an opened-flow gas exchange apparatus. The Pn rate was measured in three replications of leaves between 08:40 and 10:50 on a sunshiny day through a moveable photosynthesis apparatus (LI-6400XT, LI-COR, USA). The leaf deoxyribonucleic acid (DNA) content was measured at the reproductive (milk, R3) growth stage and detected by flow cytometry analysis. Leaf subsamples were separated into tiny slashes and placed in 50 mM KCl, 5 mM HEPES, 1 mg/mL dithiothreitol (Sigma, St. Louis, MI, USA), 0.2% Triton X-100 (nucleus isolation buffer), and 10 mM MgSO4. The samples were passed over a 33-mm net. The nuclei were positioned in paraformaldehyde (4%) for half an hour, sedimented (200 g, 10 min, 4u C), and then suspended in a separation buffer (Sheteiwy et al., 2021a).





Measurements of the leading enzymes and antioxidant activity in crop

At physiological maturity (R6), the root glutamine synthetase [RGS, μmol/(g·h)] ability was assessed using a standard method by Chen et al. (2021). The nitrate reductase [RNR, µg/(g·h)] activity of the root was assessed by the investigation blend, including 1-g fresh roots sited in 25 mM K3PO4 buffer, 10 mM KNO3, 0.2 mM NADH, 5 mM NaHCO3, and 5-μL extract in a final quantity of 0.5 mL. The attained reaction was suspended by delivering 50 μL of 0.5 M Zn(CH3COO)2. Then, 50 μL of 0.15 mM phenazine methosulphate was delivered to oxidize the excessive NADH. The mixture was centrifuged for 5 min at 10.000× g. The quantity of NO2− was detected by blending 500 μL of supernatant with 250 μL of 1% sulfanilamide obtained in 1.5 N HCl and 250 μL of 0.02% N-(1-naphthyl) ethylene-diamine dihydrochloride. The absorbance was logged at a 540-nm wavelength using the spectrophotometric method (Ogawa et al., 1999).

At the vegetative (tassel, VT) and reproductive (dent, R5) growth stages, subsamples (0.5 g) of the ground flag were frozen in liquid N. They were then placed in a mixture of 15% glycerol, 1 mM EDTA, 0.1% Triton X-100, 1 mL Tris–HCl (pH 7.8), and 14 mM 2-mercaptoethanol. The consequent blend samples were rotated for 12,000× g at 4°C for 10 min. The glutamine synthetase [LGS, µmol/(g·h)] activity of the leaf was identified by identifying glutamyl hydroxamate formation in the mixture at 540 nm after reaction with FeCl3 (10%): TCA (24%): HCl (6 mol/L) at 1:1:1 ratio. The leaf nitrate reductase [LNR, µg/(g·h)] activity was identified through a standard method by Baki et al. (2000). Briefly, 0.2 g of the crushed leaf was kept for 30 min at 30°C in a dark place with 0.2 M KNO3, 9 mL of medium consisting of 25% isopropanol, and 0.1 M sodium phosphate buffer (acidity 7.2). The spectrophotometer detected the discharged nitrite at a wavelength of 540 nm.

The leaf’s malonaldehyde (MDA) amount was identified by a standard method of Zhou and Leul (1999). Briefly, a flag tissue sample (0.25 g) was added to liquid N by supplying 10% (w/v) TCA (5 ml). The resulting mixture was rotated at 4,000× g for 15 min at 4°C. Later, the supernatant (2 mL) was submitted to 0.67% (w/v) thiobarbituric acid (2 mL), persisted at 100°C for 30 min, and finally transmitted to an ice bath. The subsequent samples were rotated at 4°C at 2,000× g for 5 min. The spectrophotometer recorded the supernatant absorbance at 532-nm, 600-nm, and 450 nm wavelengths. The hydrogen peroxide (H2O2) level of the supernatant was logged at 390 nm by the spectrophotometer. The leaf’s relative water content (RWC, %) was estimated by drying samples at 75°C for 2 days in the oven, where dry mass was achieved afterward by sealing the targeted leaf for 2 days in deionized water. Then, the leaves were dried before reaching the turgid mass (Sheteiwy et al., 2019).





Measurements of nutrient crop removal

The wet digestive tubes for the seed, stem, leaf, and root were arranged to measure plant tissues’ K, Ca, and Na nutrient concentrations (%). The digestive tubes were supplied with 0.5 g of each plant part powder. A 1-g selenium reagent mixture was placed in the tube and supplied with 10 mL of concentrated H2SO4 (Jackson, 2005). The K, Ca, and Na percentages in the tissues of root, stem, leaf, and grain were measured by the flame photometry technique (Tandon, 1993). The amounts of K, Ca, and Na nutrients in crop removal were estimated by the following equations (Mosier and Syers, 2004; Bandaogo et al., 2015):









where NAG is the nutrient accretion in grain (mg/plant), NCG is the nutrient concentration in the grain (%), GDW is the grain dry weight (g/plant), NCL is the nutrient concentration in the leaf (%), LDW is the leaf dry weight (g/plant), NAS is the nutrient accretion in the stem (mg/plant), NCS is the nutrient concentration in the stem (%), SDW is the dry weight (g/plant), NAL is the nutrient accretion in leaf (mg/plant), NAR is the nutrient accretion in the root (g/plant), NCR is the nutrient concentration in root tissues (%), and RDW is the root dry weight (g/plant).





Approval of salt resistance model to corn

As proposed by Maas and Hoffman (1977), the model of salt tolerance was employed in corn yield as a development factor to standardize the level of decline of the factor with increasing salt stress, as indicated by its ECe (excluding the threshold value for assumed salinity and soil amendment). With yield used as a development factor, the salt resistance model (Maas and Hoffman, 1977) is given by the following equation:



where Ya is the average achieved corn yield for a given CLS addition and saline irrigation treatment (g); Ym is the average highest corn production (grain yield) achieved by the CLS0 control treatment (g) for the relevant CLS addition; ECe is the soil salinization threshold value (dS m−1); ECe is the soil salinization excluding the threshold value (dS m−1); and b is the slope value denoting the degree of decreasing yield with rising ECe excluding the threshold value.





Evaluation of seed embryo ultramorphology, yield, grain chemical structure, and quality

To identify differences in corn embryo ultramorphology for the different treatments, a scanning electron microscope was employed following a standard protocol (Wei et al., 2009). The sonication in dehydrated alcohol dehulled a grain sample (0.1 g) for 5 min. Then, grains were sliced by carpet tape to get cross sections sputter-coated to a thinness of 30 nm with a gold object in a vacuum-coating device. Silver dye was enclosed to the bottom of the seed cuts to avoid the charge on its surface. The seed endosperm ultramorphology engaged to the scanning electron microscope (JEOL JSM-1300) was checked on the core endosperm of a transverse unit at a 15-kV accumulating voltage, and the pictures for each sample were skimmed. The seed chemical structure was identified by calculating the percentages of protein, fat, and starch, according to Pan et al. (2013), using an infrared grain analyzer (FOSS, Hilleroed, Denmark). The seed’s digestive tubes were used where nutrient contents in the grains were determined using the spectrophotometer through the indophenol-blue protocol for N (Novozamsky et al., 1974) and the Barton protocol for P (Jones, 2001). Silicon level (%) was measured using a standard protocol by Zhao et al. (2019).





Data statistical analysis

The collected data were processed by the IBM-SPSS-19 statistical package, employing the analysis of variance (two-way ANOVA) and performing the process of the general linear model. Once the P values were significant, the obtained mean values were compared at the 0.05 significance level using Duncan’s multiple range test. All collected values are the averages of three replications.






Results




Calcium lignosulfonate addition enhanced soil chemical properties under salinity stress

ANOVA results exhibited that under the similar calcium lignosulfonate (CLS) addition rate, increasing the water salinity (WS) stress during WS0.5, WS2.5, and WS5.5 considerably enlarged the soil EC, pH, and Na contents while decreasing EOC, DOC, TOC, K, and Ca contents (Table 1). Under similar salinity stress, CLS0, CLS5, and CLS10 led to a large decline in the soil EC, pH, and Na+ content and a gradual enlargement in the DOC, EOC, TOC, K+, and Ca++ levels in the soil. Due to the interactive effect, treatment WS0.5 × CLS10 exhibited the lowest values of EC (3.85 and 3.00), pH (7.28 and 7.11), and Na+ (0.23 and 0.08, g/kg) and the highest EOC (6.30 and 4.23 g/kg), DOC (368.1 and 284.1 mg/kg), TOC (15.64 and 13.58 g/kg), K+ (0.167 and 0.139 g/kg), and Ca++ (0.39 and 0.19 g/kg) contents of the soil at the layers of 10 cm and 20 cm, respectively. However, treatment WS5.5 × CLS0 showed the greatest values of EC (15.03 and 14.37), pH (8.56 and 8.02), and Na+ (1.01 g/kg and 0.67 g/kg) and the lowest values of EOC (1.82 g/kg and 1.02 g/kg), DOC (172.3 mg/kg and 88.6 mg/kg), TOC (10.67 g/kg and 8.85 g/kg), K+ (0.120 g/kg and 0.101 g/kg), and Ca++ (0.15 g/kg and 0.08 g/kg) contents of the soil at the depths of 10 and 20 cm, respectively.


Table 1 | Soil properties for different treatments, and a summary of the analysis of variance on the major impacts of salt-stress and calcium lignosulfonate addition rate on soil chemical properties.







Calcium lignosulfonate addition encouraged physiological traits and K concentration in root under salt-stress

At physiological maturity (R6), the RAAA, RDW, RNR, and RGS of roots were reduced by increasing the salinity stress during WS0.5, WS2.5, and WS55.5 whereas the RAAA, RDW, RNR, and RGS of roots enlarged with increasing CLS addition rate during CLS0, CLS5, and CLS10, respectively. In addition, the highest RAAA (6.54 m2/plant), RDW (2.61 g/plant), RNR [14.07 µg/(g·h)], and RGS (3.58 mg/g/FW/h) values in CLS10 were detected under WS0.5. However, the lowest RAAA (2.38 m2/plant), RDW (1.74 g/plant), RNR [5.87 µg/(g·h)], and RGS (1.38 mg/g/FW/h) values in CLS0 were detected under WS5.5 (Table 2).


Table 2 | Root physiological indicators for different treatments and a summary of the analysis of variance on the major impacts of salt stress and calcium lignosulfonate addition rate on root physiological indicators.



Significant variations in K, Ca, and Na contents in the root tissues were detected among salinity treatments. Under a similar CLS application rate, the root tissues’ K and Ca contents decreased gradually, whereas Na content increased during WS0.5, WS2.5, and WS55.5, respectively. Under the similar salinity treatment, K and Ca root contents increased gradually while decreasing Na root content during CLS0, CLS5, and CLS10. The highest K (0.73%) and Ca (0.38%) contents and the lowest Na (0.07%) content in the root tissues were recorded by the treatment WS5.5 × CLS10. However, the lowest K (0.23%) and Ca (0.11%) contents and the highest Na (0.34%) content in the root tissues were recorded by the treatment WS0.5 × CLS0 (Table 2).





Calcium lignosulfonate addition encouraged cell cycle progression of the leaf under salinity stress

The results of the flow cytometry investigation presented that CLS addition and salinity stress considerably alerted the cell cycle’s progress at exact stages (Figures 2A–I). The findings revealed that each treatment influenced the plant cell progression differently. Maximum values of side-scattered (SSC) light and forward-scattered (FSC) light signals were discovered in maize grown in the CLS10 exposed to minor salinity stress under WS0.5, signifying superior cell division, size, and granularity (Figures 2A–C).




Figure 2 | Maize’s leaf cell flow cytometric investigation for different treatments. (A–C) represents flow cytometric analysis for plants in soil treated with calcium lignosulfonate (CLS) addition rate of 10% under water salinization (WS) stress of WS0.5, WS2.5, and WS5.5, corresponding to 0.5, 2.5, and 5.5 dS/m, respectively; (D–F) represents flow cytometric analysis for plants in soil treated with CLS addition rate of 5% under WS0.5, WS2.5, and WS5.5, respectively; (G–I) represents flow cytometric analysis for plants grown in soil treated with CLS addition rate of 0% under WS0.5, WS2.5, and WS5.5, respectively. SSC and FSC donate side scattered and forward scattered.



Enhanced values of SSC and FSC were recognized in maize grown in CLS5, specifying an enhanced cell division, size, and granularity, with lessening salinity stress during the WS2.5 treatments. Thus, the cells’ development was slightly motivated by the variations in the cell’s progress when growing maize in CLS5 with decreasing salinity stress during the WS2.5 (Figures 2D–F). Minimum values of SSC and FSC were noted in maize grown in CLS10, demonstrating a negligible developed cell size division and granularity while maximizing salinity stress during the WS5.5. Thus, cell progression was noticeably reduced, parallel to changes in cell development when growing maize in CLS10 with lightning salinity stress during WS0.5 (Figures 2G–I).





Calcium lignosulfonate application enhanced shoot physiological traits under salt stress

During the vegetative (tassel, VT) and reproductive (dent, R5) growth stages, CLS addition significantly enhanced the RWC and Pn in all salinity stress treatments. This impact improved as the amount of CLS added increased. Under the same CLS application level, the salinity stress treatments impacted the RWC and Pn differently, where their values were increased by decreasing salt-stress during the WS5.5, WS2.5, and WS0.5 treatments. Regarding the interaction of the factors, the greatest Pn (13.13 µmol m−2 s−1 and 8.63 µmol m−2 s−1) and RWC (48.93% and 36.73%) were recorded by WS0.5 × CLS0 at vegetative (tassel, VT) and reproductive (dent, R5) growth stages, respectively. However, the lowest Pn (7.65 µmol m−2 s−1 and 4.90 µmol m−2 s−1) and RWC (10.86% and 7.99%) values were observed with WS5.5 × CLS10 (Figures 3A, B).




Figure 3 | Photosynthesis (Pn) (A) and relative water content of leaf (RWC) (B), leaf’s glutamine synthetase (LGS) (c), leaf’s nitrate reductase (LNR) (D), malonaldehyde (MDA) (E) and hydrogen peroxide (H2O2) (F) mean values as affected by different calcium lignosulfonate addition under salinity stress for different growth stages. WS5.5, WS2.5, and WS0.5 denote water salinization (WS) stress corresponding to 5.5, 2.5, and 0.5 dS/m, respectively. CLS0, CLS5, and CLS10 represent calcium lignosulfonate (CLS) addition rates of 0%, 5%, and 10%, respectively. For the same growth stage, the means are significantly different among CLS addition rates (lowercase) or WS treatments (uppercase) (P ≤ 0.05) once followed by a similar letter, according to the analysis of variance tests. Data are mean ± SE (n = 3). VT represents the tasselling of the vegetative growth stage, and R5 represents the denting of the reproductive growth stage.



Given significant differences between different factors, CLS application significantly improved the LGS and LNR under salinity stress treatment. Under the same CLS rate, the salinity stress displayed a varied effect on the LGS and LNR, where their values were improved by reducing salt-stress during the WS0.5, WS2.5, and WS5.5. Given the interaction of the factors, the greatest LGS [827.7 µmol/(g·h) and 953.9 µmol/(g·h)] and LNR [29.12 µmol/(g·h) and 40.59 µg/(g·h)] were recorded by WS0.5 × CLS0 at the vegetative (tassel, VT) and reproductive (dent, R5) growth stages, respectively. However, the lowest LGS [471.6 µmol/(g·h) and 573.4 µmol/(g·h)] and LNR [14.25 µg/(g·h) and 20.86 µg/(g·h)] were recorded values were observed with WS5.5 × CLS10 (Figures 3C, D).

The MDA and H2O2 contents decreased significantly with increases in CLS addition amounts, whereas the increasing salinity stress increased MDA and H2O2 contents. Given the interaction of factors, WS5.5 × CLS0 resulted in the maximum values of MDA (7.26 µmol/g and 11.41 µmol/g) and H2O2 [5.71 mmol/(m2·S) and 7.11 mmol/(m2·S)] contents at the vegetative (tassel, VT) and reproductive (dent, R5) stages, respectively. However, the minimum MDA (3.34 and 6.57 µmol/g) and H2O2 [3.05 mmol/(m2·S) and 4.91 mmol/(m2·S)] values were recorded by WS0.5 × CLS10 (Figures 3E, F).





Calcium lignosulfonate addition stimulated crop growth indicators under salt stress

As displayed in Figures 4A–D at the vegetative growth phase, NL, LL, PH, and SD were unfavorably declined by salinity stress. WS5.5 led to lower NL, LL, PH, and SD values under all salt-stress treatments, whereas WS0.5 resulted in the greatest values of PH, SD, NL, and LL.




Figure 4 | Plant height (PH) (A), stem diameter (SD) (B), number of leaves per plant (NL) (C) and leaf’s length (LL) (D) mean values as affected by different calcium lignosulfonate additions under salinity stress for different growth stages. WS5.5, WS2.5, and WS0.5 denote water salinization (WS) stress corresponding to 5.5, 2.5, and 0.5 dS/m, respectively. CLS0, CLS5, and CLS10 represent calcium lignosulfonate (CLS) addition rates of 0%, 5%, and 10%, respectively. For the same growth stage, the means are significantly different among CLS addition rates (lowercase) or WS treatments (uppercase) (P ≤ 0.05) once followed by a similar letter, according to the analysis of variance tests. Data are mean ± SE (n = 3). VT represents the tasselling of the vegetative growth stage, and R5 represents the denting of the reproductive growth stage.



The CLS application showed a substantial augmentation in LL, NL, PH, and SD values under the salt stress treatments. CLS10 resulted in greater PH, SD, NL, and LL values under all salt-stress treatments. Regarding interactive effects of the factors, the greatest PH, SD, NL, and LL mean values were recorded by WS0.5 × CLS10 (105.3 cm, 3.73 mm, 6 leaves/plant, and 78.3 cm), whereas the lower mean values were noticed with WS5.5 × CLS0 (42 cm, 0.93 mm, 14 leaves/plant, and 34.5 cm).

Similar to the previous phase, salinity stress reduced the growth parameters of maize during WS0.5, WS2.5, and WS5.5. However, CLS addition exhibited a major enhancement in these parameters during CLS0, CLS5, and CLS10, during the vegetative (tassel, VT) and reproductive (dent, R5) growth stages (Figures 3A–D). Therefore, the highest PH, SD, NL, and LL values were detected in WS0.5 × CLS10 (152.5 cm, 4.86 mm, 18 leaves/plant, and 96.6 cm), whereas the smallest values were noted by WS5.5 × CLS0 (81.2 cm, 2.16 mm, 10 leaves/plant, and 58.3 cm).





Calcium lignosulfonate addition increased the ion concentrations in maize under salinity stress

The variations in biomass production of corn for various CLS addition rates under salt stress were significant. The biomasses for seeds, leaves, stems, and thus shoot biomass improved with CLS rate increasing during CLS0, CLS5, and CLS10, respectively. Meanwhile, increasing salinity stress considerably reduced the masses of grains, leaves, and stems, and thus shooting. Moreover, the highest biomasses for seeds, leaves, stems, and thus shoot biomass were noticed in WS0.5 × CLS10 [51.55, 87.06, 164.21 (g/plant)]. However, the lowest values were watched in WS5.5 × CLS0 [19.31, 42.86, 71.25 (g/plant)] (Table 3).


Table 3 | Nutrient concentration of maize for different treatments, and a summary of the analysis of variance on the major impacts of salt stress and calcium lignosulfonate addition rate on the nutrient concentration (%) of maize.



Significant changes (P<0.05) in the ion contents in maize plants’ seeds, stems, and leaves were detected across salinity stress treatments. The maize plants were more reactive with K under WS0.5 than WS5.5 conditions through the season. The K and Ca percentages in stems, leaves, and grains enlarged when the CLS addition rate increased during CLS0, CLS5, and CLS10, respectively. Due to interaction, the maximum values of K and Ca amounts in leaves (1.71% and 0.54%), stems (1.51% and 0.84%), and grains (0.84% and 0.68%) were obtained under the WS0.5 × CLS10. However, the lowest K and Ca concentrations in leaves (0.76% and 0.11%), stems (0.52% and 0.37%), and grains (0.29% and 0.22%) were achieved under the WS5.5 × CLS0 (Table 3). Unlike the K and Ca concentrations, the Na percentages in the stems, grains, and leaves of maize were considerably increased by increases in salinity stress and reductions in CLS addition rates. Moreover, the highest Na levels in maize grains, stems, and leaves were obtained under WS5.5 × CLS0 (0.37%, 0.52%, and 0.56%). However, the lower values were witnessed in WS0.5 × CLS10 (0.06%, 0.11%, and 0.17%) (Table 3).





Calcium lignosulfonate application enlarged the ions uptake of corn under salinity stress

The findings specified that different CLS addition rates under salinity stress treatments affected Na, K, and Ca accumulation in the leaf, stem, root, and grain. The accumulation of K and Ca in the root, leaf, stem, and grain declined with increasing salinity stress during the WS0.5, WS2.5, and WS5.5, respectively. However, the Na accumulation in the stem, root, grain, and leaf improved during the WS0.5, WS2.5, and WS5.5 (Table 4), unlike the K and Ca accumulation trend in root, leaf, stem, and grain, which were realized during CLS0, CLS5, and CLS10. However, the Na uptake in leaf, stem, root, and grain declined with increasing CLS addition rates during CLS0, CLS5, and CLS10, respectively. Due to interaction, the highest K and Ca uptake while the lowest Na uptake in the root (19.1 mg, 10 mg, and 1.83 mg), leaf (881.5 mg, 278 mg, and 30.9 mg), stem (1,314 mg/plant, 731 mg/plant, and 95.8 mg/plant), and grain (1,330.1 mg, 1,117 mg, and 279.2 mg) were recorded by the WS0.5 × CLS10 treatment. However, the lowest K and Ca uptake while the highest Na uptake in the root (6.7 mg, 1.1 mg, and 3.81 mg), leaf (146 mg/plant, 21 mg/plant, and 71 mg/plant), stem (201 mg, 159 mg, and 230 mg), and grain (206 mg, 157 mg, and 399 mg) were recorded by the WS5.5 × CLS0 treatment (Table 4).


Table 4 | Nutrient uptake (mg/plant) of corn for various treatments (Equations 1–4) and a summary of the analysis of variance on the major impacts of salt stress and calcium lignosulfonate addition rate on nutrient uptake of maize.







Calcium lignosulfonate addition enlarged the maize salt resistance to salinity stress

The salt resistance index for the maize plant is presented as a function of grain yield against the reached ECe mean values for every CLS addition rate (Table 5). For CLS0, no reduction until 2.09 dS/m of the threshold value was detected in the grain yield. However, surpassing the standard value, corn production declined by 27.78% for each unit enlargement in the salt-stress degree. Regarding the CLS5, a substantial rise in the ECe value to 4.02 dS/m was witnessed; however, the slope value was reduced to 14.92%. Moreover, under CLS10, a substantial enlargement in the ECe value of 5.96 dS/m was detected; however, the slope value was reduced to 7.34% (Table 5).


Table 5 | Fitted factors of salinity resistance models projected (Equation 5) for various rates of calcium lignosulfonate addition under salinity stress.







Calcium lignosulfonate addition improved the grain quality of maize

The ultramorphology of maize seed embryo altered significantly under different treatments (Figures 5A–I). The maize seed embryo exposed to CLS0 exhibited many circular starch grains of smaller size and a plethora of unformed starch particles with untidy-edge starch granules. The ultramorphology of maize seed embryo also showed a large increase in the content of protein matrix at the periphery, increasing the injury to the seeds compared with CLS0 and WS0.5 by increasing salinity stress in the order of WS0.5 > WS2.5 > WS5.5 (Figures 5A–C).




Figure 5 | Scanning electron microscopy (SEM) images of the endosperm of maize seeds for different treatments. Starch granules (SG), protein matrix (PM), protein deposits (PD), and compound starch grains (CSG). (A–C) represents flow cytometric analysis for plants in soil treated with calcium lignosulfonate (CLS) addition rate of 10% under water salinization (WS) stress of WS5.5, WS2.5, and WS0.5, corresponding to 5.5, 2.5, and 0.5 dS/m, respectively; (D–F) represents flow cytometric analysis for plants in soil treated with CLS addition rate of 5% under WS5.5, WS2.5, and WS0.5, respectively; (G–I) represents flow cytometric analysis for plants grown in soil treated with CLS addition rate of 0% under WS5.5, WS2.5, and WS0.5, respectively. All images are shown at the same level of magnification, with 20-um scale bars.



However, the ultramorphology of maize grain embryo exposed to CLS5 was boosted by enhancements in crystallization and size for starch particles with an obvious drop in protein matrix over reducing salinity stress in the order of WS5.5 > WS2.5 > WS0.5 (Figures 5D–F). The positive development in the ultramorphology of maize grain embryos exposed to CLS10 developed greater with a greater size for starch grains, well-built starch particles with sharply bounded starch particles. Furthermore, the protein matrix declined, preventing the injury to maize grains compared with CLS0 and CLS10 by reducing salinity stress in WS5.5 > WS2.5 > WS0.5 (Figures 5G–I). Considerable differences in the maize grain’s quality and chemical composition signs were found through different treatments (Table 6). Under a similar calcium-sulfonated lignin addition rate, WS0.5 boosted proteins, fatty acids, starch, Si, P, and N percentages in the maize grains. During the similar salinity stress, the smallest proportions of protein, fat, starch, Si, P, and N were realized in CLS0, followed by CLS5, while the greatest percentage was detected in SL10.


Table 6 | Grain quality indicators of corn for various treatments and a summary of the analysis of variance on the major impacts of salinity stress and calcium lignosulfonate addition rate on grain’s quality.



Due to the combination, the WS0.5 × CLS10 treatment showed the greatest proportions of protein, fat, starch, Si, P, and N in the maize grains. Conversely, the WS5.5 × CLS0 treatment exhibited the smallest proportions of protein, fat, starch, Si, P, and N in the maize grains.






Discussion

This study indicates that the maize plant obviously displayed much resistance to salinity stress levels when soil was amended with calcium lignosulfonate (CLS), as revealed by increased root and shoot lengths, grain yield, and higher protein, starch, and fat contents of grain as well as lower cell damage due to lower reactive oxygen species production. This study also reveals that CLS addition could improve the physiological traits, nutrient uptake, and grain quality of maize and soil chemical characteristics under salinity stress. Accumulation of sodium (Na+) in soil markedly causes ion imbalance and toxicity to plants by limiting the competitive absorption of nutrients such as potassium Ca++ and K+ (Shen et al., 2016). Two potential working mechanisms could be attributed to Na+ mitigation using the CLS application. The first and maim mechanism is attributed to Na+ adsorption by amble hydrophilic carboxyl and hydroxyl groups on the lignin surface by complexing (Liu et al., 2020). The second mechanism is Na+ adsorption by ion exchange with the Ca++ existing on the CLS surface (Figure 6A). Therefore, the reduction in soil pH and EC with increasing CLS application was due to the soluble nutrients, in particular Ca++ and K+, entering the soil solution (Table 1). Moreover, the increases in EOC, DOC, and TOC with increasing CLS application ascertains that the CLS degeneration improved the quantities of released Ca++ and K+ in the soil. This finding is in line with the achieved results of an earlier investigation (Elsawy et al., 2022). The reduction in EOC, DOC, and TOC under salt stress specifies that high salt stress decreased the CLS degradation, thus lessening the level of released K+ and Ca++ in soil solution (Elsawy et al., 2022). Moreover, increasing the salinity stress level increased Na+ within the soil, thus increasing the soil pH. However, increasing CLS application decreased Na+ in the soil, thus alleviating the undesirable influence of salinity stress on the maize crop.




Figure 6 | (A) Comprehensive model showing the working mechanisms of calcium lignosulfonate (CLS) in salt stress mitigation. (B) Comprehensive model presenting the mechanism by which CLS application improves physiological traits and grain quality of maize under salinity stress. K+, potassium ion; Ca++, calcium ion; Na+, sodium ion, and Cl-, chloride ion; EOC, easily oxidative carbon; DOC, dissolved oxidative carbon; and TOC total organic carbon.



Root physiology was enhanced under WS0.5 × CLS10 by generating heavier roots connecting to the soil through superior RAAA, indicating abundant K+ and Ca++ to roots. Conversely, the deficiency of K+ and Ca++ with salinity stress under WS5.5 × CLS0 could limit the root’s growth and, thus, RAAA. Equally, the maize root growth physiology relied on the variations in nutrient obtainability in soil (Vetterlein et al., 2022; Sadak and Dawood, 2023). Also, many crops exhibited considerable tolerance to salinity stress when soil amended with CLS, as shown by increased root growth traits (Kok et al., 2021; Elsawy et al., 2022).

A larger RNR and RGS identify sufficient root-nutrient intake compared with a smaller RNR and RGS (Li et al., 2021a). Therefore, the high RNR and RGS under WS0.5 × CLS10 show an improved K and Ca nutrient availability while reducing the accumulation of Na in the root. In contrast, the low RNR and RGS define decreased K and Ca nutrient availability and increased accumulation of Na in the root, thus reducing root activity under WS5.5 × CLS0. In this study, increasing the CLS addition rate under salinity stress increased the soil’s ability to fix Na+ ions while increasing the released K+ and Ca++ ions, letting the plant’s root maximize K and Ca uptake while minimizing Na uptake. Consistently, enzymatic activity and K and Ca uptake of maize roots in the CLS-treated soil were higher than in non-treated soil (Elsawy et al., 2022).

The flow cytometry results under the WS5.5 treatment are ascribed to the reduction of plant growth under extreme salinity stress, which reduces plant cell size and progression due to limited cell division (Sheteiwy et al., 2021b). The improvements in rice development regarding cell division and size under WS0.5 are due to minor salinity stress, which encourages plant cell size, progression, and division (Sheteiwy et al., 2019). The leaf cells’ progression, size, and division under CLS10 were significantly motivated compared with the cells’ progress, size, and division under CLS0. This enhancement in the cells’ progress, size, and division is due to the optimal growth conditions under CLS10 treatment.

The decrease in Pn and RWC of maize grown under WS5.5 × CLS0 could result from stomatal conductance started by the larger impact on the guard cells under high salinity stress. Thus, the reduction in CO2 diffusion and the RWC under WS5.5 × CLS0 conditions was also caused by the severe drop in the photosynthetic process due to the over-creation of radical oxidative species (ROS) in particular H2O2 formation. Consistently, it has been reported that crops must modify to these extreme conditions by eliminating ROS and upregulating enzymes of antioxidation (Hasanuzzaman et al., 2020; Sadak et al., 2022). In addition, Ca++ ions could enhance the photosynthesis process by regulating stomata opening and closure (Schulze et al., 2021). Conversely, under WS0.5 × SL10, the Pn and RWC of the leaf are regulated by increasing the CO2 assimilation and the RWC due to a minor impact on the guard cells under minor salinity stress.

The findings of the LNR and LGS enzymes are ascribed to the available nutrients under minor salinity stress of WS0.5 × CLS10, inhibiting the damage to plant cells by boosting the scavenging sequences, decreasing H2O2 formation, and minimizing the MDA production. However, the deficiency in available nutrients under high-salinity stress of WS5.5 × CLS0 motivated the injury to plant cells by disturbing scavenging sequences, boosting the release of H2O2 formation, and maximizing the MDA production. Consequently, the improvement of the antioxidation defense system led to the mitigation of oxidative cell injury by lessening the H2O2 and MDA contents in the leaf cell, which is consistent with the results of a pervious study (Abd El-Hameid and Sadak, 2020; Dumanović et al., 2021; Ragaey et al., 2022). Therefore, an improved ROS scavenging system can efficiently alleviate the accretion of H2O2 and retain a negligible level of ROS for plant development. Hence, CLS encourages the shoot growth of maize over the mitigation of ROS release.

As findings displayed, the PH, SD, NL, and LL were favorably influenced by the improved in the amount of CLS supplied and adversely by the increase in the salinity stress. These results are ascribed to the fact that CLS had a large ability to release Ca, K, and other nutrients, specifically at a high application level by which more nutrients were available to the plant, which was revealed by larger plant development at the different growth stages. These findings are consistent with the findings of (Elsawy et al., 2022), who indicated large enhancements in barley growth and productivity with CLS application. In contrast, the increase in salinity stress could unfavorably affect PH, SD, NL, and LL, certainly in the high salinity stress level. Therefore, all indicators of shoot physiology, including PH, SD, NL, and LL, were lower under WS5.5 than those under WS2.5 and WS0.5 salinity stress levels throughout the different growth stages.

Adding calcium lignosulfonate improved the physiology of root and shoot, demonstrating a favorable impact on the uptake of Ca and K while reducing Na accumulation in maize under salt-stress conditions. These findings are because CLS application could mitigate salt stress in maize by its high transient Na cation binding owing to large acquisition aptitude, so lowering osmotic stress through discharging K and Ca into the soil solution. Recent studies have shown positive responses of crops to CLS application under conditions of low soil quality and plant-nutrient lack (Savy and Cozzolino, 2022; Kang et al., 2024).

Our findings indicated that the seed yield of corn was reduced under high salinity stress. The reduced intake of nutrients, ion toxicity, and ion balance disorder were the fundamental reasons for corn production deterioration under salt stress (El-Bassiouny et al., 2020; Balasubramaniam et al., 2023). However, the CLS addition improved the grain yield of maize under salt stress (Elsawy et al., 2022; Savy and Cozzolino, 2022). Therefore, our findings are ascribed to the capability of CLS to enhance the discharge of K and Ca nutrients into the soil solution while reducing the availability of Na ions.

In the present study, correlations between salinity stress and CLS applied and grain yield of maize were detected. Due to the salinity resistance model, the grain yield of maize was sensitive to salt stress under the non-addition of CLS as the grain yield of maize was reduced by 27.78% per unit elevation in salts above the threshold value (2.09 dS m-1). Equally, barley plants presented much tolerance to salinity stress levels when treated with CLS, leading to a larger grain yield (Elsawy et al., 2022). In opposition, after increasing the CLS rate from 5% to 10%, the values elevated from 4.02 dS m−1 to 5.96 dS m−1; meanwhile, the grain yield of maize reduced by 14.92% and 7.34%. An elevation in the ECe level with the addition of CLS at 10% level could result in a slight decrease in grain yield of maize excess of the ECe threshold standards. Thus, the grain production of maize was further resistant to salinity stress under the addition of CLS at a 10% level.

The ultrastructure of grain embryos attained by SEM confirms the mitigation of injury in grains under WS0.5 × CLS10 due to the well-organized load of protein particles surrounded by well-formed starch grains in endosperm with the nonappearance of air between starch particles. However, the injury in grain under WS5.5 × CLS0 is accredited to the incompetent load of the protein bodies with many irregular starch grains, with a considerable decrease in the number of protein particles, therefore increasing the existence of protein matrix with small dimensions and uneven-edge starch grains.

The WS0.5 × CLS10 treatment could enhance the maize grain composition, essentially affecting the seed’s nutrition. Higher P and N accumulation in grains was due to maize’s efficient growth and mineral nutrition under WS0.5 × CLS10. The good acquisition of P and N is vital to increasing the corn quality (Razaq et al., 2017; Yuan et al., 2023). As P and N occur in many essential compounds, a slight lack could reduce crop growth and limit P and N accumulation in grain (Sánchez-Rodríguez et al., 2021; Wei et al., 2024). Hence, the sharp decline in the P and N uptake in grains in the WS5.5 × CLS0 was due to inefficient mineral nutrition of maize under high salinity stress. Thus, the larger the P and N acquisition, the better the nutritional facts of maize seeds, which is consistent with the results of a previous study (Zhang et al., 2023).

Furthermore, P and N are essential elements of amino acids, enzymes, and proteins. Moreover, P and N uptakes enhance maize grain quality through larger carbohydrates, fatty acids, and protein synthesis (Sánchez-Rodríguez et al., 2021; Yuan et al., 2023). Thus, WS0.5 × CLS10 treatment improved the amino acids, protein, fatty acids, and carbohydrate contents, meanwhile encouraging the silicon contents of grains that improve the filling of proteasome and amyloplast in endosperm with the presence of air among them. Equally, applying CLS on barley contributed to alleviating the salinity stress, leading to higher grain protein content (Elsawy et al., 2022). Moreover, the enhanced P and N uptake by plants improved the amino acids, fatty acids, carbohydrate, and protein proportions and increased the seed’s silicon percentage, thus improving the nutritious facts and seed quality of maize (Sánchez-Rodríguez et al., 2021; Yuan et al., 2023). The lack of P and N uptake under the WS5.5 × CLS0 enhanced the biotic process of seed filling, thereby the chemical structure and seed quality of maize, thus discouraging the synthesis of amino acids, fatty acids, carbohydrates, and protein and the deposition of seed’s silicon percentage. To support the results of this study, the mechanism by which CLS application improves physiological traits and grain quality of maize under salinity stress (Figure 6B). However, long-term experiments should be carried out to define the effect of CLS application on the physical and biological properties of soil. Moreover, open-field trials are required to ascertain the real field response and the degree of the factor’s impact on the chemical properties of soil, development, grain yield, and quality of maize.





Conclusions

The calcium lignosulfonate (CLS) application could alleviate the salinity stress by enhancing the soil chemical properties, thereby enhancing the K+ and Ca++ ions entering the soil solution, particularly at a high level of 10%. Meanwhile, the maize root’s growth traits were motivated, achieving a high intake of K+ and Ca++ ions. Also, the shoot’s physiological attributes were motivated since leaf water losses could be decreased, therefore enhancing the photosynthesis process. Moreover, the plant cell progression cycle was improved while the oxidative stress was minimized as the antioxidant enzymes could achieve the reduction of reactive oxygen species released into the plant cell. Moreover, sufficient K and Ca nutrient uptake in plant parts increased maize tolerance to salinity stress since increasing salinity stress above the threshold values led to a minor decrease in grain yield of maize with the CLS application. Furthermore, the robust glutamine synthetase and nitrate reductase activities could increase protein and starch synthesis during grain filling and were essential to enhancing the protein, fat, and starch contents and increasing the accumulation of mineral nutrients in grains. In opposition, the maize physiology was sensitive to increasing salinity stress without CLS addition. Thus, it led to a sharp reduction in the overall plant growth, K and Ca nutrient uptake, and grain quality, as the antioxidant system does not provide substantial protection against the lipid peroxidation under salinity stress. The present study proposes that CLS application can be employed as a practical approach to enhance soil chemical properties, growth, yield, and grain quality of maize under salinity stress. The present study also provides a theoretical base and practical support for precision water and soil management for sustainable maize production. However, long-term and open-field experiments needed to be conducted to determine the impact of CLS addition on soil physical and biological properties and to confirm the actual field response, and the degree of the factor’s effect on soil properties, growth, yield and grain quality of maize.
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Peptides  Origin Targeting pathogens Methods  Scale of
of testing  testing
Cecropin A | Hyalophora  Fusarium oxysporum, In-vitro lab scale, (Cavallarin et al,, 1998; Bund et al., 2014; Montesinos et al., 2016)
cecropia Dickeya dadantii, killing assay, = Green house
Fusarium verticillioides Transgenic scale
expression,
Snakin-1 Potato Clavibacter michiganensis, Transgenic lab scale (Segura et al., 1999)
Botrytis cinerea expression
MsrAl Synthetic Phytophthora cactorum, Transgenic Lab scale, (Osusky et al,, 2000; Rustagi et al., 2014)
Fusarium solani, expression Greenhouse
Erwinia carotovora, scale
Alternaria brassicae,
Sclerotinia sclerotiorum
alfAFP alfalfa Verticillium dahliae, Transgenic Lab scale, (Gao et al., 2000)
expression Greenhouse
scale,
Field scale
MSI-99 Synthetic Fusarium oxysporum, Transgenic  Lab scale, (Chakrabarti et al., 2003)
Sclerotinia sclerotiorum, expression | Greenhouse
Alternaria alternata, scale
Botrytis cinerea
Thionin Arabidopsis Ralstonia solanacearum, Transgenic Lab scale (Chan et al., 2005)
thaliana Fusarium oxysporum expression
BP/BPC Synthetic Erwinia amylovora, In-vitro Lab scale, (Monroc et al,, 2006; Badosa et al., 2007; Badosa et al., 2009; Giiell et al.,
serial Xanthomonas vesicatoria, killing assay, | Greenhouse | 2011; Nadal et al,, 2012; Puig et al., 2014; Puig et al, 2015; Montesinos
peptides Pseudomonas syringae, Foliar spray,  scale, et al,, 2017; Mariz-Ponte et al.,, 2021; Montesinos et al., 2021)
Fusarium oxysporum, Transgenic Field scale
Penicillium expansum, expression
Aspergillus niger,
Rhizopus stolonifer,
Stemphylium vesicarium
NmDef02 Nicotiana Peronospora hyoscyami In-vitro Lab scale, (Portieles et al., 2010)
megalosiphon killing assay, =~ Greenhouse
Transgenic scale,
expression Field scale
hCAP18/ Human Pectobacterium In-vitro Lab scale (Jung et al., 2012; Holaskova et al., 2018)
LL-37 carotovorum killing assay,
Transgenic
expression
Thanatin Podisus Fusarium graminearum, In-vitro Lab scale (Koch et al,, 2012)
maculiventris  Botrytis cinerea killing assay,
Transgenic
expression
Tachyplesin | Horseshoe Pectobacterium In-vitro Lab scale (Lipsky et al, 2016)
1 crab carotovorum killing assay,
Transgenic
expression
Melittin Apis Xanthomonas oryzae In-vitro Lab scale (Shi et al,, 2016)
mellifera killing assay
Tannins Sapium Ralstonia solanacearum, In-vitro Lab scale, (Vu et al,, 2017)
baccatum killing assay, =~ Greenhouse
Foliar spray  scale
e-poly-L- Synthetic Botrytis cinerea In-vitro Lab scale, (Sun et al,, 2017; Shu et al., 2021)
lysine killing assay, =~ Greenhouse
Foliar spray  scale,
Field scale
Random Synthetic Xanthomonas perforans, In-vitro Lab scale, (Topman et al.,, 2018)
peptides Xanthomonas campestris, killing assay, |~ Greenhouse
mixture Foliar spray  scale
PAF26 Synthetic Penicillium digitatum In-vitro Lab scale (Wang et al., 2018)
killing assay
NoPv1 Synthetic Plasmopara viticola, In-vitro Lab scale, (Colombo et al., 2020)
Phytophthora infestans killing assay, =~ Greenhouse
Foliar spray  scale
Ac-AMP2 Amaranthus Penicillium expansum In-vitro Lab scale (Huang Y et al,, 2021)
caudatus killing assay,
Transgenic
expression
SAMP Microcitrus Liberibacter crescens In-vitro Lab scale, (Huang C et al,, 2021)
australiasica killing assay, |~ Greenhouse
Transgenic  scale
expression,

Foliar spray
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WSps, WS, 5, and WSs 5 denote water salinization (WS) matching 0.5 dS/m™, 2.5 d$/m™", and 5.5 dS/m™, correspondingly. CLSy, CLSs, and CLS, represent calcium lignosulfonate (CLS)
addition rates of 0%, 5%, and 10%, respectively. EC, electrical conductivity; DOC, dissolved organic carbon; EOC, easily oxidative carbon; TOC, total organic carbon; K, potassium; Ca, calcium;
Na, sodium. The obtained mean values are significantly different among CLS addition rates (lowercase) or WS treatments (uppercase) (P < 0.05) once followed by a similar letter, according to
analysis of variance tests (ANOVA); ***, **, and * denote significant differences at between treatments P < 0.001, 0.01, and 0.05, correspondingly, ns, not significant. Data are mean + SE (n = 3).
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Advantages

AMPs rapidly kill both fungal and bacterial pathogens of all stages
including spores.

AMPs slowly select resistant pathogens.

AMPs can be easily integrated into plant using transgenic
transformation.

AMPs synergize with many other antimicrobials.

AMPs manipulate the symbionts inside plant and promote plant growth.

Disadvantages

AMPs have weakly systemic effect cannot eliminate pathogens inside host plant.

AMPs have strong inoculum effect, which means the working concentration need to be
carefully determined.

Expression of AMPs in plant consumes the resources used for growth and reduce the yield.

Production of AMPs is still relatively expensive.

Long-terms of exposure of AMPs may select resistant pathogens.
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ANOVA

Treatments Control (F value (P value))
pH 844+0.12a | 875:005b 885+0.15b 873:009b | 877+006b  878+0.08b 8.64 (<0.001)
EC (S cm™) 93.48 + 7.28 89.88 + 11.68 95.33 + 9.48 9653 £15.19 | 7293337 10138 1376 1.13 (ns)
TN (g Kg') 0.46 + 0.02 0.58 + 0.21 0.66 + 0.26 052 +0.15 0.70 + 0.18 0.67 +0.14 1.24 (ns)
TC (g Kg') 1636 + 5.14 1738 + 5.79 17.32+323 1752 + 4.02 17.08 + 118 20.45 + 3.35 0.47 (ns)
TP (g Kg™) 036+0.08ab = 046+ 006bc  055+004c  034+005ab 043 0.1b 028 0042 6.22 (<0.01)
TK (g Kg') 353+0.65ab | 3.82£025b 372044 b 282+057a | 363+068b 281 +042a 2.90 (<0.05)
OC (g Kg") 378 + 093 4.10 £ 151 5.20 +0.13 4.05 + 1.64 3.67 + 1.10 3.97 + 047 0.76 (ns)
OM (g Kg) 651  1.60 7.06 £ 2.60 8.96 023 697 +2.82 633  1.90 6.84 + 0.81 0.76 (ns)
AP (g Kg') 0.19+00lab = 0.22+005b 021003 b 023:003b | 023+003b  0.16+00la 2.93 (<0.05)
GLC (umol PNF g-1 h-1) 038+005a | 049+004bc  058+012c  048+0.07bc  056+00lc 043007 ab 4.77 (<0.01)
PHO (umol PNF g-1 h-1) 1.00 £ 0.10 a 1.40 £ 0.09 b 128 +0.08 b 127+007b | 162+024c 126 +0.14b 8.73 (<0.001)
URE (umol N-NH4+ g-1h-1) 324+056 521+02¢ 599+087cd  428+021b | 636+062d  427:070b 15.21 (<0.001)
DHA (g TPF g-1 h-1) 426+053a | 646+053b 640 +0.36 b 610+ 038b | 7.05+101b  4.48+1.00a 10.35 (<0.001)

Means + standard deviation, n=4. Significance of effects of treatments on the measured variables is also shown (F-values (P-values)). Values in columns sharing the same letter do not differ
significantly (P<0.05) as determined by the Tukey HSD test. EC (electrical conductivity), TN (soil total nitrogen), TC (soil total carbon), TP (soil total phosphorous), TK (soil total potassium), OC
(soil organic carbon), OM (soil organic matter), AP (available phosphorous), GLC (B - glucosidase), PHO (alkaline phosphomonoesterase), URE (urease), DHA (Dehydrogenase). ANOVA,
analysis of variance, ns: non-signifcant.
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Plant growth—promoting traits Isolates

2RO24 2RO30

TAA (ug/mL) 19.59 + 1.25" 16.62 + 1.33¢ 17.85 + 1.56° 2257 + 1.11° 25.84 + 1.21° 13.04 + 1.56¢
P- solubilization (Sol) 1.0 +0.11¢ 3.0 +0.34° 3.0 £0.27° 8.0+ 0.89" 100 £ 1.21° ‘ 20 £017¢
ACC (nmol o-ketobutyrate/mg protein/h) 2782 + 135° 1846.6 + 29.4, v 1158 +5.5° 178.7  9.69° ‘ 1198.1 + 23.6° 0.0"
Siderophore (dyio/dcolony) 2.0 +0.19° 3.8 050" 43 +0.64° 2.0 +0.15° 4.8 + 0.66" 3.0+ 038"
Chitinase (clear zone in mm) 1.0 £ 0.14° 0.0 20 +0.18° 0.0 0.0 ‘ 1.5+ 015"
HCN + - - - = +
Ammonia + - - - - +

Values are mean + SE of three replicates; (+) positive result; (—) negative result. Different letters indicate significant differences based on the Tuckey HSD test, p< 0.05.
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the formulations
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« Anticipated and more
efficient action

Early disease detection tools
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Forecast models for Psa « Non-invasive

risk assessment « Anticipated and more
efficient action

« Chemical-free

Plant breeding -
conventional approaches

« Long-term strategy
« Chemical-free

Plant breeding - gene-
editing techniques

« Long-term strategy

« Precise genetic
modifications

« Faster processes than
conventional breeding

Plant elicitors « Promote early plant
defense response

« Can be from natural
origin

« Can be polyfunctional

Essential oils and other « High abundance of

bioactive compounds substances
« Natural origin

+ Can act synergistically

Antimicrobial peptides « Can be polyfunctional
« Promote early plant

defense response

Microbial biological control
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« High abundance of
microorganisms
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« High abundance of
microorganisms
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« Existing Psa resistance

« Existing Psa resistance

« Non long-lasting protection
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knowledge
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« Low resolution
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polygenic trait

« Low or no bactericidal
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formulations
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other treatments

Oppol

« Novel formulations with higher
efficacy against Psa

+ Novel formulations with higher
efficacy against Psa

« Poorly explored in Actinidia-Psa
« Technological development

« Improvement with machine
learning

« Combination with unmanned
vehicles

« Availability of several techniques

« Combination with sensing systems
+ Availability of databases

« Genetic wealth of
Actinidia germplasm

« Poorly explored in Actinidia-Psa

« Development of existing techniques
and emergence of novel ones

« Availability of

information technology

« Poorly explored in Actinidia-Psa

« Improvement of EO products
through nanotechnology

+ High abundance of bioactive
molecules in their composition

« High abundance of peptides
« Poorly in Actinidia-Psa

+ Screening for novel microorganisms
and combinations

+ Screening for novel microorganisms
and combinations

+ Environmental impact
+ Human health concerns
» Use restriction

« Environmental impact
« Human health concerns

« Emergence of strains with different
spectral signatures

« Unpredictability of climate change

« Risk of losing relevant cultivar traits
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organisms
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« Costs may be high
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« To date, none was proven effective
against Psa
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Treatment

Grain chemical composition

WS stress CLS rate Protein (%) FA (%) Starch (%) Si (mg/q) N (%)
CLS, 6.54 + 0.224° 372 + 0.424° 68.04 £ 2.34° 131 +0.024° 0355 = 0.024° 1.41 £ 0.01*°
WSos CLS; 11.34 + 0.735% 4,67 +0.15% 75.52 + 6.74% 1.8 + 0.014% 0.523 + 0.014° 1.56 + 0.024*
CLS; 13.65 + 0.65%* 6.81 +0.25% 89.29 + 3.5% 2.35 +0.03% 0.703 + 0.044* 1.95 + 0,034
CLS, 5.87 + 037% 3.09 +0.61° 67.15 + 1.5%° 1.00 + 0.09% 0282 + 0.05" 1.18 + 0.04%°
WS, CLS; 7.05 + 0325 4.02 £ 043% 7174 + 2.6 154 + 0,045 0.439 £ 0.01%* 139 +0.01%
CLSo 1025+ 0.61%° 473+ 052% 73.36 +3.3% 1.88 + 0.03% 0.607 + 0.02* 1.55 + 0025
CLS, 6.11 +0.29% 284 0.17%° 67.02 £ 4.7°° 0.84 +0.05% 0.189 £ 0.03<" 0.84 +0.04<*
WSs5 CLS; 7.04 + 0.42°¢ 3.67 + 025 69.82 + 5.5 1.01 £ 0.06%* 0312 + 0.01 1.13 + 0.06%*
CLS; 892 + 0.46 445 +032% 7335 + 1.8% 145 £ 0.03% 0.435 + 0.01% 1.37 + 0.03%
ANOVA
ws » * o . * %
WSx CLS - * s *

1

WSo5, WSy, and WSs 5 denote water salinity (WS) corresponding to 0.5 d$/m™",2.5 dS/m™, and 5.5 d$/m™", respectively. CLS,, CLSs, and CLS;¢ represent calcium lignosulfonate (CLS) addition
rates of 0%, 5%, and 10%, respectively. FA, Si, P, and N indicate fatty acid, silicon, phosphorus, and nitrogen, respectively. The obtained mean values are significantly different among CLS
addition rates (lowercase) or WS treatments (uppercase) (P < 0.05) once followed by a similar letter, according to analysis of variance tests (ANOVA); ***, **, and * denote significant differences
at between treatments P < 0.001, 0.01, and 0.05, correspondingly, ns, not significant. Data represent the mean values of three replications. Data are mean + SE (n = 3).





OPS/images/fpls.2024.1397552/table5.jpg
Salinity = Calcium ligno-
stress sulfonate rate

CLS, 27.78% ‘ 2.09¢ 0.984
WS CLSs 14.92° ‘ 4.02° 0.967
CLS,, 7.34¢ ‘ 5.96° 0.992

Varied letters in the similar column specify major variances (P < 0.05) under different calcium
lignosulfonate addition (SL) rates and water salinity (WS) stress levels. SLo, SLs, and SL;o
represent calcium lignosulfonate (CLS) addition rates of 0%, 5%, and 10%, correspondingly;
ECe is the soil salinity threshold value (dS m™); b is the slope value.
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Treatment Root ion uptake Leaf ion uptake Stem ion uptake lon uptake in grain

WS cLs K Ca Na K Ca Na K Ca (\E] K Ca [\E]
s | e (mg/ (mg/ (mg/ (mg/ (mg/ (mg/ (mg/ (mg/ (mg/ (mg/ (mg/ (mg/
plant) plant) plant) plant) plant) plant) plant) plant) plant) plant) plant)
as, 6.7 31 31 398 118 44 607 409 156 601 559 369
£002% | £006%  +0.090% £ 8 +5% £17% 74 £3% 4% +148¢ £21% +13%
- N 110 57 29 607 188 48 930 561 130 966 878 342
s S 009" 003 2002 | x4t 4% £25% | +114° 11 11 £ 740 + 8% +10°
s 19.1 10 18 881 278 30 1314 731 95 + 6% 1330 1117 279
00 £005% | £005% | £005% | oM +6% £11% | 2358 | 155 - 23 | +37% +6%
s 36 17 33 216 Baam 46 344 211 148 324 233 382
£02% | 001" | +0.03™ £4%¢ - +32% +26™ 98 ES +6% +6™ ES
ws cis 7.7 3.0 31 389 114 41 594 352 127 544 487 359
22 ® | £001® | £003® | +001® | 6™ +2% £54% | +3% 78 £12P +16% +10% +11%
TS 111 51 25 549 166 38 821 503 108 828 716 308
0 £002% | £004%  +0.06™ 1% + 8¢ +6.5% +54% +19% + 3% +22% +23%¢ +5%
as, 19 L1 38 146 o1 4 1he 71 201 159 230 206 157 399
£0.02% | £0014 | 1004™ | £3% - +38% | 118%™ £ 114 ggh £5% 788 £ 21
4.8 20 34 226 A 68 366 28 222 387 287 387
+
Whss CLS | 1007 | oo™  xoor | x5 | 6%3 £41% | +26< +ghe £ 114 + 14 11 £7%
s 7.0 32 27 368 100 61 508 320 176 604 469 271
0] £0.05% | £0014 | x006t | 8% £ 98¢ £274 | +32% + 1280 94 +8% +207¢ EY
ANOVA
ws ot N o o . . . N . - - .
SL - - . . - - " " o - - -
WS x SL * - - . . . s N - * * -

WSps, WS, 5, and WSs 5 denote water salinity (WS) matching 0.5 dS/m™", 2.5 dS/m™", and 5.5 dS/m™, correspondingly. CLS,, CLSs, and CLS, represent calcium lignosulfonate (CLS) addition
rates of 0%, 5%, and 10%, respectively. Potassium (K), calcium (Ca), and sodium (Na). The obtained mean values are significantly different among CLS addition rates (lowercase) or WS
treatments (uppercase) (P < 0.05) once followed by a similar letter, according to analysis of variance tests (ANOVA); ***, **, and * denote significant differences at between treatments P <0.001,
0.01, and 0.05, correspondingly, ns, not significant. Data represent the mean values of three replications. Data are mean + SE (n = 3).





OPS/images/fpls.2024.1397552/table3.jpg
Treatment Shoot weight lon in leaf lon in stem lon in grain
WS CLS Leaf Stem Grain K Ca \E] K [eF] \E] K Ca Na
stress  rate ()} ()] (9) (VA] (VA] (VA] (VA] (%) (VA] (VA] (VA] (VA]
s 32 60 105 12 037 0.14 0.26 0.68 026 057 0.53 035
O w13t | x12f | £32% ) 2003 | £002% | 002 | £002%  £002% | £005% | +004% | £0.02% | £008%
44
WS i % 77 149 1.39 0.43 0.11 0.17 073 0.17 0.65 0.59 023
o N g * 054 44" 2004 | £001®  +001% | £001?  £004% | £001®  +001"*  £003®  +002®
& 51 87 164 171 0.54 0.06 0.11 0.84 0.11 0.81 0.68 0.17
101094 | £13% | x17% | £001* | £002% | £001% | £0.02% | £004* | +002% | +003* | £006% | 001%
- 26 51 83 0.84 0.19 0.18 0.29 041 029 039 0.28 046
v £11% 206%™  £09%  x0.02%  +001™  £003% | £004™ 006%™  £004™ 007%™  +006™ = +006™
i i 34 64 116 113 0.33 0.12 0.2 055 02 047 0.42 031
> S x| 223" 31" £006™ | £001™ | +008™ | £007™ 001  +008™ | +004® | :002% | =007
cis, 43 77 140 129 0.39 0.09 0.14 1.65 0.14 059 0.51 022
00 e2a® ) x07™ 535 £002% £002% 002" | £003%  £002™  £004%  £005™  £009% | +004™
& 19 43 71 0.76 0.11 037 0.52 037 0.52 029 0.22 056
0 207 £10% | 206% | £005% | +004%  £0.04 | £006"  £005% | £003" | £003% | +003* | +003"
WS - 27 59 99 0.83 0.17 025 0.39 042 0.39 039 0.29 039
= ® | 205% | £04® | £21% | £001® | £003*" | £002%° | £0.014° | £003® | £001** | £001% | +0.01*" | 0.01*
i 38 65 123 0.96 0.26 0.16 0.27 048 027 0.49 0.38 022
001 2129 | £21% | $63% | £003% | £003% | £0.02% | £004* | £001% | £002% | £003% | £0.05% | £0.02*
ANOVA
CLs s . . - - - "~ -
Wsx CLS o » * ns * - o

WSps, WS, 5, and WSs 5 denote water salinity (WS) matching 0.5 dS/m™", 2.5 dS/m™", and 5.5 dS/m ™", correspondingly. CLS,, CLSs, and CLS, represent calcium lignosulfonate (CLS) addition
rates of 0%, 5%, and 10%, respectively. Potassium (K), calcium (Ca), and sodium (Na). The obtained mean values are significantly different among CLS addition rates (lowercase) or WS
treatments (uppercase) (P < 0.05) once followed by a similar letter, according to analysis of variance tests (ANOVA); ***, **, and * denoted significant differences at between treatments P < 0.001,
0.01, and 0.05, correspondingly, ns, not significant. Data represent the mean values of three replications. Data are mean + SE (n = 3).
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WS ©ifs RAAA RDW RNR \E]
rate (m2/plant) (g/plant) (ug/(g-h))
CLS, 338 + 0.04%¢ 1.64 £ 0.04*" 7.72 + 1.47¢ 232 £0.14¢ 041 +0.03*¢ 0.19 £ 0.02* 0.19  0.01<
WSos CLSs 445 +0.03*° 2.12 +0.024° 10.94 + 12%° 2.49 +02%° 0.52 + 0.06" 027 +0.02*° 0.14 £ 0.01<°
CLSo 654 £ 0.01* 271 +0.014* 1407 + 19 358 + 034 0.73 + 0.09%* 0.38 + 0,054 0.07 + 0.02%
CLS, 291 +0.02% 1.23 + 0.03% 6.09 + 1.0% 191 £ 0.1% 032 +0.07™ 0.14 + 0.03™ 0.27 + 0.08"*
WS, CLS; 3.86 + 003" 1.49 + 0.01% 7.89 + 1.1% 226 + 025 0.41 + 002 0.20 + 0.01%* 0.21 + 003
CLS, 5.09 + 0025 1.73 £ 0.02% 9.75 + 0.925* 261 +0.25 0.55 + 0.05™ 0.29 + 0.03% 0.15 + 0.02%
CLS, 1.16 + 0.01<° 1.02 + 0.02° 339 + 0.7 0.76 + 0.06°" 0.23 +0.01%° 0.11 + 0.04%¢ 0.34 + 0,044
WSss5 Crs: 1.99 + 0.01% 1.35 + 0.02% 451 + 09 0.99 + 0.08* 0.35 + 0.04% 0.15 + 0.03% 0.28 + 0.02A°
CLS; 2.38 +0.03* 1.44 + 001 5.87 + 0.7 1.38 + 0.03% 0.40 + 0,05 021 +0.06° 0.20 + 0.054°
ANOVA
ws * . P P B . *
cLs o P e e e oex .
WS x CLS ns e R P - r

WSo5 WS, 5, and WS; 5 denote water salinity (WS) matching 0.5 dS/m™, 2.5 d$/m™", and 5.5 d$/m™", correspondingly. CLS,, CLSs, and CLS,, represent calcium lignosulfonate (CLS) addition
rates of 0%, 5%, and 10%, respectively. RAAA, root active adsorption area; RDW, root dry weight; RGS, root glutamine synthetase; RNR, root nitrate reductase; K, potassium; Ca, calcium; Na,
sodium. The obtained mean values are significantly different among CLS addition rates (lowercase) or WS treatments (uppercase) (P < 0.05) once followed by a similar letter, according to analysis
of variance tests (ANOVA); ***, **, and * denote significant differences at between treatments P < 0.001, 0.01, and 0.05, correspondingly, ns, not significant. Data represent the mean values of
three replications. Data are mean + SE (n = 3).
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B. bassiana

M. brunneum  T. harzianum

Compound name and class  ERI> LRI® ARSEF 3097  ARSEF 1095 T22 Control
(n=09) (n =10) (n = 10) (n = 10)
Hydrocarbons
3,3,5-Trimethylcyclohexene 831 824 692.5 £ 262.2 747.1 £ 3343 5192 £ 148.3 4431 £ 146.6 0.717
3,5,5-Trimethylcyclohexene 841 832 585 + 2204 644.8 = 286.5 433.6 £ 128.4 3769 + 126.7 0.725
Monoterpenes
o-Thujene 932 930 487 £ 1158 3725973 489.7 £ 109.7 449 £ 81.6 0.800
o-Pinene 943 939 259363 + 11386 14149.3 + 1844.6 254342 +12833.6 | 15058.1 + 33225 0.928
3,7.7-Trimethylcyclohepta-1,3,5-triene 982 980 1048673 + 38427.6 = 583469 + 234649 | 1110929 = 42409.9  60979.4 + 14865.3 0.605*
B-Pinene 991 989 10518 + 2708.7 67327 + 19133 77472 + 1884.2 7549.5 + 2023.4 0.639
2-Carene 1008 1007 1808993 + 517791 | 1392563 + 471619 = 1731062 + 439455  165207.9 + 39541 0.883
m-Mentha-1,8-diene 1013 1009 3812 £ 1148 339.8 £ 122.5 489.6 £ 218.7 339 £76.5 0.844
o -Phellandrene 1016 1017 29066.1 + 123468 | 24454.1 + 12459.9 | 271064 + 12135.4 25184 + 8246.8 0.900*
3-Carene 1019 1019 2725 + 630.2 2400.1 + 583 3085.8 + 861 2432.8 + 5522 0.885*
o -Terpinene 1026 1025 23759.1 £ 102639 17930.6 + 9212.9 287984 + 16312.8 | 22999.1 + 8332.3 0.859*
p-Cymene 1033 1025 217362 + 83347 16061.8 + 7073.8 237849 + 8848.6 18378.1 + 4382.6 0.745*
(2)-B-Ocimene 1036 1037 911.6 + 248.1 890.8 + 2338 940.8 £ 211.1 9635 + 296.3 0.455
Limonene 1039 1038 833227 £ 282848 | 586168 222999 | 73339.5+21393.5 716617 + 194813 0.805
B-Phellandrene 1043 1044 41447.6 £ 123064 319634 + 10567.7 39734 + 9468.3 369132 £ 93165 0.843
1,8-Cineole 1045 1044 3216 + 69.6 2356 £ 60.9 2949 + 62 2945 + 54.7 0.599
(E)-B-Ocimene 1048 1048 3471.1 + 828.8 4175 £ 777.4 3903.1 + 704.9 3160.9 + 7716 0.640
y-Terpinene 1066 1065 4043.4 + 1406.8 27242 + 10038 4226.1 + 1661.4 3309.7 + 879.5 0.820*
m-Cymene 1089 1085 2134 £ 52.1 154.8 + 54.9 352.8 £ 118.7 177.8 + 324 0.679
Isoterpinolene 1095 1091 2117.4 + 803.8 12833 + 466.5 2163.2 + 887 1717.3 + 5207 0.805*
p-Cymenene 1100 1100 2195.5 + 865.6 20726 + 7164 34457 + 1269.6 24284 + 5784 0.635
2,2-Dimethylocta-3,4-dienal 1112 1116 28737 344 + 204 582+ 13.8 38.1+59 0.197
p-Mentha-1,3,8-triene 1126 1119 356.3 + 1023 2374 £ 40.1 2627 £ 44.5 3303 £ 55.9 0.766
Terpinolene 1130 1119 889.4 + 3247 751 £ 301.6 1037.7 + 488.7 6495 £ 198.5 0.905
2,2,5-Trimethyl-4-cyclohepten-1-one 1138 1149 3015 41977 483 £13.8 455 +7.3 0.732
p-Mentha-1,5,8-triene 1153 1139 628.4 £ 204 4027 £ 893 540.8 £ 97.6 6472 £ 155.1 0415
Myrtenol 1194 1194 457.9 + 1499 186.5 + 57.3 3995 + 116 5093 + 143.7 0.298
Cumin aldehyde 1264 1265 457.2 % 119.1 4242 £ 546 5402 = 180.6 478.1 + 87.8 0.763
Piperitone 1275 1275 191.2 + 58.1 1529 + 522 2917 £ 124.8 190.1 +55.3 0.654
(2)-Myrtanol 1304 1261 1522+ 48 1163 £ 215 1924 + 86.2 1403 +36.8 0.618
[ Sesquiterpenes
§-Elemene 1355 1357 17133 + 678.1 724.5 + 3382 759 + 264.2 1088.4 + 365.7 0.124
Isodauca-6,9-diene 1401 1393 1040.8 + 743.4 10049 + 562.7 363.7 107.9 3055 + 724 0.815
B-Elemene 1411 1416 192.4 £ 58.1 157.1 + 514 120.6 + 40.3 150.7 + 43.2 0.067
B-Caryophyllene 1455 1455 26240.4 + 16501.7 5310.3 + 2097 5965.5 + 2077.7 9338.9 + 5546.3 0.115*
Guaia-6,9-diene 1469 1450 468.1 1693 3215 £ 957 292 + 842 3339 £ 121.6 0.293
a-Caryophyllene 1491 1491 9332.3 + 5168.7 2213.1 + 8014 27546 + 987.4 31186 + 1541.3 0.107*
(2)-B-Guaiene 1515 1513 1623 + 565 1044 + 266 1115 + 33.9 1142 +322 0251
a-Selinene 1533 1529 163.1 + 399 1056 + 19 129.7 +32.2 1143 £292 0.184
Nitrogen-containing compounds
2-Methylbutanenitrile 729 729 441753 3907 £ 110.1 4384 £ 68.9 547 + 104.4 0715
2-Isopropyl-3-methoxypyrazine 1091 1090 166.7 + 61.1 2625 £ 107.3 829 +20.8 2167 + 645 0.809
Alcohols
3,3,5-Trimethylcyclohexanol 1064 1073 541.8 + 262.8 327.1 £ 1111 2256 £47.7 2726 £ 78.1 0591
Ethers
Anetofuran 1202 1197 1388.1 + 613.1 864 +287.8 1462.3 + 680.9 1131.8 + 4146 0.873*
Homoterpenes
(E,E)-TMTT® 1582 1581 390 + 97.5 2686 + 41.1 5015 + 162 693 + 183.4 0.646

'Volatile emissions are presented as average peak heights + SE, divided by 10°. The number of replicates is given in parentheses.

2ERI = experimentally obtained retention indices.

*LRI = retention indices obtained from literature.

“P-values are from ANOVA (*) (df = 3, & = 0.05) or Kruskal Wallis.
STMTT = 4,8,12-Trimethyl-1,3,7,11-tridecatetraene.
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Seed endo-
phytic fungi

Host plant

Effect on seed biology

Biostimulation

Possible mode of action

Reference

Epichloé sp. Achnatherum Improve seed dormancy release Unknown Chen et al,,

inebrians 2021
Epichloé Hordeum Improve seed germination rate under salt stress Unknown Wang et al.,
bromicola brevisubulatum 2020
Epichloé festucae | Lolium Improve seed germination rate Unknown Ma et al., 2015

perenne
Epichloe Achnatherum Improve seed germination rate under salt, pH and temperature stress Unknown Ahmad et al,,
gansuensis inebrians and various conditions of light 2020
Epichloe Achnatherum Improve seed longevity Higher peroxidase, superoxide Li et al;, 2020
gansuensis inebrians dismutase and catalase activity

Higher soluble sugar and proline
content
Epichloe Achnatherum Improve seed germination rate under sub-optimal temperature Increased alkaloid biosynthesis, Chen et al,,
gansuensis inebrians Upregulation of fatty acid 2016
biosynthesis,
Upregulation of stress response
molecules,
Regulation of protein content
Epichloé Achnatherum Improve seed germination rate under wilder temperature range Unknown Bao et al,, 2019
inebrians inebrians
Epichloé Elymus Improve seed germination rate germination improvement under Higher peroxidase, ascorbate Zhang et al.,
(Neotyphodium dahuricus cadmium stress peroxidase, superoxide dismutase 2012
sp.) and catalase activity
Higher proline content
Neotyphodium Achnatherum Improve seed germination rate germination improvement under Higher peroxidase, ascorbate Zhang et al,,
gansuense inebrians cadmium stress peroxidase, superoxide dismutase 2010
and catalase activity
Higher proline content
Acremonium Festuca Improve seed number and weight Unknown Rice et al,, 1990
coenophialum arundinacea
Acremonium Lolium Improve seed germination rate Unknown Clay, 1987
loliae perenne
Acremonium Festuca
coenophialum arundinacea
Cladosporium Suaeda salsa Improve seed germination rate Unknown Qin et al,, 2016
cladosporioides
Epicoccum Dysphania Increase seed production under cadmium stress Auxin, gibberellin and jasmonic acid Parmar et al.,
nigrum ambrosioides production by the endophyte 2022
Upregulation of the reduced
glutathione content

Fusarium Senna Alata Improve seed germination rate Unknown Pradhan et al,,
oxysporum 2023
Fusarium solani
Fusarium sp.
Fusarium Glycine max Improve seed germination rate under salt stress Higher protein content Radhakrishnan
verticillioides Lower ABA content etal, 2013
Penicillium sp. Triticum Improve seed germination rate under heat and drought stress Unknown Hubbard et al,,

turgidum 2012
Penicillium sp. Triticum Increase seed number and weight under heat and drought stress Unknown Hubbard et al.,

turgidum during seed development and their germination 2014
Penicillium sp. Phragmites Improve seed germination rate Unknown Shearin et al.,

australis 2018
Penicillium sp. Triticum Improve seed dormancy release Up-regulation of seed gibberellin Vujanovic

durum signaling pathway et al, 2016

Biocontrol

Epichloé sp. Elymus Improve seed germination rate under Alternaria alternata, Bipolaris Unknown Lietal, 2017

sibiricus sorokiniana, Fusarium avenaceum, and Fusarium sp. infections
Epichloé festucae | Lolium Improve seed germination rate under Alternaria alternata, Ascochyta Unknown Ma etal, 2015

perenne leptospora, Bipolaris sorokiniana, Curvularia lunata and Fusarium

avenaceum infections

Neotyphodium Achnatherum Seed-harvesting ant deterence Unknown Zhang et al.,
gansuense inebrians 2011
Acremonium Festuea Pogonomyrmex rugosus deterence Unknown Knoch et al,,
ceoenophialum arundinaeea 1993
Acremonium Festuca Junco hyernalis, Spizella arborea, Melospiza melodia and Passer Unknown Madej and
coenophialum arundinacea domesticus deterence Clay, 1991
Acremonium Lolium Fall armyworm (Spodoptera frugiperda) and flour beetles (Tribolium Ergot alkaloid production Cheplick and
loliae perenne castaneum) deterence Clay, 1988
Acremonium Festuca
coenophialum arundinacea

When known, the underlying mechanisms are indicated.
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