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Editorial on the Research Topic

Transcriptome & metabolic profiling: an insight into the abiotic stress
response crosstalk in plants
Global warming is menacing natural ecosystems (Taïbi et al., 2015) and food

production systems (Melino and Tester, 2023). Abiotic stress usually affects the normal

plant developmental program at several points. Drought and salt stress, i.e., less water than

is required and a sodium concentration in soil of approximately 20-30 mM (glycophytes) or

100-200 mM (halophytes), induce abscisic acid, which arrests plant development (Chevilly

et al., 2021). In addition, salt stress in the soil increases osmotic potential, makes water

uptake more difficult for plants, and competes with the uptake of potassium, the major

mineral nutrient (Yadav and Jaiswal, 2021; Mulet et al., 2023). Inside the plant, sodium is

toxic and interferes with many biochemical processes, and plants must divert energy from

the developmental program to maintain correct ion homeostasis (Flowers and Colmer,

2015). Similar constraints for the developmental program occur with temperature stress:

freezing (below 0°C), chilling (usually between 0°C to 5°C), or heating (usually above 30°C,

but depends on the plant). Heat stress also increases photorespiration and thus increases

oxidation (Busch, 2020). Whereas under heavy metal toxicity overproduction of reactive

oxygen species (ROS) and redox imbalance alters the energetic ratio of ATD/ADP, NADP/

NADPH and NAD/NADH. Plant's compromised energetic balance are suggested as major

factors related to heavy metal stress (Srivastava et al., 2013; Yadav et al., 2021). It becomes

clear that the study of abiotic stress in plants cannot be carried out as a single effect but as a

whole, and the crosstalk between the different signal transduction responses must be

considered to obtain a general picture (Yadav et al., 2021). Systems biology, specifically

technological advances in bioinformatics, and mass spectrometry, among other techniques,

have allowed us to study the impact of abiotic stress on the whole transcriptome or

metabolome, and thus investigate how different pathways are affected by the applied stress.

In this Research Topic, we collected twelve excellent contributions that bring new light

to this complex subject and emphasize the significance of the transcriptomic and
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metabolomic profile in solving the complex puzzle of stress

management and mechanisms in plants. Additionally, this may

help the biotechnologist involved in breeding or genetic engineering

to better understand the stress management mechanism and

complex role of the metabolic mechanism and develop stress and

climate-resilient crops in the near future.
Abiotic stress in cereal crops

One of the advantages of recent technological advances is that

abiotic stress can be studied at the molecular level not only in model

organisms such as Arabidopsis thaliana but also in wild or cultivated

plants. There is no study investigating model plants in this Research

Topic but there are two that focus on barley and one that features

maize. Mahalingam et al. take an original approach by comparing the

transcriptome of stress-tolerant (Otis) and stress-sensitive (Golden

Promise) barley genotypes subjected to drought, heat, and combined

heat and drought stress for 5 days during the heading stage. The

stress-sensitive phenotype presented a higher number of differentially

expressed genes than the stress-resistant phenotype. Genes associated

with RNA metabolism and Hsp70 chaperones were the most

upregulated; therefore, the authors suggested that these may be

targets for biotechnological improvement.

It is known that during drought, plants close their stomata at a

critical soil water content (SWC), and this induces diverse

physiological, developmental, and biochemical responses. Paul

et al. investigated this phenomenon in different genotypes of

barley and found that the different responses among genotypes

could suggest a specific adaptation to different rain patterns and the

prominent role of the retrotransposon BARE1, as well as the

identification of novel genes participating in the drought

stress response.

Zhang et al. showed the response-related mechanism of a low

phosphorus (LP)-induced gene ZmG6PE and its stress impact on

maize (Zea mays ssp. mays) yield. It was advocated that the

ZmG6PE gene was required under the LP response by mediating

the expression of the SPX6 and PHT1.13 genes in maize plants.

Additionally, the ZmG6PE gene contributed to the grain yield of

maize through sugar and starch synthesis under LP stress. A

combined transcriptomic and metabolomic study also revealed

that the plant’s immune regulation was activated in response to

the LP stress under the influence of carbon metabolism, fatty acid

metabolism, and amino acid metabolism.
Abiotic stress in horticultural crops

Vegetables are essential for a healthy diet. Horticultural crops

are prone to abiotic stress due to their high water requirement. In

this Research Topic, two studies have contributed with advances in

onion (Allium cepa). Onion is another important global vegetable/

spice crop and faces various challenges in the field. Gedam et al.,

investigated the impact of waterlogging (hypoxia) stress on onion.

The study included in this Research Topic describes the
Frontiers in Plant Science 026
transcriptomic response in leaves of two contrasting genotypes of

onion under waterlogging stress and reports that several key

biological processes were affected, such as phytohormone

production, antioxidant enzymes, programmed cell death, and

aerenchyma development. Additionally, changes were observed in

the regulation of energy production under the stress response.

Antioxidant enzyme activity was also higher in the tolerant

variety than in the sensitive W-344 variety. Furthermore, they

reported that some genes related to waterlogging tolerance, such

as RAP2-12 and RAP2-3, were highly expressed in the tolerant

variety. Manape et al. identified and validated the probable genes

governing wax accumulation in onion through transcriptomic

profiling of the glossy mutant and its wild-type counterpart. The

study revealed significant differences in the genes involved in the

wax biosynthesis pathway in two different types of onions, the

glossy mutant and the wild type. The study represents a significant

contribution to onion resistance breeding against stress imposed by

thrips (pest attack) or drought.
Contributions to woody plants

In this Research Topic, we have also gained some insight into

the abiotic stress response in woody plants. We present a report on

grapevine, a woody crop of major importance, and an industrial

crop, Hevea brasiliensis. Drought is seen as a common stress for

grape cultivation. Yang et al. quantified the effect of drought stress

on ‘Shine Muscat’ grapevine, presented the related consequences,

and provided insights into the new growth regulator 5-

aminolevulinic acid (ALA) in stress mitigation. The study

reported a decline in MDA production, glutathione, ascorbic acid,

and betaine along with the activation of POD and SOD to better

manage stress under the application of ALA. Reduction in abscisic

acid by upregulating CYP707A1 gene helped in relieving the closure

of stomata and also induced changes in some chlorophyll synthesis

genes. This finding can pave the way for better drought stress

management of grapes and other crops in the future.

Mao et al. explored new insights regarding the metabolomic and

transcriptomic profiling of rubber plants (Hevea brasiliensis) under

cold stress. The study presented a detailed analysis of

transcriptomics and metabolomics that revealed the role of cold-

stress-responsive genes and metabolite molecules in rubber trees.

The finding was promising as two rubber tree clones, temperature-

sensitive and cold-resistant, were studied, and their transcriptomic

and metabolomic responses through RNA-seq and LCMS-based

metabolite profiling were mapped. Additionally, they highlighted

key pathways, such as flavonoid, arginine, and anthocyanin

metabolism involved with cold resistance. It is very important to

track the modulation of gene expression due to cold stress and its

effect on the metabolome. Finally, we also included a study on the

Chinese tree qing qian liu, or wheel wingnut (Cyclocarya paliurus).

Zhang et al. investigated and demonstrated the role of two stress

signaling molecules, nitric oxide (NO) and hydrogen sulfide (H2S),

in salt stress tolerance in Cyclocarya paliurus. They described the

intricate role of exogenous application of NO and H2S in salt
frontiersin.or
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tolerance in C. paliurus. The mechanisms is based in maintaining

the photosynthetic ability and energetics, as evidenced by reduced

leaf biomass loss. The study also reports increased cellular NO

synthesis and decreased oxidative damage through the activation of

the antioxidant enzymatic machinery and by increasing the soluble

protein and flavonoid content.
Abiotic stress and medicinal herbs

Medicinal plants are of major economic and social interest.

Metabolomic and transcriptomic profiling is a very useful

technology for identifying active ingredients and investigating

how environmental conditions affect their accumulation. Zhou

et al. addressed a specific problem. Gynostemma pentaphyllum,

also called Southern Ginseng, Miracle Plant, or Jiaogulan, is an

important medicinal herb but can absorb high amounts of

cadmium (Cd), which may be deleterious for consumers. The

study included in this Research Topic investigated the genomic

and metabolomic response of this plant to cadmium stress to

develop a novel cultivar that accumulates cadmium less. The

authors found that phenylpropanoid biosynthesis, starch, sucrose

metabolism, alpha-linolenic acid metabolism, and the ABC

transporter were significantly enriched at the gene and

metabolic levels.

Illicium difengpi is an endangered medicinal plant, native to the

karst mountains of the Guangxi region of China. This plant is

highly adapted to drought stress. Zhang et al. performed

transcriptomic and metabolomic profiling to obtain new insights

into its drought tolerance mechanism. The joint transcriptome and

metabolome analyses showed that under drought there was an

increase in glutathione, flavonoids, polyamines, soluble sugars, and

amino acids, contributing to cell osmotic potential and

antioxidant activity.

The Pueraria genus includes more than 20 plants species, which

are economically important food and medicinal plants in South-

East Asia. Fu et al. analyzed the flavonoids, dietary fiber, total starch,

and crude protein of one P. lobatae and three P. thomsonii varieties

by combining various chemical analysis methods. Based on their

findings, they proposed P. lobata is better for medicinal use,

whereas P. thomsonii is a better option as edible food.

And finally, we also contribute with a review on zinc fingers.

Moulick et al. put good effort into collecting literature about the

detailed molecular involvement of Zn-finger motifs in abiotic stress

management in crop plants. They comprehensively reviewed Zn-

finger motifs and provided deep insights into the role of Zn fingers

in various abiotic stress tolerance mechanisms. The review covers

structural to functional aspects of zinc finger motifs/proteins and

their involvement in various signaling transduction pathways,

triggering the action of plant transcription factors and controlling

the expression of various stress-regulated genes.
Frontiers in Plant Science 037
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It becomes crystal-clear that abiotic stress cannot be studied as

an isolated process but must be considered as the different effects

that are exerted on the essential processes of plant physiology and

the multiple read-outs. Metabolomic and transcriptional studies

have allowed us to study this process in general and unveil how

different signal transduction pathways, many previously unrelated

to the studied stress, are affected. These studies provide novel and

valuable information on the crosstalk of different abiotic stresses

and their interplay with developmental processes in crops and

medicinal and woody plants. We hope that future investigations

will convert this information into improved crops with increased

tolerance to abiotic stress or increased nutritional content.
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Heat and drought induced
transcriptomic changes in barley
varieties with contrasting stress
response phenotypes

Ramamurthy Mahalingam1*, Naveen Duhan2,
Rakesh Kaundal2, Andrei Smertenko3,
Taras Nazarov3 and Phil Bregitzer4

1Cereal Crops Research Unit, USDA-ARS, Madison, WI, United States, 2Department of Plant, Soils
and Climate, Utah State University, Logan, UT, United States, 3Institute of Biological Chemistry,
Washington State University, Pullman, WA, United States, 4National Small Grains Germplasm
Research Facility, USDA-ARS, Aberdeen, ID, United States
Drought and heat stress substantially impact plant growth and productivity.

When subjected to drought or heat stress, plants exhibit reduction in growth

resulting in yield losses. The occurrence of these two stresses together

intensifies their negative effects. Unraveling the molecular changes in

response to combined abiotic stress is essential to breed climate-resilient

crops. In this study, transcriptome profiles were compared between stress-

tolerant (Otis), and stress-sensitive (Golden Promise) barley genotypes

subjected to drought, heat, and combined heat and drought stress for five

days during heading stage. The major differences that emerged from the

transcriptome analysis were the overall number of differentially expressed

genes was relatively higher in Golden Promise (GP) compared to Otis. The

differential expression of more than 900 transcription factors in GP and Otis

may aid this transcriptional reprogramming in response to abiotic stress.

Secondly, combined heat and water deficit stress results in a unique and

massive transcriptomic response that cannot be predicted from individual

stress responses. Enrichment analyses of gene ontology terms revealed

unique and stress type-specific adjustments of gene expression. Weighted

Gene Co-expression Network Analysis identified genes associated with RNA

metabolism and Hsp70 chaperone components as hub genes that can be

useful for engineering tolerance tomultiple abiotic stresses. Comparison of the

transcriptomes of unstressed Otis and GP plants identified several genes

associated with biosynthesis of antioxidants and osmolytes were higher in

the former that maybe providing innate tolerance capabilities to effectively

combat hostile conditions. Lines with different repertoire of innate tolerance
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mechanisms can be effectively leveraged in breeding programs for developing

climate-resilient barley varieties with superior end-use traits.
KEYWORDS

Barley, combined stress, drought, differential gene expression, gene networks, gene
ontologies, heat, RNA-seq
Introduction

Among the most consequential impacts of the ongoing global

climate change, drought and high temperatures will adversely

affect agricultural production world-wide (Fedoroff et al., 2010;

Mahalingam et al., 2021). While singly occurring drought or heat

stress can lead to yield reduction, the concomitant occurrence of

these two abiotic stressors in field can be devastating (Barnabas

et al., 2008; Awasthi et al., 2014; Cohen et al., 2021). Five or more

recurring days of heat in which the daily maximum temperature is

5°C higher than the average maximum temperature is considered

a heatwave (W.M.O, 2015). In the two decades spanning 1990-

2010, in the US, combined heat waves and drought have increased

compared to earlier decades (Mazdiyasni and AghaKouchak,

2015). Furthermore, climate models predict the intensity and

frequency of such incidents will further increase (Lobell and

Gourdji, 2012).

For breeding climate change resilient crop plants, a better

understanding of the responses to combined drought and heat

stress is important (Zandalinas et al., 2018). Responses to

combined drought and heat stress in different crop species have

previously been reviewed recently (Mahalingam et al., 2021).

Combined heat and drought stress generate unique metabolic

signatures in maize that are otherwise unaffected when the

stressors are applied singly (Obata et al., 2015). In wheat lines

subjected to combined heat and drought stress during pre-

anthesis stage, proline content and number of tillers were

identified as key attributes of tolerance to combined stress

(Qaseem et al., 2019). In chick peas, the starch and sucrose

content of seeds was significantly reduced in the combined heat

and drought stress treatment during seed-filling stage when

compared to singly applied stress (Awasthi et al., 2014). Apart

from a reduction in yield in response to combined heat and

drought stress, seed nitrogen was reported to be high and starch

content was low in two Australian malting barley varieties (Savin

and Nicolas, 1996). Combined heat and drought stress negatively

impacted malting quality of US barley varieties (Mahalingam,

2017). These studies focused on the agronomic and physiological

impacts of combined stress. There is gap in the knowledge about

the molecular mechanisms of tolerance in plants operative during

combined stress.
02
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Photosynthesis machinery can recover once drought and heat

stress is removed; however, flower, ovary or seed abortion are

irreversible processes. Hence, drought and heat stress

combination during the reproductive stages are more

detrimental to crop yields (Barnabas et al., 2008; Mahalingam

and Bregitzer, 2019). Drought and heat combination restricts the

life cycle, decreases overall carbon assimilation and drastically

shortens the grain filling period in crops (Awasthi et al., 2014).

Meta-analysis of more than 120 case studies of heat and drought

stress combination confirmed its negative impacts on harvest

index, seed number and single seed size (Cohen et al., 2021). A key

strategy to alleviate the influence of drought and heat stress on

crop production and quality is identification of germplasm that

can tolerate these stresses during post-anthesis and using them in

breeding programs or identifying the genetic mechanisms of

tolerance and moving those favorable genes/alleles into the

current germplasm using modern biotechnological tools.

The main obstacle in the selection of genes conferring

drought and heat tolerance is the complexity of plant

responses to these types of stresses. Coping strategies to

overcome abiotic stress like drought may be transient, such as

reduced transpiration or hydrotropism, or entail developmental

reprogramming such as deeper root system, reduction of leaf

area or biochemical alterations such as osmotic adjustments to

minimize water loss and improve water uptake (Hu and Xiong,

2014). Transient responses, developmental changes and

biochemical modifications require a substantial rebuilding of

plant metabolism and gene expression changes that keep

changing with the onset and as the stress persists (Wiegmann

et al., 2019). Insight into the complexity of plant response to

combined stress can be appreciated via transcriptome profiling.

The majority of studies of drought induced transcriptome

changes in barley focused on leaf tissue (Talame et al., 2007; Guo

et al., 2009; Bedada et al., 2014; Wehner et al., 2016; Zeng et al.,

2016) while few studies analyzed spikelets, awns, seeds (Abebe

et al., 2010; Hubner et al., 2015), or crowns (Svoboda et al., 2016)

and one examined leaves and roots (Janiak et al., 2018). Heat

stress in different parts of the seeds were examined using

microarrays (Mangelsen et al., 2011). Transcriptome changes

in leaves and inflorescence in response to drought and combined

heat and drought stress (Cantalapiedra et al., 2017) and
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proteomic alterations in young leaves subjected to heat, drought

and combined stress have been reported (Ashoub et al., 2015).

In this study, drought, heat and combined heat and drought

was imposed during heading stages in the tolerant barley variety

Otis and a sensitive variety Golden Promise. Physiological traits

were monitored during the stress regime and agronomic traits

were compared at maturity. Transcriptomic differences

associated with heat, drought, and combined heat and drought

stress in these two contrasting lines were examined 1-day after

initiating the stress and at the end of the 5-day treatment. RNA-

Seq analysis revealed a greater number of differentially expressed

genes in response to combined heat and drought stress

compared to heat or drought stress in both GP and Otis.

Interestingly, several genes with proven roles in abiotic stress

tolerance such as trehalose biosynthesis, linolenic acid and

glutathione metabolism were expressed at higher levels in Otis

under non-stress conditions compared to Golden Promise.

Identification of innately expressed genes with proven roles in

abiotic stress tolerance in advanced breeding lines and modern

varieties can accelerate the pace of climate-resilient cultivar

development with superior end-use traits.
Materials and methods

Plant growth conditions

Seeds of Barley varieties Golden Promise (GP) and Otis

were imbibed in water for three hours and three seeds were

sown in each 2.5 L pots containing the potting mix as described

earlier (Mahalingam and Bregitzer, 2019). Plants were

maintained in the greenhouse till the first spikelet of the

head had completely emerged corresponding to Zadok’s scale

5.9. This plant grow-out scheme was followed precisely for the

three biological replications.
Stress treatments

Pots with plants at heading stage were moved into growth

chambers for heat stress and combined heat and drought stress

experiments. The growth chambers were programmed to

approximate the light intensity in the greenhouse (450 mmol

m−2 s−1; 16 h of light and 8 h of darkness; 50% humidity).

Plants were acclimated in the growth chamber for 48 h before

the imposition of the stress treatments. The heat, drought and

combined stress treatments were conducted as described

previously (Mahalingam and Bregitzer, 2019), when the head on

the main tiller became visible. During the heat stress, plants were

manually irrigated with 550 ml of water, the same amount as

control plants in the greenhouse under auto-irrigation. Plants

were maintained in these stress conditions for five days. On the

sixth day, the chamber was reprogrammed to simulate the
Frontiers in Plant Science 03
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conditions in the greenhouse. On day seven the plants were

moved into the greenhouse until physiological maturity.
Physiological measurements

Flag leaf and the leaf underneath the flag leaf from each plant

were used for measuring the physiological traits with a Li-Cor

6400 Portable Photosynthesis system (Li-Cor, Lincoln, NE) as

described previously (Mahalingam and Bregitzer, 2019).

Stomatal conductance, net transpiration rates and net

photosynthetic rates were recorded before the stress treatment

and after the end of the stress treatments.

The leaf relative water content (LRWC) was calculated as

described earlier (Schonfeld et al., 1988). LRWC% = (Fresh

weight-Dry weight)/(Turgid weight-Dry weight) X 100. The

LRWC measurements were conducted from the leaves

sampled on the fifth day of the stress treatment.

For the physiological measurements with Li-Cor and the

LRWC, two leaves were sampled from two different plants for

each stress treatment and each genotype in each replication.

Averages reported are based on data collected from at least five

plants. The average measurements for the physiological traits of

plants before the imposition of stress were compared with

measurements from the same plants after five-days of stress

treatment to determine statistically significant differences.
Sample harvesting for RNA analysis

Flag leaf and heads were harvested from each plant and

frozen immediately in liquid nitrogen. For each stress and

corresponding controls, tissues were collected from five

individual plants. Frozen tissue samples were wrapped in

aluminum foils and stored in -80 ∘C. Tissues were collected

one day into the stress treatment (early time point) and at the

end of the five days of stress treatment (late time point).
Agronomic traits

The weight of dry shoots and dry roots were recorded for

each plant at maturity. The dry mature heads from each plant

were collected in brown bags and threshed using a benchtop

thresher (Model LT15; Haldrup, Poneto, IN). The seed weight

was recorded for each plant and seed yield of five plants from

each treatment were averaged.
RNA isolations

Total RNA was isolated from the flag leaf and head tissues

using the RNeasy plant mini kit (Qiagen). Two independent RNA
frontiersin.org
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isolations were done for each tissue from each of the biological

replicates. Two genotypes, three different stress treatment

(drought, heat, combined stress) and three corresponding non-

stressed controls, two different tissue types (flag leaf and

developing head), two time points (1 day into stress and 5th day

of stress treatment) equates to 48 RNA samples for one

replication. Three replications of this entire experiment

accounted for 144 RNA samples.
Library construction and sequencing

QuantSeq method was used to generate 144 next-generation

sequencing (NGS) libraries as described in the kit protocol at the

University of Idaho sequencing facility.
Read quality assessment and mapping to
barley genome

The raw reads were trimmed to remove adapter sequences

and ambiguous nucleotides and assessed for quality by running

through several programs such as feature counts, STAR, Gene

Counts, Cutadapt, SortMeRNA, and FastQC. The output from

these various programs were summarized into a single report

using MultiQC (version 1.8). The filtered reads were then

mapped to the barley reference genome IBGS_version 3. The

read mapping data were then combined with gene feature file to

obtain the feature counts. This helped to identify uniquely

mapped reads and reads that mapped to multiple genes. The

uniquely mapped reads were used for identifying the

differential ly expressed genes (DEGs) by pair-wise

comparisons to corresponding controls.
Data analysis

Samples (libraries) were clustered in a multidimensional scaling

plot (MDS plot) by the plotMDS function implemented in the

Bioconductor package Limma in R (R Version 3.4.0, limma_3.32.2).
Identification of DEGs

The gene expression levels were estimated using RNA-Seq

by Expectation–Maximization (RSEM) (Li and Dewey, 2011).

To perform differential expression analysis the DESeq2 R

package (1.10.1) was used. This provides statistical routines

based on the negative binomial distribution model for

identifying differential expression. To control false discovery

rate (FDR) the P-values were adjusted using the Benjamin and

Hochberg’s approach (Benjamini and Hochberg, 1995). Both the
Frontiers in Plant Science 04
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q-value ≤ 0.05 and log2 (fold-change) ≥ 1 was set as the threshold

for significant differential expression.
Gene Ontology (GO) enrichment analysis
of DEGs

GO analysis for biological process, cellular component, and

molecular function of the DEGs was implemented by the GOseq

R package. GO annotations for the entire barley genome

determined based on the GOMAP strategy (Wimalanathan

et al., 2018) was used as the reference for enrichment analysis

using the Fisher’s Exact test and an FDR cutoff of 0.05. Genes

within the enriched GOs from heat, drought and combined

stress were compared for the leaf and head tissues separately.
KEGG pathway enrichment analysis
of DEGs

Statistical enrichment of genes in KEGG (http://www.

genome.jp/kegg/) pathways was conducted using KOBAS

software (Kanehisa and Goto, 2000; Mao et al., 2005). For the

KEGG enrichment of the DEGs, a R package, ClusterProfiler was

used (Yu et al., 2012).
Weighted Gene Co-expression Network
Analysis (WGCNA)

The raw reads counts were normalized using DESeq2

package and the signed co-expression network was created

using WGCNA package (Langfelder and Horvath, 2008). The

adjacency matrix was created by calculating the Pearson’s

correlations between each gene. A value of nine was used as

power parameter (b) on the scale-free topology requirement

(Zhao et al., 2010). Then the adjacency matrix was used to

calculate the topological overlap measure (TOM) and associated

dissimilarity (1-TOM). Gene modules were then identified using

a dynamic tree cutoff algorithm (minimum cluster size of 30,

merging threshold function of 0.25) (Langfelder et al., 2008).

Module membership (MM) was computed using Pearson

correlations between expression levels and module eigengenes.

A relatively high MM suggests that certain genes are well-

connected inside the module.
Module-traits relationships and
functional categorization of modules

The module eigengenes (ME) was used to estimate the

module-traits relationships by calculating the Pearson’s
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correlations between the ME and the traits of interest. Gene

significance (GS) was used to correlate the trait of interest with

the expression data of individual genes. The module-

characteristics associations were calculated using the ME by

computing Pearson’s correlations between the ME and the traits

of interest. The modules were selected based on correlation

>=0.05 and p-value <=0.05 in control vs treatments. Genes in the

module were chosen when their intra-modular connection with

that module was more than 0.2, and their intra-modular

connectivity with all other modules was less than 0.2. The

correlation between the gene’s expression profile and the ME’s

expression profile was used to calculate intra-modular

connectivity. Only the differentially expressed genes were

extracted from each module and the network visualization was

done using Cytoscape (Shannon et al., 2003). Using the

pySeqRNA package (Duhan and Kaundal, 2020), the

uniqueness of all the modules was determined based on

gene ontology.
Peroxisome abundance

Peroxisome abundance was measured using small

fluorescent probe Nitro-BODIPY according to previously

published procedure (Hickey et al., 2022). A 2-cm piece of

the leaf was placed into 2 cm deep 96-well plate, immersed in a

liquid nitrogen bath and ground with a tissue grinder

(TissueLyser II, Qiagen, Venlo, Netherlands). The tissue

powder was mixed with 0.8 ml of the extraction buffer A

(EBA) containing 20 mM Tris HCl, pH7.4, 500 mM NaCl, 7M

Urea, then the plate was rotated for one hour to extract total

protein. The debris was removed by centrifugation at 3,000 g

for 30 minutes and the supernatant was aspirated into a fresh

plate. The reaction contained 20 ml of the extract, 80 ml of
freshly prepared 2 mM solution of N-BODIPY, and 100 ml of
water in 96-well plates and incubated for 10 min. The

fluorescence intensity (490 nm excitation wavelength and

530 nm emission wavelength) was measured using Synergy

Neo B spectrofluorometer (Biotek Instrument, Inc). Extracts

from five individual plants (biological replicates), each three

technical replicates, were measured per genotype and

treatment. Two background values were measured per each

96-well plate: 20 ml of the protein extract in 180 ml of water;
and 20 ml of 2 M N-BODIPY solution with 180 ml of water.
These values were subtracted from the N-BODIPY

fluorescence signal. The protein concentration was measured

in each extract using the Bradford Reagent (Biorad

Labora tor ie s ) wi th a ca l ibra t ion curve of known

concentrations of Bovine Serum Albumin. The N-BODIPY

fluorescence intensity was normalized by the protein

concentration and calculated in arbitrary units per mg

of protein.
Frontiers in Plant Science 05
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Results

Growth and physiological responses to
drought, heat, and combined stress

The stress experiments described in this study were

conducted using barley plants that were in their heading stage.

There were basic morphological differences between GP and

Otis with the former bearing a lot more tillers during their

vegetative growth phase. The leaves of Otis were broader, and

the plants were taller than GP. Flag leaves of GP plants were

smaller compared to the flag leaves of Otis.

Leaf relative water content (LRWC) was reduced in both the

lines in response to heat, drought, and combined stresses.

Overall, the reduction in the LRWC was greater in GP leaves

compared to Otis (Figure 1A). Pre-stress stomatal conductance

(SC) showed significant difference between the two varieties,

with Otis registering values that were nearly 50% higher than GP

(Figure 1B). In response to drought, both varieties showed

significant reduction in their SC. On the contrary, heat and

combined stress increased the SC of leaf by nearly 45% in Otis.

Interestingly SC of GP leaf subjected to heat stress were like that

of control leaves. Patterns of changes in net transpiration rates

were identical to the pattens observed for SC in both varieties

(Figure 1C). Net photosynthesis rates declined by nearly 50% in

response to heat and 84% in response to drought in GP

(Figure 1D). Leaves of Otis showed a 25% reduction in

photosynthesis in response to heat, a 32% decrease in response

to drought and 50% reduction in response to combined stress. In

the GP plants the impact of the combined stress on the leaf was

too severe and did not provide reliable measurements for SC, net

photosynthesis, and transpiration rates.
Agronomic impact of drought, heat, and
combined stress

In both varieties there was no significant difference in the

root biomass in response to singly applied heat or drought stress.

However, in response to combined stress both lines showed a

nearly 40% reduction in their root biomass (Figure 2A). In GP

the shoot biomass doubled in response to drought stress and by

30% in response to heat stress. Interestingly, combined stress did

not cause any significant change in GP (Figure 2B). On the

contrary, in Otis, the shoot biomass decreased by more than 40%

in response to combined stress and a similar decreasing trend

was observed in response to singly applied heat or drought stress

but was not statistically significant.

Given the profuse tillering habit of GP the seed yield per

plant was 60% higher compared to Otis plants under control

conditions (Figure 2C). However, the seed yields of GP were

reduced by 75% in response to heat or drought and by nearly
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95% in response to combined stress. In Otis the reduction in

yield per plant was about 40% for the singly applied stress and

about 60% for the combined stress. Based on the seed yield data,

Otis was nearly 50% and 300% higher yielding compared to GP

in response to singly applied stresses and combined

stress, respectively.

The average length of Otis seeds was nearly 18% longer

than the GP seeds under control conditions (Figure 3).

Interestingly, heat stress increased the average seed length of

GP seeds. Though the average seed length of GP and Otis seeds

were reduced in response to combined stress, there was

significant variation. GP seeds did not show any significant

change in seed length in response to drought stress. An overall

tendency towards reduction in seed length in response to stress

was seen in Otis but was not statistically significant. The

reduction in seed width was more obvious in Otis seeds

subjected to heat stress (~23%) compared to GP (~11%). In

response to combined stress, both varieties showed a reduction

of more than 30% in seed width. GP seeds showed a slight

increase in seed width in response to drought while Otis seeds

showed a slight decrease in width. However, these differences

were not statistically significant.
Mapping of the RNA-seq reads to the
barley genome

After quality trimming, an average of 79.4% of the sequences

per library in Golden Promise and 78.4% of sequences from Otis

were aligned to the barley reference genome (Supplementary

Table 1). More than 96% of reads were mapped to unique genes

in the barley genome.
Frontiers in Plant Science 06
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Overview of the relationships among the
RNA-seq samples

Transcriptomic relationships between the type of stress and

tissue sample were determined in a multidimensional scaling

(MDS) plot (Figure 4). Resulting distances between control and

treatment samples are displayed as the leading log2-fold change

(i.e., estimated root-mean-square deviation for the top 500 genes

with the largest standard deviation among all samples). This

analysis visually displays relationships among samples (stress

treatment and tissue types) based on their spatial arrangement.

The clustering of the control samples in the top left and top right

was expected and represent the diversity in the biological

material used for the analysis - flag leaf and head tissues,

grouped near the left and the right side, respectively.

Combined stress samples showed the most significant

separation. The later time point of the drought stress showed a

significant separation compared to the early time point. Heat

stressed samples seemed to show the least separation and were

found in closer proximity to the controls.
Differentially Expressed Genes (DEGs) in
response to heat, drought, and
combined stress

For each of the stress treatments, comparisons were made to

time-matched non-stress controls for both the flag leaf and head

tissues. A log2-fold cutoff ≥ 1 and an FDR of 5% were used as the

defining criteria for DEGs. Of the 24 comparisons in this study

(Supplementary Table 2), the lowest number of DEGs was in 1-

day drought samples in both lines and in both tissues (Figure 5
B

C D

A

FIGURE 1

Physiological changes in Golden Promise and Otis under heat, drought and combined heat and drought stress (A) Leaf Realtive Water Content
(LRWC). (B) Stomatal conductance. (C) Net transpiration rate. (D) Net photosynthetic rate. Values are the means of five plants. Bars represent
standard errors of the means. *P < 0.05.
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and Supplementary Figure 1). However, by the end of the fifth

day of stress 4650 genes were differentially expressed in flag

leaves of GP and 3905 in Otis, while the corresponding numbers

in head tissue were 2467 and 1576, respectively (Figure 5).

In response to heat stress, both GP and Otis showed some

marked differences in their tissue-specific and temporal

transcriptional responses. In GP, more genes were differentially

expressed in head compared to flag leaf at the early time point. On

the contrary, in Otis nearly three-fold more genes were

differentially expressed in the leaf compared to the heads at this

timepoint. In the 5-day heat-stressed samples, the number of

DEGs in the head and leaf tissue of Otis were similar. The very low

number of DEGs observed in GP could be due to the severe heat

stress damage incurred to flag leaf and the developing heads.

Despite the minimal response to drought at one day, the strong

response evoked by 5-days of drought was significantly higher

than the transcriptional responses evoked after 5-days of

heat stress.

Combined heat and drought stress caused massive changes

in the transcriptomes of both these varieties. Within 1-day of

combined stress, more than 9300 genes were differentially
Frontiers in Plant Science 07
15
expressed in GP and 7500 genes in Otis and the number of

genes differentially expressed genes was greater in the leaf tissue

compared to heads. By five days of combined stress, the number

of differentially expressed genes increases to more than 15,000

genes in GP while these numbers were nearly 50% less (6789) in

Otis. These results clearly showed massive transcriptional

changes in response to combined stress, in both genotypes and

tissues when compared to heat or drought stress. Furthermore,

the transcriptional changes observed in the sensitive GP was

significantly larger compared to the tolerant Otis.
Comparing DEGs responsive to drought,
heat, and combined stress

The number of differentially expressed genes that were

common for the early (1-day) and later stages (5 days) of

singly applied heat stress in GP and drought stress in Otis did

not show any overlap (Figure 6). This observation was consistent

for flag leaf and head tissues. Thirty genes in the flag leaf and 55

genes in the head tissues showed an overlap between 1 and 5-

days of drought in GP, while 414 genes in leaf and 196 genes in

head tissues overlapped between the 1 and 5-days of heat stress

in Otis (Figure 6). On the contrary, there were significantly more

genes that were common to 1 and 5 days in response to

combined stress when compared to singly applied stresses.

Furthermore, significant differences were observed in the

pattern of overlap in the two varieties. In flag leaf of GP more

than 4400 differentially expressed genes were common between

1 and 5 days, while in Otis around 1000 genes were found to

overlap between the two time points. Consistent with this

observation, the number of uniquely differentially expressed

genes at early stage in GP was 470 genes, while in Otis this

was close to 2450 genes. This pattern was reversed at the 5-day

time point with GP recording 2222 genes while in Otis 660 genes

were uniquely differentially expressed. In the head tissue, GP had

2600 commonly differentially expressed genes between 1 and 5

days compared to 1750 genes in Otis. Like the pattern in the flag

leaf, in GP heads 3416 genes were uniquely expressed at the 5-

day time point compared to 360 genes observed at 1 day. In Otis

head tissues, approximately about 600 genes were unique for the

1-day and 400 at the 5-day time point. Based on these

observations the transcriptional response to counter combined

stress in Otis appears to be regulated and consistent while GP

appears to unleash a massive reprogramming especially during

the later time point.
Gene Ontology (GO) enrichment analysis
of DEGs

The GO terms with an FDR cutoff of 0.05 containing five or

more genes were identified for further analysis and are presented
B

C

A

FIGURE 2

Analysis of dry root biomass (A), shoot biomass (B), and seed
yield (C) in response to heat, drought and combined stress in
Golden Promise and Otis. Error bars represent standard
deviations of the mean of five observations from five different
plants for each treatment (n = 5). Statistically significant
differences in measured traits when compared to non-stressed
control plants are denoted by ‘*’ above the bars (*P-value <0.05).
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in Figure 7 (Supplementary Table 3). GOs wherein most genes

that were differentially expressed were either in GP or Otis are

described below for each of the three stresses.

Combined stress: Peroxisomal genes were enriched in the

DEGs in response to combined heat and drought stress in leaves

of both GP and Otis at the early time point (Supplementary
Frontiers in Plant Science 08
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Table 4). This enrichment was observed even at the later time

point in GP in response to combined stress and drought alone.

Among the differentially expressed genes associated with

peroxisomes, 25 genes were up and 15 were down in GP,

while 22 were up and 9 down in Otis. At the end of the 5-day

stress regime this pattern was maintained with 32 genes being up
FIGURE 3

Seed physical characteristics of Golden Promise (GP) and Otis collected from plants subjected to heat (Ht), drought (Drt), combined heat and
drought stress (HD) and control (C). Ten seeds randomly sampled from the seed bags were placed on a paper and arranged on a straight line
and photographed using a Nikon camera.
FIGURE 4

Multidimensional scaling plot of replicated RNA-Seq samples. Features on the plot represent libraries of control, drought, heat and combined
stress treatments from flag leaves and head tissues collected after 1 day and 5 days of treatment. Spatial arrangement of the various RNA-seq
libraries is based on their calculated distances estimated using root-mean-square deviation for the top 500 genes with the largest standard
deviation among all samples. The square represents GP libraries while the * represent Otis libraries. The color code for the heat, drought and
combined heat and drought and corresponding controls is shown on the right.
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and 14 down in GP. One catalase gene was down only in GP

while another catalase gene was induced in both genotypes at the

early time point. At the 5-day time point two catalases were

down in GP and one was induced in both the genotypes. One of

the genes annotated as PEX11 was down in both GP and Otis

while two other PEX11 genes were upregulated in both

genotypes at 1- and 5-day after stress. It was observed that the

extent of downregulation of the catalases and peroxin genes were

stronger in GP compared to Otis. In the 5-day drought leaf

sample, three PEX11 genes were identified, of which two were up

in both GP and Otis while one was down only in the former. The

extent of differential expression was stronger in GP than in Otis.

Intriguingly, quantification of peroxisomes in the leaves showed

a larger reduction in peroxisome abundance in GP compared to

Otis at 5-days of combined stress (Figure 8).

Autophagy genes were strongly enriched in the DEGs in the

5-day leaf samples of GP. Of the 19 genes that were identified as

being associated with this GO, six genes had annotations

indicating they were ATG family genes. In particular, ATG8

which is a marker gene for peroxisome degradation was found to

be induced strongly in GP compared to Otis. This suggests

that GP may be experiencing higher levels of oxidative stress that

leads to oxidation of proteins and turnover of organelles that

trigger the autophagic flux. This is further supported by the

enrichment of the GO for unfolded protein binding in the stress

sensitive GP.

In Otis, the GO for oxido-reductase activity is enriched in

the set of DEGs (Supplementary Table 4). Of the 241 genes

associated with this category there were 74 genes that were
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differentially expressed only in Otis. Noteworthy genes

among the induced ones were a gene involved in proline

biosynthesis, several peroxidases, dioxygenases, flavin

monooxygenase, and genes in the GABA shunt pathway.

Among the repressed genes were Rubisco, GA20 Oxidase, and

chlorophyll biosynthesis genes.

In the head tissue of GP, combined stress evoked differential

expression of six different genes annotated as cyclin-dependent

protein ser/thr protein kinase inhibitors of which one gene was

induced and five genes were repressed.

In the head tissue of Otis plants, the GO xylan biosynthesis

was enriched. Analysis of the 14 DEGs associated with this GO

showed that seven were repressed only in Otis. The remaining

seven genes were repressed in both GP and Otis, but the extent

of repression was stronger in the latter.

Similar patterns of stronger repression of eight genes

associated with GO for cellulose catabolic process was

observed in Otis. Among the repressed genes were three

endoglucanases that were strongly downregulated only in Otis.

In GP heads the GO for cellulose synthase (UDP-forming)

activity was enriched and again 11 of the 12 genes were

repressed. Among the repressed genes, four were only

identified in GP. Interestingly, this GO was identified in the

heads of Otis at the 5-day time point. Among the 13 DEGs

associated with this GO, 12 were repressed and one was induced

in Otis and none of these genes were differentially expressed in

the heads of GP.

Drought stress: The GO for peroxisomes was enriched in

response to drought in GP leaves (Supplementary Table 5). Of
FIGURE 5

Number of differentially expressed genes in the flag leaf (FL) and head (HD) tissues at 1-day after stress (1D) or 5 days after stress (5D) in Golden
Promise (GP) and Otis (OT) observed in response to heat (HT), drought (D), and combined stress (CS). Upward pointing bars represent
upregulated genes and the downward facing bars represent the down regulated genes. Normalized counts for a gene from a stressed sample
library is divided by the corresponding normalized counts for the same gene from the matched control sample library. A log2 > 1.0 and FDR of
0.05 was used as the cutoff to call a gene as being differentially expressed.
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the 29 DEGs associated with this GO, nine were repressed and

20 were induced. Notable among the induced genes that showed

significant upregulation in GP compared to Otis were two genes

– urate oxidase and acyl-CoA oxidase whose activities can lead

to generation of hydrogen peroxide.
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Among the 70 genes associated with the GO mRNA binding,

64 were repressed in GP and six were induced. Many of these genes

were associated with rRNA processing, and proteins associated

with forming larger complexes such as WD-40 repeat containing

proteins, tetra and pentatricopeptide repeat containing proteins.
FIGURE 6

Venn diagram showing the overlap between DEGs responsive to drought (left), heat (middle), and combined stress (right). The top panel shows
the comparisons from the leaf libraries and the bottom panel shows the comparisons from head libraries. In each Venn diagram the left side
ovals represents the 1-day tissue sample and the right-side ovals represent the 5-day tissue sample.
FIGURE 7

Overview of the Gene Ontology enrichment analysis showing the major biological processes, molecular functions, and cellular compartments
of differentially expressed genes from leaves and head of Golden Promise and Otis in response to drought (brown triangles), heat (red diamond)
and combined stress (yellow circle). Metabolic processes, molecular functions and genes encoding for proteins with specific activities are
grouped within boxes. Only statistically significant GOs (P-value <0.001 and FDR<0.05) and those containing three or more DEGs were used for
creating this illustration.
frontiersin.org

https://doi.org/10.3389/fpls.2022.1066421
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Mahalingam et al. 10.3389/fpls.2022.1066421
In Otis, there were 166 genes associated with the

transmembrane transport process. Of these 87 were repressed

and 79 were induced. Among the induced genes that were

unique to Otis several were annotated as ABCG type

transporter that are implicated in hormonal transport

especially ABA. Interestingly there were two sugar transporters

that were unique to Otis but showed opposites patterns

of expression.

The octadecanal decarbonylase activity was enriched among

genes differentially expressed in response to drought in Otis. Of the

11 genes associated with this GO, eight were induced and three were

repressed. Two genes that were uniquely induced only in Otis,

Glossy1 and Eceriferum1 homologs have been known to be involved

in the biosynthesis of long chain fatty acids leading to enhanced wax

production and rendering plants tolerant to drought.

The oxygen evolving complex (OEC) was an enriched GO

cellular compartment in response to drought in Otis. Subunits of

all three major genes (psbO, psbP and psbQ) of the OEC were

identified and all these genes were repressed in both Otis and

GP. Two subunit genes of the psbP domain important for

binding of the chloride and calcium ions and making them

available to PSII was downregulated only in Otis.

One of the most interesting GO terms that was identified in

Otis heads was the negative regulation of endopeptidase activity.

All the 18 genes associated with this GO were strongly induced

in Otis and more importantly 14 of these genes were only

observed in Otis but not in GP. Twelve of these were
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annotated as the serine type endopeptidase inhibitors, five

were cysteine endopeptidase inhibitors and one gene contained

the soybean trypsin inhibitor domain.

Sucrose metabolism was enriched in Otis heads. Six genes

were associated with this GO of which four were induced and

two were repressed in Otis in response to drought. Of the three

genes that were uniquely induced only in Otis, two were

annotated as sucrose synthase and one was a sucrose symporter.

In GP heads, the GO for response to JA was significant and

included seven genes of which five were induced and two were

repressed. Among induced genes were three transcription factors-

two ERFs and a WRKY type TF, ornithine aminotransferase,

important for proline biosynthesis, and an Inositol-polyphosphate

phosphatase that can be crucial for stress signaling.

Heat stress: The GO for transmembrane transport was

enriched in GP and comprised of a set of 76 genes of which

15 were induced and 61 were down regulated (Supplementary

Table 6). Only two of the GP-induced genes associated with this

GO was identified in Otis and one of them encoding a major

intrinsic protein showed opposite pattern of expression. Of the

61 down regulated genes, 50 were unique to GP and only 11

genes were identified in Otis and showed similar changes in their

expression in response to heat.

The GO for lipid transport was enriched in Otis and

included a set of 15 genes of which 14 were down regulated.

Only three of the genes associated with this GO was identified as

differentially expressed in GP. Interestingly, all the genes
FIGURE 8

Impact of combined heat and drought stress (CS) on peroxisome abundance in Golden Promise (GP) and Otis. Values are from five different
samples. P-values represent the pair-wise comparison of control and stressed leaf samples for each time point and genotype.
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associated with this GO were annotated as the non-specific lipid

transfer proteins (nsLTPs). In the 5-day leaves of Otis, there

were six genes associated with the zinc ion transport and all of

them were down regulated.

In GP heads the ABA response GO was enriched one day

after heat stress. Of the 17 genes identified as differentially

expressed 11 were induced and six were repressed. Notable

among the induced were the LEA, dehydrin8 and HVA22

genes. Among the repressed genes was a bZIP46-like TF that

includes the well-known ABI5 gene.

Carbonate dehydratase activity was enriched in Otis heads.

Of the seven genes associated with this GO, two were induced

while five were strongly down regulated. The differential

regulation of the members of this gene family only in Otis

suggests a role for these genes in the heat tolerance trait. Since

these genes are affected strongly by the zinc, it is possible that the

observed differential expression could be indirectly mediated by

zinc, wherein we observed a strong downregulation of zinc

transporter genes only in Otis.

The GO for negative regulation of peptidase activity was

enriched in the leaves of GP at the 1- day time point and in the

heads of Otis at the end of treatment. Of the 20 genes associated

with this GO in GP, 6 were up regulated, 14 were downregulated

and none of these genes were identified in Otis. Of the 14 genes

associated with this GO in Otis heads, 13 were strongly induced

and one was down regulated. Only two of these genes were

identified in GP and interestingly, these two genes showed

opposite patterns of expression when compared to Otis. These

two genes (HORVU.MOREX.R3 .2HG0122620 and

HORVU.MOREX.R3.3HG0309490) were down regulated in GP

heads. As described earlier this GO was also identified in response

to drought stress in Otis and hence, we compared the genes
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associated with this GO in the two stresses. Nine genes associated

with this GO were common between heat and drought stress and

eight of these showed similar patterns of gene expression in the

head tissue. One gene (HORVU.MOREX.R3.3HG0309490) that

was strongly induced in GP in response to drought was down

regulated in heat stress.
Weighted gene co-expression network
analysis

The WGCNA analysis clustered the genes identified in this

study into 41 modules (Supplementary Figure 2). The module-

trait specifications using Pearson correlation to link modules to

stresses identified 55 significant correlations (Figure 9). The

largest number of significant correlations (18) were associated

with the combined stress. In the individually applied heat or

drought stress, five significant correlations were identified. For the

construction of gene networks, two selection parameters were

considered. The first criterion was the number of genes in the

module. Of the 41 modules, 19 contained less than 100 genes, 12

had more than 100 but less than 1000 and 3 had more than 1000

genes (Supplementary Figure 3). Secondly, we focused on those

modules which showed opposite patterns of correlations between

the stress and corresponding stress modules. Nine modules passed

these criteria. The darkred module was identified in heat, drought,

and combined stress. Black, green, magenta, red, blue, brown,

pink, and tan modules were associated with the combined stress

but not the singly applied stresses.

In the darkred module with 108 genes, networks comprising

101, 87 and 48 genes were identified among differentially

expressed genes in combined stress (Figure 10A), heat
FIGURE 9

Matrix showing Module-Trait Relationships (MTRs) of different WGCNA modules under drought (D), heat (H) and combined heat and drought
stress (HD) and the corresponding control modules for drought (DC), heat (HC) and combined heat and drought (HDC). The colors represent
the various modules (Supplementary Figure 2). The numbers represent Pearson correlation coefficients, and the p-values are in parenthesis.
Positive correlation is colored in blue while negative correlation is colored in red. Statistically significant correlations are indicated by
*p-value <0.05 and >0.01, **p-values <0.01.
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(Figure 10B) and drought stresses (Figure 10C) respectively. Of

the 48 genes in the drought network, 44 were also identified in

the heat and combined stress networks. Between the heat and

combined stress networks there were 42 common genes.

The network analysis indicated there were six hub genes in

the heat, drought and the combined stress networks based on

clustering and topological coefficient (Supplementary Table 7).

Three were identified as hub genes in all three stress conditions,

three were identified in two stress states (heat and combined

stress or drought and combined stress), two genes were

associated only with drought and one hub gene was associated

only with heat stress. Four genes associated with RNA

metabolism were identified as hub genes and included two

genes associated with alternate splicing, a polyA polymerase

and an RNA binding protein of unknown function. HSP family

chaperones such as HsP70, ClpB and Hsp70-dependent

nucleotide exchange factor were identified as the hub genes in

these networks associated with heat, drought, and combined

stress (Figure 11).
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Transcription Factors (TFs) responsive to
heat, drought, and combined stress

Between the two varieties there were more than 1000 genes

encoding TFs that were differentially expressed and consistent

with the patterns observed for the whole DEG data set

(Supplementary Table 8). Combined stress caused extensive up-

regulation (232 in GP and 130 in Otis after 1 day; 179 in GP and

193 in Otis at 5 days) as well as down-regulation of TFs (269 in GP

and 250 in Otis after 1 day; 226 in GP and 218 in Otis after 5 days).

One day after drought stress evoked the lowest number of TFs in

both lines. In contrast to drought stress, 1 day of heat stress caused

upregulation of 71 TFs and downregulation of 110 TFs in GP

while 50 were up and 48 were down in Otis. However, 5 days after

drought stress, 181 TFs were up in GP and 150 in Otis, while 229

in GP and 177 in Otis were down regulated. In the 5-day heat

stress samples the leaf tissues fromGP were severely damaged and

in the head tissue only two were up regulated and 26 were down,

while 52 were up and 82 were down in Otis heads.
B CA

FIGURE 10

(A) Gene networks for 102 DEGs involved under heat and drought stress in the Dark red module (108 genes). Size of the node represent the
degree. All genes’ nodes are represented in blue color while edges are represented by tan color. (B) Gene networks for 87 DEGs in response to
heat stress in the Dark red module (108 genes). Size of the node represent the degree. All genes are represented in tomato color while edges
are represented by green color. (C) Gene networks for 42 DEGs involved under drought stress in the Dark red module (108 genes). Size of the
node represent the degree. All genes are represented in green color while edges are represented by pink color.
FIGURE 11

The nine hub genes identified in the darkred module for heat, drought, and combined stress in barley. Hub genes were selected based on the
topological coefficients (<0.4) and closeness-connectivity values (>0.8). The matrix shows the differential expression values for each time point
(1 or 5), genotype (Golden Promise-G and Otis-O), tissue type (L-Leaf; H-Head) and stress (D: Drought; H: Heat; C: Combined stress). The
intensity of the color within each (brown: combined stress; Yellow: Heat; Red: Drought) indicates the extent of differential expression of the hub
genes. The left column shows the gene identifiers, and the right column shows the IPK gene descriptions.
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To get a better appreciation for the major transcription

factor families associated with abiotic stress, an arbitrary cutoff

of five or more members of a TF family was used as a selection

criterion. This led to the identification of 23 TF families in the

leaf tissues and 21 in the head tissues (Figure 12 and

Supplementary Figures 4-7). All the identified members of the

ERF, GRAS, HD-Zip, HSF, NAC, and Trihelix family TFs were

up regulated. All the identified members of ARF, B3, CO-like,

GATA, MIKC-MADS, TALE, TCP and ZF-HD were down

regulated. TFs belonging to the bHLH, bZIP, C2H2, C3H, Dof,

G2-like, Myb, Myb-related and WRKY contained family

members that were up or down regulated. The C3H family

TFs were up in GP and down in Otis in response to combined

stress (Supplementary Figure 6). In the head tissue the patterns

of differential expression were like that observed in the leaf

samples, except for few exceptions. The number of genes

associated with the HD-Zip and Myb were substantially high

in the heads compared to the leaf tissues.
Innate differences in the transcriptomes
of GP and Otis

Since GP is a malting variety and Otis is a feed barley, we

set out to identify the innate differences in gene expression

these two varieties in their leaf and head tissues. Since the tissue

sampling was done at 1 and 5 days of stress treatments, control

samples were also collected at the corresponding time points.

For identifying genes differentially expressed between the two

barley varieties, control samples were considered without

respect to their timepoint (1-day, 5-day). Genes that were

differentially expressed in two or more biological replicates

were used for this analysis. In the flag leaf of GP 534 genes were
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differentially expressed (down in Otis) while 502 were

identified in Otis (down in GP). In the head tissue of GP,

218 genes were differentially expressed compared to 238 in Otis

(Supplementary Table 9).

KEGG pathway enrichment analysis was undertaken to

identify the key differences that are associated with these two

barley varieties. The comparisons between GP and Otis leaf

samples identified three pathways that were reproducibly

different between the biological replicates. The pathways were

associated with glutathione metabolism, alpha-linolenic acid

metabolism and starch-sucrose metabolism (Table 1). The

glutathione pathway was also the lone pathway that was

consistently differentially regulated in the head tissues.

Glutathione metabolism: Of the 16 genes that were identified

with this pathway in the leaves there were several interesting genes

in ascorbate-glutathione pathway that were up in Otis compared

to GP. This included key genes like the ascorbate peroxidase,

dehydroascorbate reductase, glutathione peroxidase, gamma-

glutamyl cyclotransferase and a predicted 5-oxoprolinase. It was

interesting to note that a phosphogluconate dehydrogenase gene

was up in Otis and could play a role in imparting stress tolerance

by reducing oxidative stress. There were five GST genes that were

upregulated in GP compared to Otis leaves. In the head tissue the

most noteworthy genes identified as up in Otis were ascorbate

peroxidase, ribonucleotide diphosphate reductase and

spermidine synthase.

Alpha-linolenic acid metabolism: Eight genes were identified

associated with this pathway. Interestingly, four genes were up in

GP and four were up in Otis. Allene oxide synthase, lipoxygenase

and Acyl-CoA oxidase are three genes identified in Otis that are

associated with JA signaling. While 12-oxophytodienoic acid

reductase 2, a lipoxygenase and an alcohol dehydrogenase were

identified in GP.
FIGURE 12

Transcription factors (TF) in leaf and head tissues that are differentially expressed in response to heat, drought and combined stress in Golden
Promise and Otis. Only families of TFs with >5 expressed members are shown.
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TABLE 1 KEGG pathways enriched among differentially expressed genes in GP and Otis under non-stress conditions.

Gene Ids1 GP:Otis2 Description

Glutathione metabolism

1HG0021340 3.73 GST

1HG0023640 3.97 predicted protein

1HG0051740 3.56 glutathione S-transferase U17-like

1HG0051870 2.82 Tau GST

1HG0051910 4.80 glutathione S-transferase GSTU6

4HG0336870 1.75 glutathione S-transferase 3

2HG0169250 1.42 predicted protein

1HG0081150 -2.13 6-Phosphogluconate dehydrogenase

2HG0193390 -1.71 predicted protein

2HG0202910 -1.17 glutathione S-transferase GSTU6

2HG0214080 -1.77 glutathione peroxidase GPX15Hv

6HG0615590 -1.47 5-oxoprolinase

7HG0666960 -1.64 dehydroascorbate reductase

7HG0687590 -1.59 Ascorbate peroxidase

4HG0386180 -1.60 Glutathione-S-transferase

6HG0549380 -1.42 Gamma-glutamylcyclotransferase

Starch and sugar metabolism

7HG0643810 1.94 nudix hydrolase 14

7HG0751660 2.18 starch branching enzyme

4HG0413910 2.61 Invertase, GH32 family

2HG0200340 3.51 Beta-fructofuranosidase

3HG0292350 2.20 Glycoside hydrolase family 3 GH3

5HG0478650 2.39 Endoglucanase

3HG0287930 -2.38 Hexokinase

7HG0735650 -1.62 Alpha-glucosidase

3HG0312760 -2.31 beta-glucosidase 5-like

7HG0712530 -2.14 1,4-alpha-glucan-branching enzyme

3HG0309930 -3.15 sucrose-phosphate synthase 1

5HG0525230 -1.03 adenylyltransferase

4HG0333180 -2.17 predicted protein

5HG0476550 -1.87 Trehalose-phosphatase

7HG0666870 -1.27 pfkB-like carbohydrate kinase

4HG0340370 -1.90 Glycoside hydrolase family 9

Liniolenic acid metabolism

1HG0040000 2.46 3-ketoacyl-CoA thiolase 2

1HG0056730 1.39 Lipoxygenase

4HG0406770 2.95 alcohol dehydrogenase

2HG0170580 1.92 12-oxophytodienoic acid reductase

4HG0394970 -3.49 Allene oxide synthase

7HG0674860 -1.41 Acyl-CoA oxidase peroxisomal

5HG0420500 -3.17 Lipoxygenase

5HG0493180 -1.90 Alcohol dehydrogenase
1 Each of the gene identifiers should be preceded by HORVU.MOREX.R3.
2 The differential expression in GP:Otis non-stress plants. Regular font refers to genes that are up in GP while the negative italicized values represent genes that are up in Otis.

https://doi.org/10.3389/fpls.2022.1066421
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Mahalingam et al. 10.3389/fpls.2022.1066421
Starch and sugar metabolism: Of the 16 genes associated with this

pathway, 10 were up in Otis and six were up in GP. Among the

genes that were up in Otis were a hexokinase, trehalose

phosphatase, sucrose phosphate synthase, carbohydrate kinase,

alpha and beta-glucosidase. In GP, a gene annotated as a starch

branching enzyme, nudix hydrolase 14, invertase, and a glycoside

hydrolase 3 family gene were identified.
Discussion

In this study we chose to use the heat and drought stress

tolerant Otis variety, a feed barley suited for the US-western

drylands (with high temperatures and low moisture) and Golden

Promise, a good malting variety, but sensitive to heat and

drought stresses. Using model genotypes of Hordeum vulgare

for identifying abiotic stress tolerance mechanisms will provide

valuable genetic information for accelerating commercial

cultivar development that can cater to the needs of the malting

and brewing industries.

The physiological responses in both the varieties indicated a

significant reduction in their stomatal conductance and

transpiration rates in response to drought stress and higher

than control levels in response to heat stress (Figure 1). Since the

response to combined stress is like that of singly applied heat

stress based on the increased stomatal conductance and

transpiration rates it suggests that barley plants have innate

abilities to withstand water deficits. However, based on the

severe reduction in leaf water content, net photosynthesis rates

and significantly higher seed yield loss observed in response to

combined stress we speculate that barley plants perceive the

combined heat and drought as an entirely different threat

(Figures 1, 2).

Pot-based experiments, such as the one described in this

study, have the inherent disadvantage of not mimicking natural

conditions, especially related to edaphic factors. On the contrary,

experiments in controlled growth chamber settings aid in

limiting variation due to interaction with environment. For

example, rooting depth is not a trait for consideration, since

the roots in these plants at heading stage readily explored all soil

volume (although the pots were large). Thus, differences in soil

exploring capacity (rooting depth) of these two varieties cannot

be a factor for the genotypic disparities in physiological

measurements. In fact, the root biomass data did not show

any significant differences in the two varieties in response to heat

or drought stress (Figure 2). Since the soil conditions and water

availability were similar for the two genotypes, the more

significant reduction in root biomass in response to combined

stress in Otis compared to GP may be a stress tolerance strategy

to divert the valuable resources for producing more seeds.

During terminal stresses such as heat and drought, shoot

characteristics contribute to grain weight (Kobata et al., 1992;

Sallam et al., 2014; Sallam et al., 2019). Drought or heat stresses
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during grain filling rapidly reduces photosynthesis which in turn

reduces the available assimilates leading to significant reduction

in kernel weight (Wardlaw and Willenbrink, 2000) (Figure 2).

Therefore, reserves assimilated pre-anthesis is needed during

grain filling (Gent, 1994). Shoot traits especially shoot dry weight

has a strong linear relationship with the amount of carbohydrate

remobilization under heat and drought stress (Kobata et al.,

1992; Ehdaie et al., 2006; Xue et al., 2008). The higher shoot dry

weight of GP observed in response to drought and heat stress

suggests that poor remobilization of stem reserves could

contribute to the lower seed yields. On the same lines, the

significantly lower shoot dry weight in Otis in response to

combined stress suggests efficient remobilization of stem

reserves that contribute to the higher seed yields when

compared to GP plants under stress (Figure 2).

A careful examination of the individual seeds shows

significant differences between these two varieties. Otis is a

two-row barley and in general has longer and plump seeds

compared to GP which has much smaller grain size. The overall

impact on seed length and width in response to drought was less

pronounced compared to heat stress again indicating that the

barley plants have innate ability to withstand water stress

compared to temperature stresses (Figure 3). Duration of grain

filling and the grain-filling rate are major contributors of grain

plumpness. Reduction of nonstructural carbohydrates in the

stems and vascular bundle impairment was associated with

reduction in rice grain plumpness by heat stress during the

early reproductive phase (Zhang et al., 2009; Wu et al., 2019).

The significant reduction in both the seed length and width

observed in GP compared to Otis in response to combined stress

suggests grain filling processes such as synthesis and distribution

of carbohydrates could be negatively impacted in the former.

The increase in the seed length and the reduction in seed width

in response to heat stress in GP is interesting and suggests

changes associated with cell wall properties in this variety.

We chose QuantSeq method since it provides an easy protocol

to generate strand-specific next-generation sequencing (NGS)

libraries close to the 3’ end of polyadenylated RNAs. The main

advantage of this strategy is that only one fragment per transcript

is generated, directly linking the number of reads mapping to a

gene to its expression. QuantSeq enables a higher level of

multiplexing per run and provides accurate and affordable gene

expression measurement. When compared with the normal RNA-

seq wherein multiple reads can map to the same transcript thus

tending to over-represent the longer transcripts, the 3’mRNA-seq

method used in this study is set up to give one read per transcript

and hence it is unbiased for transcript length. However, compared

with normal RNA-seq libraries the total number of reads

generated by this strategy is lower (Supplementary Table 1).

The nearly 97% mapping of the reads from these libraries is

significantly higher compared to other recent RNA-seq studies

(Osthoff et al., 2019) wherein only 60% of the reads were mapped

uniquely to the barley genome. We speculate that this improved
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mapping efficiency of the RNA-seq reads in this study was

facilitated by the recently updated assembly of the barley

genome (Morex V3) using the PacBio HiFi long read

sequencing strategy (Mascher et al., 2021).

Among our three stress conditions and two timepoints, we

found the least changes in gene expression at the end of 1-day of

drought stress (Figures 4, 5) similar to results reported on

prolonged drought stress in a barley landrace (Cantalapiedra

et al., 2017). Although related studies found more gene

expression changes in leaves during early responses (Guo

et al., 2009), plant responses to water deficit are different

depending on genotype, phenology adjustment, acclimation,

and developmental stage during which the stress is evaluated

(Ashoub et al., 2015). Leaves from adult plants, like the ones in

this study, will show different responses to drought than those of

seedlings (Blum, 2005). Limited transcriptional response to

drought stress in mature flowering plants could be due to

acclimation or enhanced tolerance, maybe conferred by

senescence of older leaves (Blum, 2009). No changes in leaf

proteome of mature barley plants were reported under drought

stress sampled three days into the treatment (Rollins et al., 2013).

The importance of sampling tissues at different time-points is

evident based on the significant changes in transcriptional

responses that were observed in both genotypes at the end of

the 5-day drought stress treatment (Figures 5, 6).

Some processes that were found to be regulated in previous

drought studies in barley were also identified in our analysis.

This includes genes associated with carbohydrate metabolism,

antioxidant enzymes like catalases, components of photosystem

II (Krasensky and Jonak, 2012), proteases (Ford et al., 2011;

Ashoub et al., 2013), lipoxygenases (Wendelboe-Nelson and

Morris, 2012; Ashoub et al., 2015), and wax biosynthesis

genes. Some common genes identified in drought studies in

other plant species that came up in this study included

transcription factors (TFs) from various families such as AP2/

ERF, bZIP, DREB, NAC, WRKY (Sahoo et al., 2013; Janiak et al.,

2016), genes associated with calcium signaling such as calcium

sensor proteins, calmodulin, calcium-dependent protein kinases,

and protein phosphatases class 2C (PP2C) (Molina et al., 2008;

Guo et al., 2009; Ranjan and Sawant, 2015) and different

members of the LEA family (Shinozaki and Yamaguchi-

Shinozaki, 2007; Talame et al., 2007).

As reported in several other studies comparing barley

genotypes with contrasting responses to drought (Rollins et al.,

2013; Cantalapiedra et al., 2017; Harb et al., 2020), the sensitive

variety in this study (GP) exhibited a higher number of

differentially expressed genes than the tolerant one (Figure 5).

However, some genes were found to be differentially expressed

due to drought specifically in the relatively drought tolerant

variety, Otis. Noteworthy genes included a calcium-dependent

protein kinase, kynurenine formamidase, eceriferum 3, fatty acid

hydroxylases, serine hydroxymethyltransferase, aspartate

aminotransferase, sucrose synthase, sucrose symporter, several
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sugar transporters, 13 different genes associated with

endopeptidase inhibitors that included two alpha-amylase

inhibitors, four cysteine-type inhibitors, and seven serine-type

endopeptidase inhibitors.

Biosynthesis of epicuticular waxes under stress conditions is

mediated by Eceriferum (CER)s, an important gene family that

plays key role in elongation of fatty acids chains (Ahmad et al.,

2022). This gene was reported to be highly induced in Otis leaves

in response to drought imposed during vegetative stage (Harb

et al., 2020). In Arabidopsis overexpression of CER1 increased

the very long chain alkenes in the cuticle and rendered the plants

drought tolerant by preventing water loss from the leaves

(Bourdenx et al., 2011). Elevated expression of two other genes

annotated as fatty acid hydroxylase involved in wax biosynthesis

in Otis may provide a mechanism for imparting the observed

drought tolerance in this variety (Figure 7).

Proteases and Protease Inhibitors have been suggested to play

a key role in adaptation to stress since it requires the active

involvement of regulated proteolysis and the inhibition of

uncontrolled proteolysis (Kidric et al., 2014). Lower proteolytic

activity and decreased expression of certain cysteine protease

genes under water deficit during early developmental stage are

regarded as indicators for drought tolerance of winter wheat

cultivars (Simova-Stoilova et al., 2010). Thus, the up regulation

of cysteine protease inhibitors in Otis in response to drought could

be involved in lowering the proteolytic activities (Figure 7).

The upregulation of four alpha-amylase inhibitor genes in

Otis heads in response to drought is novel and exciting. It was

reported that overexpression of wheat alpha-amylase inhibitor

increased salt and drought tolerance (Xiao et al., 2013). It is

known that, once amylase activity decreases (due to increased

expression of alpha-amylase inhibitors), there is a concomitant

reduction in the amount of glucose that is generated from starch

breakdown. Subsequently, this lowers phosphoenolpyruvate

(PEP) and oxaloacetate levels leading to a reduction in malic

acid and cell turgor (Mansfield and Jones, 1971). This ultimately

results in reduced stomatal apertures and/or its closure in leaves.

However, the functional role of these inhibitors expressed in the

heads needs further investigation.
Heat Stress associated GOs

When compared to drought stress, heat stress evoked a

larger transcriptional response by the end of the first day of

treatment in both the genotypes. As a temperate cereal crop, it is

not surprising that an increase in the temperature evoked

substantial changes in the transcriptomes of these barley

varieties. In contrast to drought stress, we identified enriched

GOs wherein all the DEGs were identified in only one variety.

For example, in Otis, there were seven carbonic anhydrase (CA)

genes that were differentially expressed in response to heat of

which two were up and five were down. Moderate stress, in
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general, leads to increased expression of CAs (Polishchuk, 2021).

CAs plays a role in stress adaptation through its involvement in

stomatal closure, ROS scavenging and partial compensation for

reduced CO2 conductance in mesophyll. At high temperatures,

CA gene expression was upregulated (Kaul et al., 2011), but its

protein abundance and enzymatic activity were reportedly

decreased (Ahsan et al., 2010; Chaki et al., 2013). Deactivation

of CAs by high temperature (Boyd et al., 2015) could trigger a

compensatory mechanism leading to their transcriptional

upregulation. The association between CA and Rubisco

enables interaction with CO2 and maintains the functional

machinery of Rubisco (Badger and Price, 1994). Since

photosynthesis is downregulated during severe stresses,

suppression of CAs seems logical. Photosynthesis was reduced

in both Otis and GP in response to heat stress, and it is still not

clear why CAs are suppressed only in the former.

The enrichment of the GO for response to ABA in GP

suggests higher levels of ABA. Of the 17 genes associated with

this GO, 15 were differentially expressed only in GP and several

of them have been shown to be induced in response to ABA. For

example, HVA22 was initially identified as an ABA-induced

transcript in barley aleurone layers (Shen et al., 1993). Another

gene, Multiprotein Bridging Factor (MBF1), a key link that

forms a bridge between stress responsive TFs and the basal

transcription machinery (Jaimes-Miranda and Montes, 2020)

has been reported to be induced by ABA (Yan et al., 2014) and

heat in Arabidopsis (Suzuki et al., 2005), rice (Qin et al., 2015)

and other plants. Upregulation of MBF1 in heads of GP agrees

with the above-mentioned studies.
Combined stress

In marked contrast to drought or heat stress, combination of

drought and heat evoked a very extensive transcriptional

reprogramming in both genotypes even within 24 hours after

the treatment initiation. This clearly demonstrates that

combined stress is not just an additive effect of heat and

drought, but barley plants perceive this as a new threat.

Combined heat and drought stress has been shown to evoke

such massive transcriptional responses in other plants as well

(Mahalingam, 2015; Mahalingam et al., 2021).

The GO term integral component of membrane contained the

largest number of differentially expressed genes, exceeding more

than 1000 in the sensitive GP leaves within 1-day of combined

stress initiation and observed at the later time point. This GO is

described as component of a membrane consisting of gene

products with some part of their peptide sequence implanted in

the hydrophobic region of the membrane. This suggests that

changes in membrane composition and structure in GP could be

a key factor for its susceptibility to combined heat and drought

stress. Membrane damage is usually due to excess generation of

reactive oxygen species (ROS) which attack lipid bilayers
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(Mahalingam and Fedoroff, 2003). Consistent with this

hypothesis we identified that the GO for peroxisomes is

significant in GP at both the early and later time points.

Peroxisomes are ubiquitous subcellular organelles that are the

major sites of ROS production in plants (del Rio and Lopez-

Huertas, 2016). Several genes associated with H2O2 production in

peroxisomes such as glycolate oxidase (GOX), amine oxidase, Acyl-

CoA oxidases were unique to GP, or their expression was higher

compared to Otis. It is important to note that the rate of H2O2

production by the peroxisomal GOX is several fold higher than that

reported for chloroplasts and mitochondria (Foyer et al., 2009).

Furthermore, superoxide generating enzymes such as uricase or

urate oxidase and the superoxide dismutase were also differentially

expressed suggesting a significant increase in the H2O2 production

in response to combined stress. Several abiotic stresses are known to

increase peroxisome abundance in Arabidopsis (Desai and Hu,

2008; Sinclair et al., 2009; Rodriguez-Serrano et al., 2016; Fahy et al.,

2017), wheat (Sanad et al., 2019) and quinoa (Hinojosa et al., 2019).

Peroxisomes were proposed as a cellular proxy for induction of

ROS during stresses (Smertenko, 2017). In contrast to the above-

mentioned studies where in stresses were imposed singly, the

significantly lower peroxisome abundance observed in GP and

Otis in response to combined stress merits scrutiny and this was

also observed in quinoa in response to combined heat and drought

stress (Hinojosa et al., 2019). In the light of the observation that

several peroxins, genes associated with peroxisome proliferation

such as PEX11, dynamin and PEX16 (Lingard et al., 2008) were

higher in GP compared to Otis, it begs the question why the

peroxisome abundance is significantly lower in GP compared to

Otis in response to combined stress (Figure 8). Since upregulation

of peroxisome proliferation genes did not reflect in higher

peroxisome abundance under the combination of heat and

drought, we speculate it may be offset by the higher rate of

peroxisome degradation. Damaged peroxisomes (due to excess

ROS) are eliminated by a process called pexophagy, a specialized

type of autophagy (Farmer et al., 2013; Shibata et al., 2013). Higher

autophagic flux could contribute to the reduced peroxisome

abundance under the combination of drought and heat stress

which is further supported by the enrichment of the GO for

autophagy in the leaves of GP. Of the 19 genes associated with

this GO, 11 were unique to GP and included several autophagy

related genes such as ATG5, ATG9, ATG13, Beclin1, cysteine

proteases (Shibata et al., 2013).

An interesting GO, cyclin-dependent protein ser/thr protein

kinase inhibitor activity was identified in GP. One of the CDKI,

was a Siamese-related protein that has been shown to restrict cell

proliferation during leaf growth (Churchman et al., 2006). It has

been shown in rice that these genes act as negative regulators of

seed size and seed weight. CDKIs are also referred to as Kinase

Inhibitor Proteins (KIPs) and Kip-related proteins (KRPs). KRP1

overexpression transgenic lines (OxKRP1), krp2 mutant (crkrp2),

and krp1/krp2 double mutant (crkrp1/krp2) exhibited significantly

reduced grain weight. Further, the seeds from these lines had seed
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germination issues and early seedling growth was retarded. This

suggested that disturbing the normal steady state of KRP1 or KRP2

blocks seed development by impeding cell proliferation during

grain filling and germination (Ajadi et al., 2020). Based on this rice

study, it is tempting to speculate that the down regulation of the

CDKIs (five in GP compared to two in Otis) could contribute to

the reduced seed size in response to combined stress in GP.

Several genes associated with oxidoreductase activity that

was induced early only in Otis in response to combined stress

were very interesting and have documented roles in improving

abiotic stresses. This includes genes involved in secondary

metabolite production such as sorbitol, isoflavonoids, and

atropine alkaloid, three ACC oxidase genes involved in the

biosynthesis of phytohormone ethylene and two genes

involved in the production of proline, a well-documented

osmolyte (Al-Quraan and Al-Share, 2016). The upregulation

of G3PDH gene in Otis is also consistent with a report on a

wheat GAPDH gene that improved drought tolerance in a

H2O2-mediated ABA-signaling pathway (Li et al., 2019).

WGCNA provides another strategy for identifying key genes

important in response to abiotic stresses based on co-expression

patterns that presumes interaction with other genes in the module

(Figure 9). In gene networks, a subset of genes interacts withmany

other genes, and it is suggested that these hub genes are more

likely to be essential than genes that have fewer interaction

partners (Yokotani et al., 2008). It was interesting to find that

four of the nine hub genes were associated with RNA metabolism

including two different splicing factors, a polyA RNA polymerase

and a RRM containing protein (Figure 10, 11). Alternate splicing

of key genes involved in abiotic stress such as HsfA2 in

Arabidopsis (Liu et al., 2013), HvDRF1 in barley (Xue and

Loveridge, 2004) and DREB in wheat (Egawa et al., 2006),

maize (Qin et al., 2007) and tomato (Liu et al., 2017) have been

reported. More than 300 genes were identified as being uniquely

regulated by alternate splicing in response to drought in barley

(Harb et al., 2020). Regulation of alternative splicing provides a

mechanism to fine-tune gene expression that may save the time

required for changes in transcriptional activation and pre-mRNA

accumulation, thus facilitating rapid plant adaptation to adverse

environmental conditions.

The removal of non-functional polypeptides due to

aggregation, misfolding, denaturation is important for cellular

homeostasis. Disassembly of heat shock-induced protein

aggregates is aided by the Hsp100/ClpB (casein lytic protease)

family proteins in conjunction with the Hsp70/Hsp40 system

(Schirmer et al., 1996; Schilke et al., 2017). Heat shock induces

the expression of plastid ClpB proteins in soybeans (Lee et al.,

1994), lima bean (Keeler et al., 2000), and A. thaliana (Agarwal

et al., 2001). Furthermore, the seedling-lethal phenotype

exhibited by clpb mutants suggests an essential role for ClpB3

in normal development (Lee et al., 2007). The Hsp70 chaperone

system is involved in folding and quality control of unfolded

proteins (Schilke et al., 2017). It is a complex consisting of
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chaperone Hsp70 (DnaK), co-chaperone Hsp40 (DnaJ-type),

and a nucleotide exchange factor (NEF). The binding and release

of the substrate proteins are regulated by a cycle of ATP/ADP

exchange. ATP hydrolysis on Hsp70 is accelerated by Hsp40 and

substrate binding. Dissociation of ADP and rebinding of ATP

causes the release of the bound substrate and this rate-limiting

step in the ATPase cycle is regulated by the NEFs (Bukau and

Horwich, 1998). In rice, Fes1, a NEF was found to directly

interact with a salt responsive protein and Bip, an ER ortholog of

HsP70 family and over/under-expression of Fes1 affected grain

length and weight and improved salt tolerance (Qian et al.,

2021). The Fes1 gene identified in barley is annotated as being

localized to membranes and further functional analysis is

warranted to confirm its role in abiotic stress tolerance.
Transcription factors

The observed reprogramming of the transcriptome in

response to heat, drought and combined stress involving

nearly 10,000 genes in GP and more than 6000 genes in Otis

is probably mediated by the differential expression of genes from

23 different transcription factor families (Figure 12).

Heat shock factors (HSFs) were identified in heat, drought, and

combined stress in both genotypes. The expression of Heat-Shock-

Proteins (HSPs) that function as chaperones to protect proteins

under various stresses (Bartels and Sunkar, 2005) is regulated by

HSFs (Rizhsky et al., 2004; Swindell et al., 2007; Guo et al., 2016).

HSFs were more strongly induced in GP compared to Otis and the

differential expression was highest in combined stress compared to

drought or heat (Supplementary Figures 4, 6). This type of

modulation was also observed in Arabidopsis, wherein stronger

induction of HSFA7B was reported in response to a combination

of salt, osmotic and heat stress, when compared to its expression

under heat stress (Sewelam et al., 2014). Thus, HSF and HSPs has

been regarded as plausible targets for breeding or engineering

plants with improved tolerance to abiotic stresses.

ERF TFs were another over-represented family that were

identified in both single and combined stresses across time

points (Supplementary Figures 5–7 and Supplementary

Table 8). In addition to their role in several developmental

and physiological processes (Nakano et al., 2006) ERFs also act

in response to wounding and in abiotic stresses (Mizoi et al.,

2012; Heyman et al., 2018). Transgenic plants overexpressing

certain ERFs are more resistant to several abiotic stresses

including salinity, cold and water stress (Xu et al., 2008;

Morran et al., 2011). In the present study, genes identified as

ERF were both up and down-regulated (Supplementary

Figures 5–7). DREB1A and DREB2A, two well studied ERFs

were induced in rice in response to high salinity and water deficit

(Dubouzet et al., 2003). In barley, the expression of DREB1A was

significantly down-regulated in response to both short and long-

term water deficit treatments while DREB2A was only slightly
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induced in long-term water deficit and combined salt and water-

deficit stress (Osthoff et al., 2019). The precise functions of these

barley ERFs need to be elucidated in future genetic analyses.
Genes shaping stress tolerance in barley

Our study showed that the sensitive cultivar Golden Promise

exhibited far more expression changes after combined heat and

drought stress than the tolerant Otis genotype. This observation

led to the hypothesis that Otis may have a “primed”

transcriptome that is active under optimal conditions and

hence does not need to instigate massive transcriptome

changes when the stress occurs, as observed in the sensitive

cultivar. This hypothesis was tested by the KEGG pathway

enrichment analysis. The higher expression of key genes of the

ascorbate-glutathione cycle in Otis can facilitate efficient ROS

detoxification (Hasanuzzaman et al., 2019). Secondly, the

innately higher expression of genes that are important for

biosynthesis of osmolytes such as trehalose (Kosar et al., 2018)

can provide a leg up for Otis in combating abiotic stresses.

Thirdly the higher expression of key JA biosynthesis genes

Allene oxide synthase, lipoxygenase and acyl-CoA oxidase

could lead to higher levels of JA which has been shown to

improve abiotic stress by enhancing antioxidants, osmolytes and

cross-talk with other key phytohormones (Raza et al., 2021).

In addition to KEGG enrichment analysis of the innate

differentially expressed genes we selected candidate genes

based on two criteria (i) genes were differentially expressed

only after application of stress in GP and (ii) the differential

gene expression in GP in response to stress is like the expression

pattern observed in Otis. It was surmised that such DEGs may be

involved in better adaptation to stressful conditions.

Interestingly a gene annotated as a member of the universal

stress response protein (USP) family (HORVU.MOREX.

r3.6HG0618180) was identified in response to heat, drought,

and combined stress. In plants USP functions include acting as

protein and RNA chaperone, modulate ROS production, ABA-

induced stomatal movement, Ethylene-mediated stress

adaptation (Chi et al., 2019). In the barley genome there are

42 USPs and the identification of the USP in this study provides

a strong rationale for its further functional characterization.

AP2/ERF gene family members in wheat were reported to

show significant down regulation in response to heat and

drought and one of the RAV subfamily members (TtAP2/

ERF-117) contained a repressor motif (R/KLFGV) was down

regulated in response to heat and drought stress (Faraji et al.,

2020). The AP2/ERF gene (HORVU.MOREX.r3.1HG0083340)

in barley had the same repressor motif and was down regulated

in Otis under control conditions (compared with GP) and was

repressed in response to heat and drought.

Homogentisate Phytyltransferase is a key enzyme for

tocopherol biosynthesis (Collakova and DellaPenna, 2003).
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Tocopherols are well known lipid soluble antioxidants

protecting cellular components from increased oxidative stress

(Havaux et al., 2000; Munne-Bosch and Alegre, 2002).

Identification of HPT as an innate gene with higher

abundance in Otis adds one more important antioxidant

metabolite that could aid in providing tolerance to abiotic

stresses in this variety. In a previous study we have screened

the wild barley diversity collection and the mini-core collection

for all the eight isoforms of tocols (Mahalingam et al., 2020).

Selecting lines with higher levels of tocopherols from these

collections will provide additional novel barley lines for

expanding the abiotic stress tolerance germplasm in barley.

Another novel transcription factor is the FAR1 (FAR-RED-

Impaired Response 1), initially identified in Arabidopsis as

crucial component of the phytochrome A-mediated far-red

light signaling that has multifaceted roles in UV-B signaling,

flowering, chloroplast biogenesis, ROS homeostasis, ABA

signaling (Wang and Wang, 2015). Most of these studies have

only been done in model systems and their functional studies in

crops has not been reported. This study provides a strong

rationale for pursuing functional characterization of this

family of transcription factor in barley and is particularly

fascinating given their extensive similarity to mutator-like

transposase, indicative of molecular domestication (Hudson

et al., 2003; Lin et al., 2007).

Starch is a key determinant of plant fitness especially during

abiotic stresses (Thalmann and Santelia, 2017) since its

remobilization can provide an alternate source of carbon

which is limiting factor due to reduced photosynthesis. Alpha-

amylases are important for starch breakdown in the leaves that

can provide the much-needed energy supply and aid in the

accumulation of compatible solutes. Increased amylase activity

has been reported in response to abiotic stresses in rice, potato,

Arabidopsis (Sicher, 2011; Valerio et al., 2011; Sitnicka and

Orzechowski, 2014). Higher alpha-amylase activities in Otis may

efficiently hydrolyze the transitory starch in the leaves to

attenuate the impact of reduced photosynthesis in response to

stress. This remobilization strategy could provide an alternate

source of energy and carbon, promoting seed filling even during

abiotic stress.
Conclusions and future directions

Several well-known stress responsive genes and pathways

associated with abiotic stress were found to be elevated in the

feed barley variety Otis that could be conferring its tolerance to

these stresses. Similar studies using commercial varieties

(malting and feed barley) and advanced breeding lines with

tolerance to abiotic stresses is warranted. Such pan-

transcriptomics approach will enable identifying suites of

stress tolerance genes that are innately expressed at higher

levels. This information can be leveraged for selecting lines for
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breeding programs focused on developing malting and feed

barley varieties with improved abiotic stress tolerance.

Engineering endogenous enzymes of barley could provide a

direct approach to improving stress tolerance. For example,

increased drought tolerance was reported in a CRISPR-

generated Arabidopsis trehalase line wherein the edit

mimicked the substrate binding site of an orthologous enzyme

from the drought-tolerant Selaginella lepidophylla (Nunez-

Munoz et al., 2021). We anticipate the innate stress responsive

genes identified in Otis in conjunction with enzyme engineering

offers an opportunity to accelerate success in producing climate-

resilient barley varieties.
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and Akbar Hossain12*
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and Natural Resources, Czech University of Life Sciences Prague, Prague, Czechia, 10Institute of
Plant and Environmental Sciences, Slovak University of Agriculture, Nitra, Slovakia, 11Department of
Water Resources and Environmental Engineering, Faculty of Horticulture and Landscape
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Environmental stresses such as drought, high salinity, and low temperature

can adversely modulate the field crop’s ability by altering the morphological,

physiological, and biochemical processes of the plants. It is estimated that

about 50% + of the productivity of several crops is limited due to various types

of abiotic stresses either presence alone or in combination (s). However, there

are two ways plants can survive against these abiotic stresses; a) through

management practices and b) through adaptive mechanisms to tolerate plants.

These adaptive mechanisms of tolerant plants are mostly linked to their

signalling transduction pathway, triggering the action of plant transcription

factors and controlling the expression of various stress-regulated genes. In

recent times, several studies found that Zn-finger motifs have a significant

function during abiotic stress response in plants. In the first report, a wide range

of Zn-binding motifs has been recognized and termed Zn-fingers. Since the

zinc finger motifs regulate the function of stress-responsive genes. The Zn-

finger was first reported as a repeated Zn-binding motif, comprising conserved

cysteine (Cys) and histidine (His) ligands, in Xenopus laevis oocytes as a

transcription factor (TF) IIIA (or TFIIIA). In the proteins where Zn2+ is mainly

attached to amino acid residues and thus espousing a tetrahedral coordination
frontiersin.org01
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geometry. The physical nature of Zn-proteins, defining the attraction of Zn-

proteins for Zn2+, is crucial for having an in-depth knowledge of how a Zn2+

facilitates their characteristic function and how proteins control its mobility

(intra and intercellular) as well as cellular availability. The current review

summarized the concept, importance and mechanisms of Zn-finger motifs

during abiotic stress response in plants.
KEYWORDS

abiotic stresses, Zn-finger proteins, mechanisms, plants, gene signalling ABA -
abscisic acid
1 Introduction

Crops usually encounter a wide range of hostile climatic

fluctuations during their life cycles. Such abnormal

environmental fluctuations are covered by stressors of both

biotic origins, including infection by pathogens (virus,

bacteria, fungi, etc.), attack by weeds, and insects, as well as by

abiotic components also (Moulick et al., 2018d; Ghosh et al.,

2020a; Ghosh et al., 2020b; Ghosh et al., 2021; Ghosh et al.,

2022a; Ghosh et al., 2022b; Mateos Fernández et al., 2022;

Tonnang et al., 2022; Jain et al., 2022a; Jain et al., 2022b).

Among the abiotic stress including heat and chilling stress

(Aslam et al., 2022; Haider et al., 2022; Ullah et al., 2022;

Verma et al., 2022), limitation of water (drought), limitation of

nutrients, elevated levels of salt, and hazardous/toxic metals and

metalloids in the soil (Hernandez et al., 2000; Moulick et al.,

2019; Saha et al., 2019; Sahoo et al., 2019; Moulick et al., 2021;

Choudhury et al., 2022a; Choudhury et al., 2022b; Choudhury

and Moulick, 2022; Mazumder et al., 2022).

Environmental stress can adversely modulate the field crop’s

ability to maintain its yield potential, i.e., their determining yield

despite satisfactory inputs and other factors. A field crop/plant’s
xidase; AtERF5, a
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vulnerability to adverse deviations from (maximum yield) yield

potential is usually calculated by measuring the respective crop’s

yield stability (Bhadra et al., 2021). The difference between the

actual yield and yield potential of a particular site (agro-

environment) is regarded as the yield gap (Mueller et al.,

2012). Crops seldom touch their real yield potential in most

broad-acre agri-environmental systems due to experiencing

stress (s) during crop’s life cycle. Stress-affected plants

exhibited three primary response segments: first is the alarm

or apprehension phase, sometimes also called the initiation of

stress; the next phase, i.e., the second phase is characterized by

resistance or fight phase through the initiation of defence

systems; and the last or third phase is the exhaustion phase or

collapse stage where loss due to stress is evident (Larcher, 2003;

Moulick et al., 2019; Sahoo et al., 2019).

Among the stresses, salinity (high Na+) is the critical agro-

environmental factor that limits growth and yield/productivity.

Under salinity stress, crops usually modulate their physiological

processes by endorsing water acquisition and retention, and

shifting the ion homeostasis management process (Parida and

Das, 2005; Barman et al., 2022; Roy et al., 2022). At the same

time, scarcity of available water to plants or drought stress results

in decreased survival of plants, growth, and development due to

metabolic imbalances. Drought is often linked with a lack of

accessibility of groundwater in the land/soil but can also be

worsened by greater evapotranspiration (Jaleel et al., 2009;

Choudhury et al., 2022c; Jadhav et al., 2022). Such stress

(drought) may occur under dry/humid conditions and with

elevated air temperatures. The disparity in the water loss due

to evapotranspiration flux and water uptake from soil may

attribute to the key reason behind imposing drought stress

(Lipiec et al., 2013; Dash et al., 2022; Sagar et al., 2022). On

the other hand, toxic heavy metals and metalloids are also posing

a serious threat to achieving agricultural sustainability in crop

production with significant accumulation in the edible parts

imposing a menace to the food chain (Moulick et al., 2016a;

Moulick et al., 2016b; Moulick et al., 2018a; Moulick et al.,
frontiersin.org

https://doi.org/10.3389/fpls.2022.1083960
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Moulick et al. 10.3389/fpls.2022.1083960
2018b; Moulick et al., 2018c; Saha et al., 2019; Chowardhara

et al., 2019a; Chowardhara et al., 2019b; Saha et al., 2022).

From a genetic point of view, stress is a set of certain

environmental conditions that prevent a crop from

experiencing its complete genetic expression. An abiotic

component-induced stress, not only due to the exchanges

(mainly with signalling) with other organisms and that can

negatively impact particular organisms in an agro-

environment, is regarded as abiotic stress. The effect of abiotic

stresses on the agro-environmental sector is a crucial threat

presently intensified by anthropogenic activities and global

warming (Kang et al., 2017; Mukherjee and Hazra, 2022).

Reports indicate that abiotic stresses not only impose

adverse on a crop’s anatomy, physiology, biochemistry and but

subsequently limit essential metabolic processes like respiration,

photosynthesis, and growth when lingered for a long time often

inducing death also (Hirayama and Shinozaki, 2010; Lima et al.,

2015; Basu et al., 2016). Plants are equipped with mechanisms

(physiological and metabolic) that may be crucial in lightening/

mitigating agro-environmental stresses. These stress-induced

shuffling crops’ metabolic machinery is controlled using the

initiation of genetic networks or pathways. The outcome of this

genetic alternation is imparting greater/better tolerance or

resistance to certain stress (s) (Claeys and Inzéand Inzé, 2013;

Thorpe et al., 2013). Upon exposure to environmental stresses,

dangerous by-products to crop health were found to be

instrumental to plants’ normal health and wellbeing. H2O2

(hydrogen peroxide), superoxide radicals, OH-radicals

(hydroxyl radicals), are regarded as reactive oxygen species

(ROS), generated as a result of leakage of electrons that occurs

during the photorespiration and photosynthesis process (Thorpe

et al., 2013; Kao, 2017; Moulick et al., 2021). Within the plant

cells, the proper antioxidant defense machinery and ROS build-

up sustain a steady-state balance (Hasanuzzaman et al., 2012).

Keeping a satisfactory level of ROS within the cell permits

adequate operation of redox biology (metabolic reactions) and

the management of numerous phycio-biochemical processes

vital for plant’s growth and development. This kind of

harmony among ROS formation and ROS quenching is an

example of intermediate level of ROS management/

homeostasis (Hasanuzzaman et al., 2019).

These reduced oxygen radicals or ROS were reported to

adversely influence key components of a crop’s metabolic cycle

resulting in significant damage to cellular processes and death

(Nouman et al., 2014). In order to lessen the excessive ROS

production and subsequent oxidative stress, plants/crops have

well-maintained anti-oxidative machinery that consists of non-

enzymatic as well as an enzymatic unit that can bring

equilibrium among ROS generation and quenching and

protection of cellular damage even PCD or programed cell

death also (Raja et al., 2017; Duan et al., 2012; Das and

Roychoudhury, 2014; Choudhury et al., 2021a; Hossain

et al., 2021).
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The magnitude of ROS induced damage to biomolecules

subjected to many factors like the concentration of target

biomolecule(s), site of the particular biomolecule(s) in relation

to the ROS production site, the rate constant of the reaction

among biomolecules and ROS, efficacy ROS quenching

components are to name a few (Davies, 2005). Increasing the

antioxidant level within the plant cells can be achieved by

spontaneously through use of genetic engineering or by

supplementing can boost up the defense system of the plant

and saving them from the adverse impact of ROS generated as a

result of environmental stress (Mishra et al., 2006; Gupta et al.,

2009; Kaur et al., 2022; Upadhyay et al., 2022). SOD (superoxide

dismutase), CAT (catalase), and POX or peroxides are well-

recognized enzymes involved in antioxidant systems that adjust

the ROS homeostasis by reducing OH• into H2O2 of crops (Gill

and Tuteja, 2010; Nouman et al., 2016). Whereas, in

coordination, with enzymatic components, the non-enzymatic

units of the antioxidant system (glutathione, flavanoid, lipids

carotenoids, etc.) work on H2O2 through various means (Duan

et al., 2012; Yin et al., 2020; Choudhury et al., 2022c).

At present, the main concern for the researchers working on

developing suitable strategies to mitigate abiotic stress in crops,

the main challenge is the complexities regarding stressor (s), i.e.,

abiotic components and the responses by crops towards the

stressors. Apart from agronomic practices, irrigation

management comparatively newer avenues like seed priming

technology (Moulick et al., 2016a; Moulick et al., 2017; Moulick

et al., 2018a; Moulick et al., 2018b; Moulick et al., 2018c),

potentials of wild relatives (Hossain et al., 2022) potentials of

metabolomics and next generation sequences are to name a few

(Choudhury et al., 2021b; Hossain et al., 2021).In order to

properly understand how stressors and crops interact at the

molecular level, i.e. replication, transcription and translation.

One such exciting topic of how the information imposed upon

exposure to a stressor communicates at the cellular level is to

illustrate the contributions made by transcription factors or Tfs.

Among the well-known TFs, Zn-Fingers are of prime interest.

The Zn-finger was first reported as a repeated Zn-binding

motif, comprising conserved cysteine (Cys) and histidine (His)

ligands, in Xenopus laevis oocytes as a transcription factor (TF)

IIIA (TFIIIA) (Miller et al., 1985). Since its first report, a wide

range of Zn-binding motifs has been recognized and termed Zn-

fingers. To meet the cellular demand, many proteins employ

non-protein (often metallic ions) as cofactors. Among the

metallic ions considered cofactors, transition metal ions are

the most important due to their significant influence on

modulating a wide range of cellular activities. From the

periodic table’s perspective, d-block elements are found to be

more actively involved as cofactors. Zn is one cofactor that can

influence as much as >10% of human proteins with a

pronounced impact on structural and catalytic activities

(Andreini et al., 2006; Maret and Li, 2009; Kochańczyk et al.,

2015). In the proteins where Zn2+ is mostly attached to amino
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acid residues and thus espousing a tetrahedral coordination

geometry. The physical nature of Zn-proteins, defining the

attraction of Zn-proteins for Zn2+is crucial for knowing how

a Zn2+ facilitates their characteristic function and how proteins

control its mobility (intra and intercellular) as well as cellular

availability. In the mammalian genomes, encoded Zn-finger

proteins dominate in number and are known as TF-regulators.

A specific number and variety within Zn-finger or Zn-

containing domains contribute to different cellular processes

like regulation of transcription, binding to nucleic acid, and

folding of proteins. Intermolecular attachment spots are the

most significant and sort after when compared with similar

intermolecular bindings. Due to having structural complexities

(peptide chain composit ion, orientation, etc.) , the

intermolecular attachment of ligands and their respective

targets poses serious challenges to analysis analyze (Maret

et al., 2004; Kochańczyk et al., 2016). Findings have shown

that an optimum level of Zn2+ concentration is essential to

maintaining the stability and folding of protein subunits and for

satisfactory performance of the catalytic activity of a particular

enzyme (Keilin and Mann, 1940; Vallee and Neurath, 1954;

Parraga et al., 1988). This innovative concept of small Zn2

+-stabilized domains was further supported by the in-depth

analysis of the TFIIIA sequence, which exhibited that a

continuous stretch of nine tandemly repeated 30 amino acid

residues (13 to 276) having two invariant pairs of Cys along with

His residues coordinating one Zn2+. This particular pattern was

later coined as ZF/zinc finger (Miller et al., 1985; Fairall et al.,

1986; Rhodes and Klug, 1986).

In this review, we are going to assess the contributions made

by ZFs in elaborating and imparting abiotic stress tolerance in

field crops with unique references to salinity, water stress,

thermos-stress, heavy metals, irradiation and elevated CO2 levels.
2 Zn-finger acellular perspective

2.1 Sub-cellular localization of Zinc
Finger Proteins

Zinc Finger Proteins (ZFPs) contain a highly conserved

signature domain consisting of 20–30 amino acid residues

having the consensus sequence of CX2–4CX3FX5LX2HX3–5H

(X denotes any amino acid). Structural differences in different

ZFPs are basically due to the differences in positions and

numbers of cysteine (Cys) and histidine (His) residues that

interacts and bind to the zinc ion and are constituted of

several sub-groups which are designated as Cys4/C4 (GATA-

1), Cys6/C6 (GAL4), Cys8/C8, Cys2HisCys/C2HC (Retroviral

nucleocapsid), Cys2His2/C2H2 (TFIIIA), Cys2HisCys5/C2HC5

(LIM domain), Cys3His/C3H/CCCH, Cys3HisCys4/C3HC4

(RING finger) and Cys4HisCys3/C4HC3 (Requium), DnaJ-like

zinc finger protein and many others (Lyu and Cao, 2018; Han
Frontiers in Plant Science 04
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et al., 2020; Yuce and Ozkan, 2020; Ali et al., 2022). As ZFPs are

basically the members of the most prominent transcription

factor family having a DNA binding domain, they are

generally localized to the nucleus after translation. However,

the zinc finger domain, an important structural motif, is also

reported to be involved in other cellular activities such as RNA

binding, membrane association and protein-protein

recognitions and interaction (Han et al., 2020). Thus, different

types of ZFPs are localized to cellular compartments as per their

specific role in cellular activities. Protein sorting in a cell can also

offer clues about the functions of these proteins (Wang

et al., 2020).

Among all the sub-groups of ZFPs, the C2H2 (TFIIIA) has

been extensively studied in plants. It represents the large

proportions of ZFPs in plants where 189 members in rice

(Agarwal et al., 2007), 321 in Soybean (Yuan et al., 2018), 122

in Cucumis sativus (Yin et al., 2020) and many more members in

other crops have been reported. Its DNA-binding motif is one of

the best-characterized motifs having two residues each of Cys

and His amino acids tetrahedrally combined into a zinc ion (Xie

et al., 2019). Focussing on plant-specific C2H2 type ZFPs (Q-type

C2H2-ZFPs), it is reported to have different lengths of long

spacer between two Zn finger motifs as compared to other

eukaryotic organisms. Apart from the Zn finger motif, the core

sequence KXKRSKRXR, which is present in the N-terminal of

protein sequences, acts as an NLS for sorting of C2H2 type ZFPs

to the nucleus (Xie et al., 2019) and the QALGGH motif present

in the helical region is required for binding to DNA (Kielbowicz-

Matuk, 2012). Having multiple functions in the nucleus, most of

the reported C2H2-type ZFPs in plants were found to be

localized in the nucleus. Several experiments were conducted

with the C2H2 type ZFP genes to confirm the nuclear

localization, such as FEMU2 of Chlamydomonas reinhardtii,

fused with the b-glucuronidase (GUS) reporter gene was

bombarded into onion epidermal cell and found that FEMU2

protein was in fact localized to the nucleus. A similar experiment

was conducted with JcZFP8 gene of Jatropha curcas fused with

the GFP reporter gene under the control of the CaMV35S

promoter. The 35Sp : JcZFP8:GFP gene construct was injected

into tobacco protoplast for transient expression, and the

fluorescence signal results clearly showed the localization of

35Sp : JcZFP8:GFP fusion protein into the nucleus of the tobacco

cells (Shi et al., 2018). WRKYs with its conserved consensus

sequence of WRKYGQK along with zinc-finger-like motifs of

C2H2 and C2HC type ZFPs also have a NLS for their localization

to the nucleus (Bakshi and Oelmüller, 2014). In the nucleus, it

acts as a transcription factor and binds to the TTGAC(C/T) W-

box cis-element in the promoter of their target genes (Bakshi and

Oelmüller, 2014; Chen W et al., 2019) and transcriptionally

regulates the expression of target genes (Cheng et al., 2017).

Similarly, another extensively studied sub-class of plant

ZFPs is Cys3His/C3H/CCCH type. Plant genome encodes

large numbers of CCCH type ZFPs and has been identified
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and characterized in crop plants such as Chickpea (Pradhan

et al., 2017), Brassica rapa (Pi et al., 2018) and many other

plants. The CCCH-type ZFPs of plants have conserved CCCH

motifs ranging from one to six copies, with the most prevalent

consensus sequence of the C-X7–8-C-X5-C-X3-H motif in the

middle of the protein sequence (Pi et al., 2018; Chen et al., 2020).

Although C-X7–8-C-X5-C-X3-H is the most common motif in

CCCH-type ZFPs in plants, other structural variations in the

consensus sequences suggest different cellular localisation

patterns and roles in cellular activities (Han et al., 2020).

Many of the CCCH-type ZFPs are localized to the nucleus,

such as AtZFP1, KHZ1 and KHZ2 of Arabidopsis (Han et al.,

2014), SAW1 and OsC3H10 of rice (Wang et al., 2020; Seong

et al., 2020). CCCH-type ZFPs such as AtTZF2/3, ZFP36L3 and

ZC3H12a are localized to the cytoplasm [84-86), where some of

the CCCH-type ZFPs, namely OsC3H10, AtTZF4-6, etc. gets co-

localized with stress granules (SGs) and processing bodies (PBs)

(Seong et al., 2020). Likewise, some CCCH-type ZFPs are

localized to plasma membranes such as AtOZF1and AtOZF2

(Oxidation-related Zinc Finger 1) of Arabidopsis and PeC3H74

ofMoso bamboo (Huang TL et al., 2012; Chen et al., 2020) where

some of the members are involved in secondary wall synthesis in

response to biotic and abiotic stresses (Zhang et al., 2018; Chen

et al., 2020), while several other members of CCCH type ZFPs

such as OsLIC of rice, AtTZF of Arabidopsis shuttle between the

nucleus and the cytoplasm (Wang et al., 2008; Bogamuwa and

Jang, 2013). Shuttling of CCCH type ZFPs between cytoplasm

and nucleus is due to the presence of leucine-rich NESs (Nuclear

Export Signals) and NLSs (Nuclear Localization Signals) which

are mainly present in their N- or C- terminal of the protein

sequence (Han et al., 2020). These shuttle signals are current in

several CCCH-type ZFPs across the crop species indicating their

potential role in stress responses and signal transduction (Wang

et al., 2008; Chai et al., 2012). Sub-cellular localization to

cytoplasm and membrane was observed in another class of

ZFPs called RING ZFPs. Arabidopsis RING ZFPs, AtRZFP

fused with GFP under the control of 35S promoter was

transformed into onion epidermal cells, and the signal of

AtRZFP-GFP was clearly observed in the cytoplasm and

plasma membrane (Zang et al., 2016). Some of the RING ZFPs

located in the plasma membrane and cytoplasm include

AtAIRP1, RHA2a, AtATL78 of Arabidopsis, OsRDCP1,

OsSIRH2-14, OsRFPv6 of rice, LjCZF1 of Lotus japonicas,

VpRH2 of grape are located to the plasma membrane (Han

et al., 2021) and ZmXerico2 of maize (Gao et al., 2012),

OsSIRH2-14 and OsSIRP1 of rice (Hwang et al., 2016),

AtAIRP4, EMR of Arabidopsis (Park et al., 2018), CaDSR1,

CaASRF1 of pepper (Lim et al., 2018; Joo et al., 2019) are

located in the cytoplasm. Other studies suggested that other

than plasma membrane and cytoplasm, RING ZFPs are also

localized to nucleus and other cellular compartments. For

instance, CaASRF1, CaAIRF1, CaDSR1 of pepper (Lim et al.,

2017), AtHOS1, AtATRF1 of Arabidopsis (Tian et al., 2015; Kim
Frontiers in Plant Science 05
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et al., 2017; Qin et al., 2017) and OsSADR1 of rice (Park et al.,

2018) were located to nucleus, whereas, OsSIRH2-14 of rice was

not only located in the cytoplasm and plasma membrane but was

also found to be localized to Golgi bodies (Park et al., 2019).

Likewise, wheat TaDIS1 was also reported to be localized to

Golgi bodies (Lv et al., 2020). Rice RING-H2 zinc finger proteins

OsHCI-1 and OsMAR-1 were found to be localized to the

cytoskeleton particularly in microtubules (Lim et al., 2013;

Park et al., 2018) and RING-H2 ZFPs of wild tomato SpRING

was found to be localized to the endoplasmic reticulum.

GATA-1 which is one of the sub-group members of ZFPs

conserved families of transcription factors regulating the

expression genes involved in cellular processes (Zhang et al.,

2015). With the consensus sequence of CX2CX17−20CX2C

along with DNA binding domain, it binds to the WGATAR

(W = T/A, R = G/A) sequence in the promoter region of the

target genes (Behringer and Schwechheimer, 2015; Gupta et al.,

2017). As a transcription factor family, it has to be localized to

the nucleus for its activities and to confirm it a study was

conducted using the GATA gene of Poplar (P. deltoids) where

Arabidopsis plant was transformed with PdGNC-GFP gene

fusion under the control of CaMV35S promoter. Its nuclear

localization was confirmed as the 35S: PdGNC-GFP fusion

protein was detected in the nucleus (An et al., 2014).

Likewise, Brachpodium distachyon BdGATA13-eGFP gene

fusion under the control of 35S promoter which was used for the

transformation of tobacco leaves was found to be localized into

the nucleus (Guo et al., 2021). However, reports on FIP (FtsH5

Interacting Protein), which is a type of GATA-1 ZFPs

highlighted its localization to plastid as well specifically to

thylakoid membrane in response to abiotic stress signals

(Lopes et al., 2018). Similarly, DnaJ-like ZFPs with their

characteristic C-terminal tandem 4× repeats of the CxxCxxxG

are reported to have roles in the accumulation of carotenoids in

plastids of non-pigmented tissues (Osorio, 2019) and inducing

chromoplast biogenesis and simultaneously repressing the

chloroplast biogenesis and chlorophyll biosynthesis in the

nucleus of de-etiolating cotyledons cells (Sun et al., 2019).

With its functions specific to the nucleus and chloroplast,

DnaJ-like ZFPs are localized to both the nucleus and

chloroplast. Chloroplast localization of DnaJ like ZFPs is due

to the presence of N-terminal chloroplast transit peptide (cTP)

along with C-terminal zinc finger domain (ZF) which is

separated by two trans-membrane domains (TMs) (Chen

et al., 2021a). For nuclear localization, ubiquitination of

lysine58 in ORANGE/OR (a type of DnaJ like ZFPs) by

UBC19 was reported to be essential to generate truncated OR

ZFPs proteins (Chen et al., 2021a). Sub-cellular localization

studies of another class of ZFPs called as FCS-like ZFPs

(FLZs) were conducted as it was found to be active both in

cytoplasm and nucleus. FCS-like ZFPs are reported to act as

scaffold proteins for plant-specific SnRK1 complex which is

involved in various stress responses and are reported to be
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localized to both cytoplasm and the nucleus in plants like

Arabidopsis and Maize (Jamsheer et al., 2018a; Chen et al.,

2021b). The distribution of ZFPs to different compartments of

plant cell clearly indicates that this class of proteins are involved

in several cellular processes either at both transcriptional and

post-transcriptional level.
2.2 Transcription and post-
transcriptional roles of Zn finger proteins

Many ZFPs acts as critical transcriptional regulators that

correlate with their localization into the nucleus. However, it also

interacts with RNA and other proteins to regulate the post-

transcriptional expression of the target genes at RNA and

protein levels, respectively (Han et al., 2020). As a

transcription factor, it binds to the cis-acting element and

subsequently activates or represses the expression of

downstream target genes. The conserved zinc finger structure

helps it bind to DNA double helix at specific sites to act as a

transcription factor (Han et al., 2021). In plants like Arabidopsis,

durum wheat and rice, a highly conserved sequence QALGGH

of Q-type C2H2-ZFPs provide the ability for ZFPs to recognize

the target sites and to further regulate the expression of

downstream genes through activator or repressor domain (Lyu

and Cao, 2018; Xie et al., 2019). However, the QALGGH

sequence is not the only key and ubiquitous sequence for

binding to target genes (Liu et al., 2022), the C2H2 type ZFPs

may bind to the target site of the genes through DNA binding

domain which is present in long spacers between the two

adjacent zinc finger motifs (Sakamoto et al., 2004).

Apart from binding to DNA as a transcription factor, C2H2

ZFPs can also bind to RNA based on their bases and folding

backbones, which recognize variants of phosphoric acid

skeletons in RNA (Lin and Lin, 2018; Han et al., 2020). It is

found that amino acid residues of C2H2 zinc finger proteins

positioned at -1 and +2 of the a-helix play a vital role in its

binding to RNA (Han et al., 2020). Upon binding to RNA, some

of the members of ZFPs such as cleavage and polyadenylation

specificity factor 30 (CPSF30) belonging to CCCH/Cys3His/

C3H type ZFPs are involved in the polyadenylation step of pre-

mRNA processing after forming a complex which is collectively

called as CPSF (Shimberg et al., 2016). The RNA binding

AtCPSF30 known for involvement in the polyadenylation step

of pre-mRNA also interacts with other molecules like

calmodulin, however, its RNA binding activity gets reduced in

presence of its other interacting molecules like calmodulin (Lee

et al., 2012). For interacting with other proteins including other

zinc finger proteins, ZFPs like the C2H2 type utilize domains

such as L-box motif and EAR motif for interaction resulting in

binding/prevention of binding of the target protein to DNA

which in turn regulates the expression of downstream genes
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(Gamsjaeger et al., 2007; Brayer and Segal, 2008). Among the

two motifs, the EARmotif which is the smallest known repressor

domain in plants is reported to be essential for the inhibition of

transcriptional activities (Hiratsu et al., 2004).

Correspondingly, WRKY proteins which are the type of Cys

(2)-His(2) (C2H2) or Cys(2)-HisCys (C2HC) ZFPs, have two

highly conserved domains with WRKYGQK sequences of

WRKY domain and C-terminal zinc finger domain (Rushton

et al., 2010). The target DNA binding site generally recognizes

W-box cis-elements in the promoter region of target genes. For

instance, a WRKY protein of Hylocereus polyrhizus HpWRKY44

was found to be directly binding to the W-box element present

in the promoter of HpCytP450-like1 and transcriptionally

activated the HpCytP450-like1, resulting into induced betalain

biosynthesis in pitaya fruit (Cheng et al., 2017). However, some

WRKY proteins bind to the promoter region other than W-box

cis-elements (Chen et al., 2019). The selective binding of

different WRKY TF members to W-box cis-element is based

on neighboring DNA sequences outside of the W-box core motif

(Bakshi and Oelmüller, 2014). Several experiments highlighted

the role of the WRKY gene family to be associated with the

regulation of transcriptional reprogramming in response to

environmental stresses. For example, PROPER genes of

Arabidopsis which encodes for small peptides which act as

molecular patterns associated with injury or damage are

perceived by PEPR1 and PEPR2 (leucine-rich repeat receptor

kinases) and amplify the defense responses. Upon receiving the

stress signal WRKY TF binds to the promoter of these two

kinases and regulates their expression (Logemann et al., 2013).

Advancement in molecular techniques has helped to

characterize various TF and regulatory element functions on a

genome-wide scale, such as the utilization of the DAP-seq

technique to discover the binding sites of TFs in DNA

(O’Malley et al., 2016). Similarly, transcriptional role and

binding sites of ZFPs like AtWRKY33 under biotic were

successfully identified using the techniques like ChIP-seq and

revealed that AtWRKY33 negatively regulates the NCED3 and

NCED5 (ABA biosynthesis genes) to impart resistance against

biotic stress like necrotrophic fungus (Liu et al., 2015). Some

C2H2 type ZFPs are reported to transcriptionally regulate the

expression of genes involved in programme cell death of the

plants, thereby inducing PCD of plant cells (Yin et al., 2020).

Similar to C2H2 type ZFPs, many C3H/CCCH type ZFPs are

keys to regulating transcriptional activities with the presence of

its conserved activator or repressor domains. For instance, rice

OsLIC and Ehd4 protein have a conserved EELR domain in its C

terminal, which acts as the key component for transcriptional

activation of the target genes (Wang et al., 2008). CCCH type

ZFPs such as OsLIC and Ehd4 of rice, AtTZF1 and AtTZF6

(PEI1) of Arabidopsis can bind to the promoter region of target

genes (Wang et al., 2008; Bogamuwa and Jang, 2013; Wang et al.,

2020). However, in some of the CCCH-type ZFPs, the
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transcriptional activator domain, called EELR-like, was found to

be in N-terminal. This EELR-like domain of ZFPs such as

AtC3H17 and AtZFP1were found to play an essential role in

transcriptional activation of downstream salt-responsive genes

like AtP5CS1, AtGSTU5, SOS1 and ABA-dependent responsive

genes RD22, COR15A and RAB18 (Seok et al., 2016; Seok et al.,

2018). In addition to transcriptional activators, some other

proteins are transcriptional repressors. For negatively

regulating the transcription of target genes, CCCH ZFPs like

GLUB-1-BINDING ZINC FINGER 1 (OsGZF1) and ILA1-

interacting protein 4 (IIP4) of rice have repressor motifs. After

binding of ZFPs in the promoter region of target genes like

MYB61, CESAs and GluB-1, it negatively regulates the

expression of CESAs and MYB61 for secondary wall synthesis

and GluB-1 for accumulation of gluten (Chen et al., 2014; Zhang

et al., 2018). In addition to its involvement in transcriptional

activities, CCCH ZFPs like AtTZF1, KHZ1 and KHZ2 of

Arabidopsis also has been reported to be involved in post-

transcriptional regulation of gene expression by binding to

mRNA through its RNA binding motif (Yan et al., 2017; Pi

et al., 2018). It is reported that with the help of the RNA binding

domain, ZFPs namely, OsTZF1 bind to mRNA at the 3’ un-

translated region specifically at AU-rich elements (AREs) (Jan

et al., 2013). In plants like Arabidopsis, ZFPs like HUA1 with its

RNA binding ability regulates flower development through pre-

mRNA processing of AGAMOUS (Rodriguezcazorla et al., 2018)

and FRIGIDA-ESSENTIAL 1 (FES1) promotes the winter annual

growth habits in a FRIGIDA-dependent manner by regulating

mRNA levels of FLOWERING LOCUS C (FLC) (Schmitz et al.,

2005). A recent study has found that the splicing efficiency of

FLC pre-mRNA can be inhibited by KHZ1 and KHZ2 (RNA

binding ZFPs) and promotes flowering in Arabidopsis through

other independent pathways (Yan et al., 2020). Likewise, it has

been reported that zinc finger homeodomain proteins (ZF-HD)

another class of ZFPs are essential for the induction of flowers in

plants like Arabidopsis. As the induction of flowers is affected by

environmental stresses, ZF-HD1 proteins over-expresses during

such stress condition and helps in coping with stress through

transcriptional activation of genes like ERD1 (Shalmani

et al., 2019).

In plants, through in vitro studies, KTEL (V) residue at the N

terminus of ZFPs was observed in each zinc finger motif proving

to be a key interface for RNA binding (Wang et al., 2008) and

plant-specific TZF motif (RR-TZF) & RR sequence in AtTZF1

were found to be the essential motifs for binding to AREs of

RNA leading to mRNA degradation (Qu et al., 2014). More

recently two putative mRNA binding domains namely RRM and

OST-HTH/LOTUS were identified in CCCH type ZFP

(AtC3H18L) sequence (Xu et al., 2020).

Some ZFPs are co-localized to PBs and SGs. These PBs and

SGs have essential roles in the post-transcriptional regulation of

several genes, more importantly, during plant tolerance against

environmental stresses (Bogamuwa and Jang, 2016). Some ZFPs,
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namely AtTZF1, AtTZF4, AtTZF5, and AtTZF6 of Arabidopsis,

with their cytoplasmic shuttling characteristics, work in

association with these PBs and SGs for post-transcriptional

regulation of target proteins (Jang, 2016; Seong et al., 2020).

Different from the rest of the ZFPs, most of the RING zinc finger

proteins have E3 ubiquitin ligase activity and it is involved in

post-transcriptional activities of the ubiquitin-proteasome

pathway. In this pathway, E3 RING ZFPs help in the

recognition of the substrate proteins and degrades or change

the activity of target proteins through ubiquitination (Swatek

et al., 2019). For instance, AtATL78, StRFP2, AtRZF1, DRIP1,

DRIP2, OsDIS1 and HOS1 post-transcriptionally regulate the

target proteins such as DREB2A, OsNek6, OsSKIPa, AtERF53,

ICE1, OsARK4, OsHRK1, AtRma1 and CaRma1H1, etc. through

ubiquitination (Han et al., 2021) of which many of the target

proteins like CaRma1H1 and AtRma1 are involved in the

transport of the aquaporin PIP2;1 from the ER. It is also

reported to have roles in transcriptional and post-

transcriptional regulations of different genes involved in ABA-

dependent pathways, ROS and Ca2+ signalling pathways (Han

et al., 2021). Transcriptionally it is involved in the activation of

genes encoding enzymes of ABA pathways such as ABA aldolase,

NCED, ZEP and short-chain dehydrogenase/reductase

(Vaičiukynė et al., 2019) and post-transcriptionally it is

involved in forming a complex with other proteins such as

PP2Cs and SnRK2s for ubiquitination and phosphorylation of

other proteins and transcription factors like protein phosphatase

1 (CaADIP1), CaATBZ1, AtAIRP3, bZIP, AtKPNB1, TaSTP,

GDU1 and RD21 which further activates or represses the

transcription of ABA-responsive genes (Sah et al., 2016; Joo

et al., 2020; Lv et al., 2020; Oh et al., 2020). In the MAPK

signalling pathway, zinc finger proteins such as RGLG1 and

RGLG2 have been involved in post-transcriptional modification

ofMAPKKK18 in response to environmental stress like drought.

In ROS and Ca2+ signalling pathways, it is involved in

transcriptional activation of genes encoding antioxidant

enzymes like SOD and POD in response to environmental

stresses (Zang et al., 2016). The ORANGE or OR proteins

which are the type of DnaJ type ZFPs with their dual sub-

cellular localization abilities, perform transcriptional and post-

transcriptional activities in the nucleus and plastids. In the

nucleus, it interacts with eRF1-2 (eukaryotic release factor 1-2)

for transcriptional regulation of the downstream gene involved

in cell elongation of petiole and plastids. It plays a role in post-

transcriptional regulation by interacting with phytoene synthase

to induce biogenesis of chromoplast and accumulation of

carotenoid in non-pigmented tissues, simultaneously

interacting with TCP14, a type of TFs to repress ELIPs (Early

Light Induced Proteins) and biogenesis of chloroplast in de-

etiolating cotyledons (Sun et al., 2019; Chen et al., 2021b).

Whereas, some reports suggest that DnaJ ZFPs function as

molecular chaperones in post-transcriptional or rather post-

translational maintenance of structures and functions of its
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interacting proteins (Ali et al., 2022). The FCS-like zinc finger

(FLZ) proteins which are reported to be localized to the

cytoplasm and nucleus extensively interact with the kinase

subunit of the SnRK1 complex and act as an adaptor to

facilitate the interactions of effector proteins with the SnRK1

complex. In plants, it was found to be acting as a transcriptional

activator by mediating the interactions of SnRK1 and effector

proteins under various environmental stresses, however many of

them are reported as negative regulators of SnRK1 signalling

(Jamsheer et al., 2018a and Jamsheer et al., 2018b).
3 Role of Zn finger in conferring
tolerance to abiotic stress and
possible mode of action

Zinc finger proteins play an extensive role in plant tolerance

to various abiotic stress, such as drought, high salt, cold, high

light, and osmotic and oxidative stresses (Wang et al., 2019; Han

et al., 2020). In the process of external stress resistance, plants

have evolved a set of complex and effective defence mechanisms,

including signal perception, signal transduction, transcriptional

regulation and response, to reduce or avoid damage to plants

and ensure their average growth (Figures 1, 2) (Noman et al.,

2019; Liu et al., 2022).

Several studies found that Zn-finger motifs significantly

function during abiotic stress response in plants. In the first

report, a wide range of Zn-binding motifs has been recognized

and termed as Zn-fingers. Since the zinc finger motifs regulate

the function of stress-adaptation genes. The Zn-finger was first

reported as a repeated Zn-binding motif, comprising conserved
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cysteine (Cys) and histidine (His) ligands, in Xenopus laevis

oocytes as a transcription factor (TF) IIIA (TFIIIA) (Laity et al.,

2001; Ciftci-Yilmaz and Mittler, 2008; Kielbowicz-Matuk, 2012;

Lyu and Cao, 2018). In the proteins where Zn2+ is mainly

attached to amino acid residues and thus espousing a

tetrahedral coordination geometry. The physical nature of Zn-

proteins, defining the attraction of Zn-proteins for Zn2+, is

crucial for having an in-depth knowledge of how a Zn2+

facilitates their characteristic function and how proteins

control its mobility (intra and intercellular) as well as

cellular availability.

Many C2H2-type zinc finger proteins involved in the abiotic

stress signalling pathway were identified based on stress

induction, mutant, compliment, and ectopic expression

analysis. Phytohormones are responsible for abiotic stress

resistance and participate in the process of response to various

stresses via C2H2-type zinc finger proteins, especially ABA

(Abscisic acid) (Roychoudhury et al., 2013; Ku et al., 2018;

Takahashi et al., 2018; Chong et al., 2020). ABA, acting as a

pivotal regulator of abiotic stress responses in plants, induces the

expression of stress-related genes and triggers a range of

adaptive physiological responses under abiotic stress

conditions in the plant (Ku et al., 2018; Takahashi et al., 2018;

Chong et al., 2020). C2H2 zinc finger proteins regulate plants in

response to abiotic stresses through two ABA-mediated signal

pathways: ABA-dependent and ABA-independent signal

pathways (Smekalova et al., 2014; Ku et al., 2018; Takahashi

et al., 2018; Chong et al., 2020). In addition to the ABA signal

pathway, C2H2 zinc finger proteins enhance abiotic stress

resistance by the MAPK (mitogen-activated protein kinase)

signaling pathway (Smekalova et al., 2014; Ku et al., 2018;
FIGURE 1

C2H2 zinc finger proteins are involved in plant stress responses. Source: (Liu et al., 2022).
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Takahashi et al., 2018; Chong et al., 2020; He et al., 2020; Lin

et al., 2021). MAPKs, as highly conserved signaling transduction

modules, play an essential role in regulating responses to adverse

environmental stresses (Lin et al., 2021). Typically, a MAPK

module is composed of at least three protein kinases, including

MAPK (MPK), MAPK kinase (MAPKK/MAP2K/MKK/MEK)

and MAPK kinase (MAPKKK/MAP3K/MEKK). The MAPK

cascade amplifies and conveys stress signals from signaling

receptors to downstream stress response factors through a

sequential phosphorylation manner (De Zelicourt et al., 2016;

He et al., 2020; Lin et al., 2021). Thus, C2H2 zinc finger proteins

regulate abiotic stress responses via both the ABA signaling

pathway and MAPK signaling transduction pathway and

constitute a certain degree of crosstalk and a complex

regulatory network (Figure 3) (Liu et al., 2022).
3.1 Salinity

In many regions of the globe, soil salinity is significant

abiotic stress that inhibits plant production. Salinity stress

creates nutrient imbalances, is a source of harmful ions, and

alters the osmotic condition of plants (Yaghoubian et al., 2021).

It has been reported that more than 108 × 108 km2 of land

throughout the world are affected by salinity (Riaz et al., 2019).

Due to salinity and problematic soils, millions of hectares in the

humid areas of South and Southeast Asia that are technically
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suitable for various field crops, particularly rice cultivation, are

left uncultivated or are cultivated with extremely poor yields.

(Mainuddin et al., 2019; Mainuddin et al., 2020). In addition,

mineral shortages and toxicity often exacerbate the issue of

salinity since it seldom occurs alone. These soil stresses change

in magnitude and interactions throughout time and space,

making long-term adaptation dependent on its degree of

tolerance to all environmental stresses (Sarkar et al., 2022).

Moreover, the ill response of soil and water salinity in the

different crops varied significantly.

As transcription factors, zinc finger proteins (ZNPs) play an

essential part in a wide variety of cellular processes, including

RNA binding, transcription control, stress tolerance, and plant

growth and development in response to phytohormones)

(Noman et al., 2019). Scientists have identified a large number

of zinc finger proteins in higher plants that can regulate the

various environmental cues (Yu et al., 2015). Around 189 stress-

induced zinc finger proteins especially for indica rice and maize

have been classified and amongst them, Cys2/His2- and CCCH-

types have received greater attention (Agarwal et al., 2007)

Multiple C2H2-type zinc finger proteins in rice, including

ZFP36, ZFP179, ZFP182, ZFP245, and ZFP252, have been

implicated in salt, drought, and oxidative stress responses (Xu

et al., 2008; Wang et al., 2015; Wang et al., 2022a). It has been

found that drought and salt tolerance in rice are improved by

overexpressing the ZFP252 zinc finger protein gene by elevated

synthesis of free proline and soluble sugars (Xu et al., 2008) and
FIGURE 2

Some important Zinc Finger Proteins (ZNPs) involved in abiotic stress factors of the plants (1st order of the hierarchy is the name of the crop/
plant, 2nd order is the type of the protein and 3rd order is the name of the ZNPs) (Source: Modified after Noman et al. (2019) with the permission
from the Elsevier Rights Links (https://s100.copyright.com/), Licence No.: 5371200779212, Dated 17th August 2022).
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increased ROS scavenging activity (Huang et al., 2009). Huang

et al. (2007) found that the production of ZFP182 in transgenic

tobacco or overexpression in rice plants boosted their salt

tolerance, ZFP182 may have a curative function in salt

tolerance in plants. Wang et al. (2022a) reported that some

C2H2 type Zinc finger protein plays a significant role in salinity

tolerance in rice seedlings by enhancing ABA catabolism. They

also stated that overexpression of OsZFP15-like Zinc finger

protein increased the production of reactive oxygen species

(ROS) and decreased tolerance to oxidative stress, resulting in

increased salinity stress tolerance in rice seedlings. The A20/

AN1-type (ZmZnF1) and ring-binding type (ZmZnF2) zinc

finger proteins found in maize kernels are reported to induce

by ABA, mannitol and NaCl stresses. Similarly, simultaneous

overexpression of these zinc finger proteins in transgenic lines of

rice significantly increased the Na induced stress tolerance (Yu

et al., 2015). It has been observed that transgenic Arabidopsis

plants that constitutively produce the Cys2/His2 zinc finger

protein Zat7 exhibit slower growth and development and a

higher degree of tolerance for the effects of salt stress and the

ability to tolerate high salinity is lost when the EAR motif of Zat7

has a mutation or deletion (Ciftci-Yilmaz et al., 2007). Wang

et al. (2022b) found that the overexpression of C2H2-type zinc

finger protein ‘MdZAT17’ in transgenic apple and Arabidopsis

reduces the sensitivity to abscisic acid (ABA) and regulates salt

tolerance positively. They also reported that the growth of both

wild-type and transgenic Arabidopsis seedlings was inhibited
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under salt stress, but the growth shyness of transgenic plants was

pointedly lower than that of wild-type seedlings. In another

study (Xu et al., 2022) has been identified 36 B-box (BBX) family

of proteins in maize consists of zinc-finger transcription factors

that have a significant role in the regulation of different abiotic

stresses, including drought and salinity.
3.2 Soil moisture

Water is one of the fundamental inputs for the growth and

yield of any arable crop. Still, both excess and deficit water

supply in different growth stages can significantly reduce crop

production. In the present era of climate change, aberrant

weather conditions have increased the excess and deficit

supply of soil moisture in most growing regions worldwide.

Crop physiological and biological adaptability with the excess

and deficiency supply of soil moisture has emerged as a potential

research question (Osakabe et al., 2014). Multiple Zinc finger

proteins have been identified from various crops has a definite

role concerning drought and excess moisture stress of the field

crops. Numbers of ZFPs have been identified in transgenic rice

that has significant functions in enhancing drought, and excess

moisture tolerance (Huang et al., 2009; Li et al., 2013; Wang

et al., 2022a). Huang et al. (2009) reported that ZFP245 type

ZNPs have significantly enhanced the cold and drought

tolerance in rice by augmenting free proline and antioxidant
FIGURE 3

The signalling pathways of zinc finger proteins during abiotic stress response in plants. Note: The lines marked as solid indicate regulation, and
the dashed lines indicate putatively. The C2H2 zinc finger proteins are SCOF-1, ZFP245, ZFP179, AZF1/2/3, ZFP36, IbZFP1, OsZFP213, ZAT4, DST,
ZAT10/STZ, ZAT12, ZAT7 and ZAT6. Source: (Liu et al., 2022).
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concentration in transgenic rice plants. They further suggested

that ZFP245 transgenic rice plants under 14 days drought

stressed condition has survived at 70-80% with 7 days

recovery period. It has been postulated that under cold or

drought stress, ZFPs boost the SOD and POD enzymatic

activities in transgenic rice seedlings and thereby help to

enhance the abiotic stress tolerance by triggering the ROS-

scavenging mechanism (Rizhsky et al., 2004). In harmony to

the previous findings, (Sakamoto et al., 2004) found that two

Cys-2/His-2-type ZNPs viz. AZP2 and STZ in transgenic

Arabidopsis have significantly overexpressed under drought-

stressed conditions and facilitated the plant to tolerate drought

stress. (Gao et al., 2012) reported that ‘CgZFP1’, a Cys2/His2

type ZFP isolated from Chrysanthemum has a significant role in

regulating drought and salinity stress in transgenic Arabidopsis.

In severer drought conditions, abscisic acid plays an important

role in enhancing the plant’s leaf senescence rate, reducing the

yield. It has been found that a Cys-2/His-2-type ZNP, ´

MdZAT10´, reduced the sensitivity to abscisic acid in apples

and in addition to that, MdZAT10 (overexpressed in

Arabidopsis) has a beneficial effect on seed germination and

seedling growth (Yang et al., 2021). In another study,

Mukhopadhyay et al. (2004) isolated a ZNP from rice viz.

“OSISAP1” (induced by abscisic acid) overexpressed in

transgenic tobacco increased tolerance to cold, dehydration,

and salt stress at early growing stages. Giri et al. (2011)

reported that Stress-associated ZNP isolated from rice viz.

A20-AN1 increased the abiotic stress tolerance in transgenic

Arabidopsis plants.

Most of the study suggested that ZNPs isolated from various

plant sources involved in regulating abiotic stress factors

has manually controlled the drought and salinity stress

simultaneously (Huang et al., 2009; Lawrence et al., 2022). But

application or overexpression of ZNPs in different transgenic crops

is precise in nature.
3.3 Temperature

Temperature stress due to both cold and high temperatures is

considered a vital abiotic stress a plant faces during its growth and

development (Liu et al., 2018). Thus, a clear-cut concept about the

bio-physical-chemical impacts of temperature on a plant and its

subsequent response mechanism is crucial to breeding improved

stress-tolerant cultivars (Liu et al., 2018). Many Zn-finger proteins

are responsible for mitigating the different temperature-related

stresses in plants. CCCH Zn-finger proteins can control the

expression of cold-induced genes; these proteins can improve

cold tolerance in plants. Lin et al. (2011) found that the

expressions of the cold-temperature genes viz. COR15A, RD29A,

KIN1 etc. were upregulated in the cold-stress tolerant different

Arabidopsis lines. Enhancement of the cold-stress tolerance in the

plants can also be explained through signalling pathways of ABA,
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which are controlled by CCCH Zn-finger proteins (Xie et al., 2019).

Transgenic switchgrass lines with induced Zn-finger protein,

PvC3H72, survived even at –5°C temperature, while the lines

with the low Zn-finger proteins could not survive (Xie et al.,

2019). Zn-finger protein, DgC3H1, can improve the proline and

soluble sugar levels in Chrysanthemum plants along with increased-

level of SOD and POD, which ultimately make the plants able to

survive under cold stress (Bai et al., 2021). C2H2 Zn-finger proteins

also play a pivotal part in mitigating cold stress by regulating the

ABA pathways. Kim et al. (2001) reported that the overexpression

of C2H2 Zn-finger proteins results in cold-stress tolerance in

soybean and tobacco by controlling ABA-response elements

which facilitate COR gene-expression responsible for developing

the plant cold-tolerance. The ABA-independent pathway for cold

tolerance through C2H2 Zn-finger proteins is represented in

Figure 4. In addition to the above two Zn-finger proteins, the

AZF: Arabidopsis Zn-finger protein and STZ: salt-tolerance Zn-

finger proteins are also responsible for cold-stress tolerance in

Arabidopsis (Kodaira et al., 2011). The AZF genes, AZF, AZF2,

AZF3, and STZ gene regulate the ABA-dependant pathway of

Arabidopsis by regulating the ATPase gene, Na+, and Li+ outflows

in plants (Lippuner et al., 1996).
3.4 Heavy metal (HM)

3.4.1 HM-tolerance through cellular layer
modification

For any HM stress, the plant has a three-tier strategy

including absorption or isolation of HM inside the plant, HM

removal through a series of chelating mechanisms and ROS

removal which are accumulated during HM stress. Other than

this a few subsidiary events of the HM-tolerance mechanism

include an impedance of HM transport within the plant through

HM binding to the cytoderm (composed of cellulosic material)

(Chen et al., 2019). Few HM ions bind to the active groups

(-COOH, -OH) of cellulose (inside cytoderm) which reduces the

quantity of HM that enters the protoplasm resulting in damage

alleviation caused by HM (Nedelkoska and Doran, 2000;

Clemens et al., 2013). Three types of zinc finger transcription

factors (ZF-TFs) (GATA-type, CCCH-type, and C2H2-type) are

expressed differentially and reported to be up-regulated under

cadmium stress in cotton roots, some of which are shown to be

associated with secondary cell wall biosynthesis (Chen et al.,

2019). Up-regulation in the homologs of cellulose synthase genes

during cadmium stress reveals the involvement of ZF-TF in

cellular layer modification as one of the possible modes of action

for imparting HM-stress tolerance in cotton plants.

In Arabidopsis thaliana, upon exposure to HMs exhibited some

interesting findings. With the help of yeast-two-hybrid model when

interaction among the different members of the HIPP family and

the related zinc finger TF or transcription factors, have borne a

particular interaction pattern of ATHB29 and HIPP proteins (of
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cluster III). Thus, a purposeful connection among ATHB29 and

HIPP26 is also shown by experiments conducted with HIPP26

(mutants), displayed reformed expression pattern levels of such

genes earlier known to be controlled by ATHB29 (Barth et al.,

2009). Chakrabarty et al. (2009) while investigating genome‐wide

expression pattern of Zn-finger proteins in plants exposed to As3+

and As5+ reported a contrasting scenario. Proteins of the zinc‐finger

family were found to be downregulated under As5+ stressed

situation whereas, Zinc‐finger C3HC4‐type proteins were found

to exhibited both up and down regulated expression profile upon

exposed to As3+ stressed situation. Authors like Abercrombie et al.

(2008); Chakrabarty et al. (2009); Tripathi et al. (2012) have

presented the expression profile of Oryza sativa (monocot) and

Arabidopsis thaliana (dicot). Under As stressed condition both

exhibited a downregulated Zn-finger protein expression profile.

Shah et al. (2022) observed that spermine (Spm), a polyamine

compound upon supplanting in common bean (P. vulgaris)

exposed to As stress have enhanced the expression of PvC3H24,

PvC3H25, PvC3H26 and PvC3H27 (Zn-finger proteins). The

authors concluded that, Spm confer tolerance to As induced

phyto-toxicity by modulating polyamine metabolism, antioxidant

defense system along with facilitating (as enhancer) for zinc-finger

proteins related genes expressions. Huang et al. (2012) reported
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some interesting findings while analysing the transcriptomic profile

of rice roots exposed to As stress. among the 231 TFs, the zinc-

finger protein (expressed particularly in inflorescence meristem or

ZIM) had a share of only 3.46%. The authors have concluded that

under As stress ZIM-TF were enhanced in a noteworthy fashion.
3.4.2 HM-tolerance through HM-homeostasis
strategies

HM homeostasis strategies mainly involve the phytochelatin,

metallothionein and metallochaperones (responsible for safe

transport of metal ions inside the cell) induction (Harrison

et al., 2000; de Abreu-Neto et al., 2013; Zhang et al., 2014) as

well as vacuolar sequestration mediated by phytochelatin binding

(Yang and Chuand Chu, 2011). Barth et al. (2009) found a

functional association between a ZF-homeodomain (ZF-HD) TF

(known as ATHB29) and arrays of HIPP26 (a type of

metallochaperone protein) in A. thaliana under HM stress by

double checking mutant line assay (mutated for HIPP26

functional loss) for the expression of stress-responsive genes

which showed that the genes up-regulated under the influence

of ATHB29 are inhibited in the absence of functional interaction

between HIPP26 and ZF-HD.
FIGURE 4

ABA-independent pathways for cold-tolerance by C2H2 Zn-finger proteins. Note: Zn-finger proteins also regulate the several pathways of
plants under heat-induced stresses. Huang et al. (2008) found A20/AN1-type Zn-finger proteins in japonica rice regulating the heat-induced
stresses in the plants. Moreover, they reported that Zn-finger protein, ZFP177 was responsive to heat stress tolerance in plants. Overexpression
of Zn-finger protein, ZFP177, is also responsible for the heat tolerance in tobacco plants (Mukhopadhyay et al., 2004).
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3.4.3 HM-tolerance through protein-protein
interactions (PPIs) and signal transduction

Plant stress-associated proteins (SAPs) contain ZF domains

(either [Cys2-Cys2]n finger motifs or [Cys and His]n residues; ‘n’

represents multiple numbers of motif repeat) at the N- or C-

terminal (Jin et al., 2007). These SAPs can be a key player in stress

signaling through protein-protein interactions (PPIs) via their ZF-

domain (Opipari et al., 1990; Kanneganti and Gupta, 2008).

Additionally, SAP10 of A. thaliana was found to be coding for a

nuclear or cytoplasmic protein that might act early in the signal

transduction of the HM-stress tolerance response (Ströher et al.,

2009; Dixit and Dhankher, 2011). Many of the HM defense

responses shown by the plants are due to the major contribution

of cellular receptors involved in signaling cascades like MAPK

(three-tier phosphorylation module) (Rodriguez et al., 2010; Sinha

et al., 2011; Jalmi and Sinha, 2015) which modulates downstream

WRKY and ZAT TFs (containing ZF motifs) (Ogawa et al., 2009;

Opdenakker et al., 2012). PPI (protein-protein interaction) study

performed by Nguyen et al. (2012) between ZAT-TF (ZAT10; a ZF-

containing TF) and ArabidopsisMAPK (MPK3,MPK6) under HM

stress has paved a conceptual understanding that MAPKs are

involved in HM stress signaling either through ZF-TFs or

transcription factors containing ZF-motifs. Major plant stress

tolerance responsive signaling factors includes EF-Tu receptor,

ETR1/ETR2, SIT1, ER etc. Ca signaling is important in heavy

metal stress hormone signaling, as is MAPK signaling, which uses

Calmodulin, a Calcineurin B-like protein, and Ca dependent kinase

(Steinhorst and Kudla, 2014). Among these, MAPK signalling is

one of the major signalling pathways involved in alleviating heavy

metal stress. Two transcription factors, viz., MPK3 and MPK6, get

activated under high Cd stress mediated by ROS signalling (Liu

et al., 2010). Calcium- and cadmium-responsive mitogen activated

protein kinase (MAPKKK) in Arabidopsis remains a major signal

transduction protein component (Suzuki et al., 2001).

3.4.4 HM-tolerance through ROS-
detoxification

HM stress always generates oxidative stress and causes

destabilization in the balance between ROS and the antioxidant

system (Zhang et al., 2013; Jin et al., 2016; Yin et al., 2016; Xu et al.,

2019). Different transcription factors (TFs) families including zinc

finger-TFs are involved in such ROS-mediated stress responses

(Singh et al., 2019). HM accumulation ROS mediated functional

disruption of biomolecules among several other damages (Stohs

and Bagchi, 1995; Cuypers et al., 2009; Haider et al., 2021). Under

HM-stress SlRING1-ZFP overexpression in tomatoes led to more

chlorophyll content and photosynthetic rate. Moreover, the

maximal photochemical efficiency of photosystem II was

evidently improved by SlRING1-ZFP mediated minimization of

ROS levels and electrolyte leakage (Ahammed et al., 2020). Soybean

ZFP (GmRZFP1) and Arabidopsis ZFP (AtOHRP) are reported to

be involved in oxidative stress (activity induced by ROS) in plants
Frontiers in Plant Science 13
45
thereby promoting ROS scavenging enzyme systems (Wu et al.,

2010; Li et al., 2015). Putting together, zinc finger protein (ZFP) is

involved in HM stress alleviation and detoxification of ROS as two

underlined strategies of HM tolerance. Abscisic acid enhances plant

stress response mechanisms under drought stress. Ring-zinc finger

protein overexpression enhances genes like AtNECD3, which codes

for a key enzyme in ABA biosynthesis (Ko et al., 2006). Zinc finger

protein also enhances major genes’ expression (ABA3, ABI5, etc.)

responsible for ABA biosynthesis in rice (Zeng et al., 2015). Zinc

finger protein ZFP-185 regulates ABA and GA synthesis

modulation, which enhances stress response (Zhang et al., 2016).

Flowering and gibberellin biosynthesis are also controlled by ZFP in

Chrysanthemum (Yang et al., 2014). The effect of different Zinc

finger protein in mitigating various abiotic stresses has been

presented in Table 1.

3.4.5 HM-tolerance through ubiquitin
proteosome-mediated degradation of
misfolded or altered protein

Under abiotic stress, including HM, many functional

proteins undergo the ubiquitin proteosome-mediated

degradation process due to the altered quaternary structure of

the protein (resulting in misfolded design) and hence no longer

required for average growth and development (Blasiak et al.,

2019). This way of aberrant protein identification and removal

ensures better survival of plants under stress conditions (Stone,

2019). Most RING zinc finger proteins have E3 ubiquitin ligase

activity (Joazeiro and Weissman, 2000; Ahammed et al., 2020)

similar to the last enzyme of the ubiquitin-proteasome pathway

(which plays a specific role in recognising target substrates and

then degrades the target protein or changes the activity of the

target protein). Hence RING-ZFP can be engaged in ubiquitin

proteosome-mediated degradation of the misfolded or altered

protein (Swatek et al., 2019) as a stress tolerance mechanism.

3.4.6 HM-tolerance through domain
interaction with metal ions

Further bioinformatics analysis on RING-ZFP (possess

intra- and extra-cellular domains) has already revealed

research findings on extracellular domain binding (negatively

charged) of RING-ZFP to the positively charged extracellular

harmful metal ions suggesting a sensor-like activity of ZFP upon

HM accumulation. Additionally, the intracellular domain of

RING-ZFP interacts with and promotes ROS-mediated ABA

signalling (Suh et al., 2016).

3.4.7 HM-tolerance through GSH-dependent
pathway and chelation-based vacuolar
sequestration

A GSH-dependent pathway and phytochelatin

(polymerized GSH encoded by PCS)-conjugated vacuolar

sequestration are two established mechanisms contributing to
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HM-tolerance (Flores-Cáceres et al., 2015; Hernández et al., 2015;

Jozefczak et al., 2015). Cd-tolerant Arabidopsis phenotypes

resulted from ZAT6 over-expression, when undergoing BSO (an

irreversible inhibitor of GSH biosynthesis; g-glutamylcysteine

synthetase; Reliene and Schiestl (2006) treatment, completely

loses its HM-tolerance ability which implies that the ZAT6-

mediated enhanced Cd tolerance is GSH-dependent (Chen

et al., 2016). Furthermore, Chen and his co-workers have also

found GSH1 (encoding g-glutamylcysteine synthetase) as the

transcriptional target of ZAT6 through qRT-PCR (outcome:

positive regulation of GSH1 by ZAT6) and transient expression

analysis (outcome: activation of GSH1 promoter activity by

ZAT6). Putting together, it is clear that GSH1 which regulates

HM tolerance in Arabidopsis is under transcriptional control of

ZAT6, a ZF-TF. Phytochelatin synthesis was found to be under

ZAT6 (acts as TF for gene encoding PCS1 and PCS2)
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transcriptional regulation too under HM-stress (Chen et al.,

2016). Phytochelatin synthesis additionally augments the effect of

GSH towards Cd-tolerance by accumulating Cd followed by

phytochelatin-conjugated vacuolar sequestration (Wawrzynski

et al., 2006; Lin and Aarts, 2012). Saad et al. (2018) demonstrated

that LmSAP overexpression in tobacco seedlings enhanced the

expression of several genes encoding metallothionein proteins

(thiol group of cysteine amino acid residue binds with metal ions

and/or ROS, (Yuan et al., 2008; Hassinen et al., 2009).
3.4.8 HM-tolerance findings through
QTL analysis

Out of twenty-three sequences of sorghum gene homologs

identified by BLASTP searches of the Xtxp270-QTL genomic

region on chromosome 10, two gene homologs encoding ZFPs
TABLE 1 The effect of different Zinc finger protein in mitigating various abiotic stresses.

Stress Crops Mechanism involved Effect Reference

Heavy
Metal

Arabidopsis
thaliana

MAPKKK Alterations in Auxin Homeostasis Kovtun et al. (2000)

Arabidopsis
thaliana

PIN Auxin transport Tognetti et al. (2010)

Oryza sativa MAPK Decreased ROS induced root cell death Tsai and Huang (2006)

Oryza sativa GSH and Sodium nitropruside By product S nitrosoglutathione generates bioactive NO Mostofa et al. (2015)

Medicago sativa MAPKs Cellular Signal induction Jonak et al. (2004)

Gossypium
hirsutum

Reduced Glutathione (GSH) Multivesicular body formation induced, structural integrity of
cellular components

Khan et al. (2020)

Drought Oryza sativa OsC3H47, OsTZF1, OsTZF2 Involves in ABA and JA Production modulation Han et al. (2021)

Oryza sativa OsC3H10 Enhances expression of LEAs, GLPs and PR protein Seong et al. (2020)

Glycine soja GsZFP, a new cis2/His2 type Zinc finger
protein

Plant development and stress response Luo et al. (2012)

Arabidopsis
thaliana

AetTZF1 Enhances expression of CBF1, CBF2, DREB2A, COR47 Jiang et al. (2014)

Malus domestica MdZAT10 Negative regulator of Drought resistance Yang et al. (2021)

Malus domestica MdDof54 Development and stress response Chen et al. (2020)

Salinity Festuca
arundinacea

FaZNF Regulation of Salt stress response pathway Martin et al. (2012)

Arabidopsis
thaliana

ZAt7 Senescence and defense Ciftci-Yilmaz et al.
(2007)

Chrysanthemum
sp

CgZFP1 Osmotic adjustment, ROS scavenging, and ion homeostasis Gao et al. (2012)

Arabidopsis
thaliana

ZPT2 Transcriptional repressor Sakamoto et al. (2004)

Ipomea batatus IbZFP Growth, developemnt and homeostasis Wang et al. (2016)

Cold Petunia hybrida PhZFP1 Modulation of galactinol synthase Zhang et al. (2022)

Gossipium
hirsutum

GhZAT Transcription regulator Fan et al. (2021)

Panicum
virgatum

PvC3H72 Transcriptional Activator factor Xie et al. (2019)

Arabidopsis
thaliana

GmZF1 Modulates cold responsive genes Yu et al. (2014)

Nicotiana
tabacum

OSISAP1 Stress response inducer Mukhopadhyay et al.
(2004)
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(SbZFP17 and SbZFP346) were found to be up-regulated under

HM stress (Abou-Elwafa et al., 2019). Another HM-tolerance

study on Arabidopsis reported decreased HM-tolerance upon

mutation in the gene encoding a ZFP (ZAT6) (Chen et al., 2016).
3.5 Radiation/high light stress

Over-expression of a gene encoding an HM (Si) transporter in

rice was found to promote strong cell membrane structure and

activate regulators (ZF protein viz. Lsd1 and dof, protein kinase

domain) of the UV-B tolerance signal transduction pathway (Fang

et al., 2011), suggesting the possible involvement of zinc finger

motif in irradiance-induced signalling.

The B‐box (BBX) proteins are a family of zinc finger TFs

containing one or two BBX motifs, which has already elucidated its

role in PPI (Gangappa and Botto, 2014; Zhang et al., 2017). Fang

et al. (2019) monitored the transcript levels of eight BBX genes in

the apple, which were significantly induced by UV‐B radiation.

Further, MdBBX20 overexpression in apple callus promoted the

expression of structural genes encoding anthocyanin pigments and

their subsequent accumulation under UV‐B radiation, possibly by

its transcriptional coactivator role (promoter modulation of several

proteins) that coordinates with MdHY5 (Fang et al., 2019). In fact,

the direct relationship between the expression profile of rhl41

(encode for a ZFP) and collective accumulation of anthocyanin

and chlorophyll under UV irradiation suggests the disguised role of

zinc finger in photo-protection and increased level of

photosynthetic efficiency (both are evolved as strategies of light

and radiation tolerance in plants) respectively (Iida et al., 2000).

Exposure of plants to light intensities that exceed the

electron utilization capacity of the chloroplastic photosystem

(PS) and light-harvesting complex (LHC) dramatically impacts

nuclear gene expression. In this regard, the interaction and

genetically association (binding component unknown to date)

between GATA-type zinc finger-TF (ZML) and CryR1

(cryptochrome involved in growth and regulation) induce the

formation of ZML heterodimer regulating the expression of

photo-protective genes (Shaikhali et al., 2012).

Protective role (as a shield of LHC of PS-I, II and as an

antioxidant; quenching of excited electrons during an

imbalanced state of excitation transfer at the LHC) of

flavonoid (anthocyanin) class of metabolites are very

prominent under light and irradiance stress (Hughes et al.,

2014; Tattini et al., 2014). HY5 (a type of Leucine zipper TF)

positively regulates light‐responsive gene expression (Nawkar

et al., 2017) through interaction (via phytochrome interacting

factor) with BBX-ZFP resulting in anthocyanin accumulation

under light and/or radiation stress (Wei et al., 2016; Zhang et al.,

2017). MdBBX20 responds to UV‐B signaling and forms an

active heterodimer with HY5 (one of the key regulatory factors

for UV-B response; facilitating the transcriptional activity of

HY5 (An et al., 2019; Fang et al., 2019).
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Modulation in antenna size of LHC is another approach

adopted by the plant to tolerate incoming high light and

radiation stress (Rossel et al., 2002; Kimura et al., 2003; Mittler

et al., 2004). Genetic alteration of ZAT10 (ZF-TF) has a

modulatory impact on high light-induced transcriptome

(Rossel et al., 2002) whose products are targeted to chloroplast

suggesting the involvement of ZF-TF (zinc finger motif) in

plants’ manipulation of chloroplastic apparatus.
3.6 Elevated CO2 stress

The experiment setup (95% CO2+1% O2 treatment; Artificial

high-CO2 atmosphere) designed by Jamil et al. (2019) reported

abundant levels of C2H2-type ZFP (DkZF1-5) transcripts. Even

though there are no direct in-vivo reports on ZF-motif-mediated

stress tolerance under the influence of elevated CO2 to date but

still, the existing elucidated protein-protein interactions among

the expressed product of DkZF1-5 transcripts might have some

synergistic regulatory role under CO2 stress. Notably, comparative

transcriptome analysis had already unveiled up-regulation in

stress-related TFs (WRKY; domain containing C2HC ZF motif)

(Rushton et al., 2010) in immature California grapes under CO2

gaseous treatment (Rosales et al., 2016; Romero et al., 2019). ABA

phytohormone maintenance (balance between anabolism and

catabolism) and their optimal levels are influenced by elevated

CO2 (linear relationship between CO2 concentration and ABA

synthesis) (Seo et al., 2000; Iuchi et al., 2001; Xiong et al., 2001;

Xiong et al., 2002; Xiong and Zhu, 2003; Zou et al., 2007). Both of

the above concepts indicate the possible involvement of WRKY

with ABA-inducible and -repressible genes (under the influence of

HVA22 promoter; Zou et al. (2004) under elevated CO2

suggesting ABA-mediated stomatal response to CO2 stress in

plants. The present interpretation and previously made

elucidations suggest the involvement of WRKY-TF as a

functional node integrating stress signaling. Non-fluctuating

concentrations of existing intracellular monosaccharides and

disaccharides (soluble sugars like glucose and sucrose) (Katny

et al., 2005; Zou et al., 2007)and increased accumulation of storage

polysaccharides (starch) (Poorter et al., 1997) under elevated CO2

remain a mystery which can be taken up as future research to

establish the link between ABA-signaling and intracellular starch

proportion of the cell under elevated CO2 situation.
4 Conclusion

From the discussion of the current overview of the recent

study, it can be concluded that abiotic stresses, particularly

drought, high salinity, heavy metal, photo-stress, and high and

low temperatures, are the major hindrances that limit crop

productivity. After overviewing various earlier studies, the

current study revealed that Zn-finger motifs have a significant
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role in the better understanding of abiotic stress. The study also

recognized that a wide range of Zn-binding motifs, termed Zn-

fingers’ proteins, had been identified. However, the function of

stress-adaptation Zn-finger motifs is fully controlled by various

genes. Speaking of abiotic stress and illustration the role of ZFP in

wide range of plants, drought, salinity, temperatures etc. seems to

be predominated. However, the involvements of ZFP in heavy

metal stress are comparatively less than the other stresses.

Moreover, the consequences of radio-nucleotides exposure to

plants and the behaviour of ZFs will be an area of interest in

the near future, as there is hardly any article addressing this issue.

On the other hand, there is an ample scope to work on the effect of

HM on the yield of crops as associated with various zinc finger

protein. Another area of interest will be the documentation of the

role of ZFP when plants were exposed to multiple stresses in

different magnitudes. The information on the concept,

importance, and mechanisms of Zn-finger motifs during abiotic

stress response in plants will be helpful for the sustainability of

crop production in the modern era of the changing climate.
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Ghosh, D., Brahmachari, K., Skalický, M., Roy, D., Das, A., Sarkar, S., et al.
(2022b). The combination of organic and inorganic fertilizers influence the weed
growth, productivity and soil fertility of monsoon rice. PloS One 17 (1), e0262586.
doi: 10.1371/journal.pone.0262586

Gill, S. S., and Tuteja, N. (2010). Reactive oxygen species and antioxidant
machinery in abiotic stress tolerance in crop plants. Plant Physiol. Biochem. 48,
909–930. doi: 10.1016/j.plaphy.2010.08.016

Giri, J., Vij, S., Dansana, P. K., and Tyagi, A. K. (2011). Rice A20/AN1 zinc-
finger containing stress-associated proteins (SAP1/11) and a receptor-like
cytoplasmic kinase (OsRLCK253) interact via A20 zinc-finger and confer abiotic
stress tolerance in transgenic arabidopsis plants. New Phytol. 191 (3), 721–732.
doi: 10.1111/j.1469-8137.2011.03740.x

Guo, J., Bai, X., Dai, K., Yuan, X., Guo, P., Zhou, M., et al. (2021). Identification
of GATA transcription factors in Brachypodium distachyon and functional
characterization of BdGATA13 in drought tolerance and response to
gibberellins. Front. Plant Sci. 11, 2386. doi: 10.3389/fpls.2021.763665

Gupta, D. K., Nicoloso, F. T., Schetinger, M. R. C., Rossato, L. V., Pereira, L. B.,
Castro, G. Y., et al. (2009). Antioxidant defense mechanism in hydroponically
grown zea mays seedlings under moderate lead stress. J. Hazardous Materials 172
(1), 479–484. doi: 10.1016/j.jhazmat.2009.06.141

Gupta, P., Nutan, K. K., Singla-Pareek, S. L., and Pareek, A. (2017). Abiotic
stresses cause differential regulation of alternative splice forms of GATA
transcription factor in rice. Front. Plant Sci. 8, 1944. doi: 10.3389/fpls.2017.01944

Haider, F. U., Liqun, C., Coulter, J. A., Cheema, S. A., Wu, J., Zhang, R., et al.
(2021). Cadmium toxicity in plants: Impacts and remediation strategies. Ecotoxicol.
Environ. Safety. 211, 111887. doi: 10.1016/j.ecoenv.2020.111887

Haider, S., Raza, A., Iqbal, J., Shaukat, M., and Mahmood, T. (2022). Analyzing
the regulatory role of heat shock transcription factors in plant heat stress tolerance:
A brief appraisal. Mol. Biol. Rep. ;49 (6), 1–15. doi: 10.1007/s11033-022-07190-x

Han, G., Lu, C., Guo, J., Qiao, Z., Sui, N., Qiu, N., et al. (2020). C2H2 zinc finger
proteins: Master regulators of abiotic stress responses in plants. Front. Plant Sci. 11,
115. doi: 10.3389/fpls.2020.00115

Han, G., Qiao, Z., Li, Y., Wang, C., and Wang, B. (2021). The roles of CCCH
zinc-finger proteins in plant abiotic stress tolerance. Int. J. Mol. Sci. 22 (15), 8327.
doi: 10.3390/ijms22158327

Han, G., Wang, M., Yuan, F., Sui, N., Song, J., and Wang, B. (2014). The CCCH
zinc finger protein gene AtZFP1 improves salt resistance in arabidopsis thaliana.
Plant Mol. Biol. 86, 237–253. doi: 10.1007/s11103-014-0226-5

Harrison, M. D., Jones, C. E., Solioz, M., and Dameron, C. T. (2000).
Intracellular copper routing: the role of chaperones. Trends Biochem. Sci. 25, 29–
32. doi: 10.1016/S0968-0004(99)01492-9

Hasanuzzaman, M., Bhuyan, M. H. M. B., Anee, T. I., Parvin, K., Nahar, K.,
Mahmud, J. A., et al. (2019). Regulation of ascorbate-glutathione pathway in
mitigating oxidative damage in plants under abiotic stress. Antioxidants 8 (9), 384.
doi: 10.3390/antiox8090384
Frontiers in Plant Science 18
50
Hasanuzzaman, M., Hossain, M. A., Silva, J. A., and Fujita, M. (2012). “Plant
response and tolerance to abiotic oxidative stress: Antioxidant defense is a key
factor,” in Crop stress and its management: Perspectives and strategies (Singapore:
Springer), 261–315.

Hassinen, V., Vallinkoski, V.-M., Issakainen, S., Tervahauta, A., Kärenlampi, S.,
and Servomaa, K. (2009). Correlation of foliar MT2b expression with cd and zn
concentrations in hybrid aspen (Populus tremula×tremuloides) grown in
contaminated soil. Environ. pollut. 157, 922–930. doi: 10.1016/j.envpol.2008.10.023

Hernandez, J. A., Jimenez, A., Mullineaux, P. M., and Sevilla, F. (2000).
Tolerance of pea (Pisum sativum l.) to long term salt stress is associated with
induction of antioxidant defenses. Plant Cell Environ. 23, 853–862. doi: 10.1046/
j.1365-3040.2000.00602.x

Hernández, L. E., Sobrino-Plata, J., Montero-Palmero, M. B., Carrasco-Gil, S.,
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Transcriptomics integrated with
widely targeted metabolomics
reveals the cold resistance
mechanism in Hevea brasiliensis

Changli Mao, Ling Li, Tian Yang, Mingchun Gui, Xiaoqin Li ,
Fengliang Zhang, Qi Zhao and Yu Wu*

The Center of Molecular Biology, Yunnan Institute of Tropical Crops, Xishuangbanna, China
The rubber tree is the primary source of natural rubber and is mainly cultivated

in Southeast Asian countries. Low temperature is the major abiotic stress

affecting the yield of the rubber tree. Therefore, uncovering the cold

resistance mechanism in the rubber tree is necessary. The present study

used RNA-sequencing technology and ultra-performance liquid

chromatography-tandem mass spectrometry (UPLC-MS/MS) to analyze the

transcriptomic and metabolomic changes in two rubber tree clones with

different cold resistance capacities (temperature-sensitive Reyan 8-79 and

cold-resistant Yunyan 77-4) at 0 h, 2 h, 6 h, and 20 h of exposure to 4°C.

Independent analysis of the transcriptome and metabolitome showed that

under prolonged low-temperature treatment, Yunyan 77-4 expressed more

genes involved in regulating enzyme activity, changing cell permeability, and

synthesizing significant metabolites, such as flavonoids and amino acids, than

Reyan 8-79. The KEGG annotation and enrichment analysis identified arginine

metabolism and biosynthesis of flavonoids as the major pathway associated

with cold resistance. Integrated transcriptome and metabolome analysis

showed that the increase in the expression of genes modulated flavonoid

biosynthesis, arginine biosynthesis, and anthocyanins biosynthesis, resulting in

higher levels of metabolites, such as naringenin chalcone, apigenin,

dihydroquercetin, cyanidin 3-glucoside, L-arginosuccinate, N-acetyl-

ornithine, ornithine, and N-acetyl-glutamate, in Yunyan 77-4 than in Reyan

8-79 after prolonged low-temperature treatment. Phylogenetic analysis

identified the genes, such as CHS (gene356) and F3H (gene33147) of

flavonoid biosynthesis and NAGS (gene16028, gene33765), ArgC (gene2487),

and ASS (gene6161) of arginine biosynthesis were the key genes involved in the

cold resistant of rubber tree. Thus, the present study provides novel insights

into how rubber clones resist cold and is a valuable reference for cold-

resistance breeding.
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multi-omics analysis, transcriptomics, metabolomics, cold-resistance, rubber tree
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Introduction

The rubber tree (Hevea brasiliensis Muell. Arg. 2n = 36), a

typical tropical tree from the Amazon Basin, is the primary

source of natural rubber. It is mainly grown in the warm, humid

rain forests within 0–5°C latitude near the equator and is well

adapted to the humid tropics between 10°C south and 10°C

north of the equator (Vinod et al., 2010). Natural rubber

obtained from H. brasiliensis has strong elasticity and

toughness and is used to make products such as shoes, tires,

and medical equipment (Gronover et al., 2011; Priyadarshan,

2011). During the late 1970s, rubber trees were planted in the

Southeast Asian non-traditional rubber planting areas of, such as

northeast India, the highlands, and coastal regions of Vietnam

and southern China (2009; Raj et al., 2005).

In non-traditional rubber planting areas, abiotic stresses

affect the growth and production of rubber. Among the

various abiotic stresses, low temperature is a key limiting

factor for Hevea, a temperature-sensitive plant. Typically, a

rubber tree that faces one or more cold advection for more

than 20 days in winter suffers cold damage characterized by leaf

fall, dead branches, and bark blasting (Wang et al., 2012; Chen

et al., 2013a). Subsequently, the tree will undergo a series of

physiological and biochemical dysfunctions, such as changes in

the cell structure, protoplasm colloidal properties, water status,

cell osmotic pressure, photosynthesis, respiration, substance

metabolism, and protective enzymes (Lin and Yang, 1994; Mai

et al., 2009; Wang, 2010; Wang et al., 2012; Tian et al., 2016).

Moreover, research has proven that temperatures below 15°C

significantly delay seed germination and decrease the

germination rate of rubber (Yan and Cao, 2009). At

temperatures below 5°C, rubber tree displays branch and stem

exsiccation, which affects plant growth (Mo et al., 2009). Thus,

low temperatures reduce rubber yield by 8% to 40%, depending

on clones (Roy et al., 2003).

Several abiotic factors, such as low/high temperatures,

drought, and salinity, limit plant productivity. These abiotic

stresses, especially chilling,affect model transduction,

transcriptional processing, translation, and post-translational

protein modification, resulting in different metabolites

(Rodrıǵuez et al., 2005; Zhang et al., 2022a). Researchers have

elucidated the regulatory network of many species under cold

stress (Sonna et al., 2002; Shinozaki et al., 2003). Currently, the

CBF (C-repeat binding factor) genetic network, known to

regulate cold acclimation of Arabidopsis thaliana, is one of the

well-established pathways associated with cold stress response

(Cook et al., 2004). CBFs, the cryogenic signaling transcription

factors, interact with the phytochrome-interacting transcription

factor PIF3, stabilize the red light and temperature receptor

phyB and finally enhance freezing resistance (Jiang et al., 2020).

Studies based on the transcriptome, metabolome, and proteome

analyses have identified numerous cold-responsive genes from

Momordica charantia (Niu et al., 2020), Oryza sativa (Chen
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et al., 2003; Maruyama et al., 2014; Pan et al., 2020), Prunus

mume (Zhuo et al., 2018), and various other species (Rezaie

et al., 2020; Bu et al., 2021; Li et al., 2022a; Wang et al., 2022).

Moreover, research has found significant enrichment of genes

involved in phosphorylation, membrane and protein kinase

activity, photosynthesis, photoreception, photoreaction, and

beta-trehalose-phosphate synthase in Lanzhou lily (Lilium

davidii) under cold stress (Tian et al., 2020). Recent studies

based on multi-omics revealed the cold resistance mechanism of

Triticum aestivum (Lu et al., 2020), Cinnamomum cassia (Li

et al., 2021), Cryptomeria fortunei (Zhang et al., 2022b), and

various other species (Zhao et al., 2019; Xu et al., 2020),

providing a deeper understanding of the genetic response of

plants under low-temperature stress.

Most of these earlier studies on low-temperature stress

response focused on species with robust tolerance. Only a few

studies have been carried out on tropical plants, such as the

rubber tree. Recently, a few cold-resistance genes, HbCBF2 and

HbICEs, were cloned from the rubber tree, and the expression

levels of HbICEs were found to be significantly higher in cold-

resistant rubber clones than in cold-sensitive ones (Cai et al.,

2008; Quan et al., 2017; Li et al., 2022b). With the rapid

development of sequencing technology and the completion of

whole-genome sequencing, transcriptomics has been used to

analyze the cold resistance mechanism of the rubber tree.

Transcriptome analysis identified numerous regulators of the

cold stress response in rubber tree, including M-type MADS,

MYB (v-myb avian myeloblastosis viral oncogene homolog),

MYB-related, and NAC (NAM, ATAF1/ATAF2, and CUC2)

(Gong et al., 2018). Meanwhile, a comparative analysis of the

transcriptome of two clones with different cold resistance

capacities revealed that phytohormone signaling, heat shock

modules, and reactive oxygen species (ROS) scavengers

mediate cold tolerance in the rubber tree (Deng et al., 2018).

Studies have also identified the early gene expression profile

contributing to cold resistance (Cheng et al., 2018) and the

differences in the response strategies among germplasms under

low-temperature treatment (Mantello et al., 2019). These reports

showed a rapid and intensive response at gene expression levels

in the cold-resistance rubber clones than in the cold-sensitive

ones. Moreover, coexpression network analysis indicated that

the general reaction of rubber trees to short-term cold exposure

involves downregulation of gibberellin (GA) signaling, complex

regulation of jasmonic acid (JA) signaling, increase in

programmed cell death (PCD), and upregulation of ethylene

response factor genes (Da et al., 2021). However, most reports on

rubber are based on transcriptome analysis, and studies on the

metabolite differences are rare. Multi-omics approaches showed

differences in gene expression and metabolite levels between

tobacco cultivars with different tolerance levels (Jin et al., 2017)

and proved the significance of ABA/JA signaling and proline

biosynthesis in wheat’s cold tolerance (Zhao et al., 2019).

Although the cold resistance genes of rubber trees have been
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cloned, and the cold resistance mechanism has been analyzed

based on the transcriptome, the tolerance mechanism based on a

multi-omics approach has not been reported.

Therefore, the present study analyzed the transcriptome and

the metabolome of two Hevea clones with different cold

resistance capacities to characterize the differential genes and

metabolites associated with the cold stress response. This study,

based on the integration and interpretation of transcriptome and

metabolome data sets, will improve our knowledge of the

metabolic changes caused by transcriptional regulation after

cold stress and reveal the main regulatory genes. We believe

the present study’s findings will propose novel candidates for

cold resistance breeding in Hevea.
Materials and methods

Plant materials and
low-temperature treatment

The bud-grafted plants of the rubber tree clones, namely

Yunyan 77-4 (Triploid, cold-resistant clone) (Li, 2005; Li et al.,

2009) and Reyan 8-79 (cold-sensitive clone), were used in this

study. The seedlings were cultivated in the rubber tree breeding

nursery of Yunnan Institute of Tropical Crops, Yunnan, China,

and the one-year-old plants were subjected to low-temperature

treatment in an artificial box precooled from room temperature to

28°C and 4°C at a cooling rate of 4°C/h. The plants were exposed

to continuous low-temperature treatment (4°C) for 2, 6, and 20 h

under a 12 h/12 h dark/light cycle, 10,000 lx light intensity, and

75% relative humidity; plants grown at room temperature were

used as the control (0 h). We collected twenty-four treatment

samples (leaves), including Y0H, Y2H, Y6H, and Y20H from

Yunyan 77-4 and R0H, R2H, R6H, and R20H from Reyan 8-79 at

0, 2, 6, and 20 h after exposure to cold stress, maintaining three

biological replicates per treatment; Y0H and R0H were used as the

control samples (28°C, 0 h). Nine seedlings per clone were treated,

of which three formed a replicate. At each treatment time point,

the middle leaflet was collected from the second strata, the veins

were removed, and the leaves were cut into 1 cm × 1 cm pieces;

these pieces were mixed and divided into three parts for RNA-Seq,

metabolite analysis, and quantitative real-time polymerase chain

reaction (qRT-PCR). The leaf samples were frozen in liquid

nitrogen immediately after collection and stored in an ultra-low

temperature (-80°C) freezer.
Transcriptome analysis

RNA extraction, quantification, and sequencing
Total RNA was extracted from the 24 samples using TRIzol

reagent (Invitrogen, Carlsbad, USA) according to the

manufacturer’s instructions, followed by poly(A) mRNA
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enrichment with the oligo (dT) magnetic beads and

fragmentation with the fragmentation buffer. The first-strand

cDNA was synthesized from this fragmented mRNA (template)

using random hexamers, followed by second-strand synthesis

using dNTPs, RNase H, and DNA polymerase I. The short,

double-stranded cDNA was purified with AMPure XP beads and

subjected to end repair; then, an A-tail was added, and a

sequencing adaptor was connected, followed by fragment size

selection with AMPure XP beads. Finally, the cDNA libraries

were obtained by PCR enrichment. Before sequencing, the

quality of the cDNA library was assessed using Agilent 2100

Bioanalyzer (Agilent Technologies, Inc. Waldbronn, Germany),

and the concentration was measured using a Qubit 2.0

fluorometer (Life Technologies, Carlsbad, CA, USA).

Transcriptome sequencing was performed on an Illumina

NovaSeq6000 platform (Illumina, San Diego, CA, United

States). The Beijing Biomarker Biotechnology Co., Ltd (Beijing,

China) performed RNA sequencing and transcriptome assembly

for the 24 libraries (eight leaf samples with three replicates each).
Data analysis
The adaptor sequences, ambiguous reads with unknown

nucleotides > 5%, or low-quality sequences withQ20 < 20%

(percentage of sequences with sequencing error rates < 1%) were

removed from the RNA-seq raw data by a perl script. The high-

quality reads were mapped to the rubber tree (Hevea brasiliensis)

genome (the assembly number: ASM1045892v1, https://www.

ncbi.nlm.nih.gov/data-hub/genome/GCA_010458925.1/) using

Tophat2.0.8 software under the below parameter: “read-

realign-edit-dist” was set to “0”, and the remaining parameters

used the default values (Kim et al., 2013). Fragments per kilobase

of transcript per million mapped fragments (FPKM) were used

as an index to measure the gene expression levels based on the

RNA-seq data. The differentially expressed genes (DEGs)

between the two rubber tree clones at the three stages of cold

treatment were analyzed using the DESeq2 (an online analysis

tool in the OmicShare cloud platform, https://www.omicshare.

com/tools/Home/Soft/diffanalysis); genes with a fold change ≥ 2

and a false discovery rate (FDR) < 0.01 were defined as

differentially expressed. Here, the FDR was obtained by

correcting the differential significance p-value based on the

multiple hypothesis test and the Benjamini-Hochberg method.

Further, gene clustering, KEGG (Kyoto Encyclopedia of Genes

and Genomes) and KO (KEGG Orthology) (Kanehisa et al.,

2016) functional annotation, and enrichment analysis were

performed for these DEGs using the OmicShare cloud

platform (https://www.omicshare.com/tools/).
Quantitative real-time polymerase
chain reaction

Eight DEGs were selected for qRT-PCR validation of the

RNA-seq data using three technical replicates per sample. The
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qRT-PCR was performed on a LightCycler480 fluorescence

quantitative PCR instrument (Rotkreuz, Switzerland) using the

rubber actin gene (Primer sequence5 ’-3 ’ : Forward-

CAAGGGTGAATACGATGAGTCTG, Reverse-GCCTCTCA

CTAGCAGCCATAAC) as the internal reference. The qRT-

PCR primers were designed with the Primer Premier5.0

software (Supplementary Table 1), and the relative gene

expression levels were calculated following the 2−DDCT method

(Livak and Schmittgen, 2001).
Metabolomic analysis

Sample preparation and metabolite extraction
The leaf samples were freeze-dried in a lyophilizer (Scientz-

100, Ningbo Scientz Biotechnology Co. Ltd., Ningbo, Zhejiang,

China) and crushed in a blender (MM 400, Retsch) at 30 Hz for

1.5 min. Approximately 100 mg of the powder was dissolved in

1.2 mL of 70% methanol, vortexed every 30 min for 30 s, six

times, and stored overnight in a refrigerator (4°C). The following

day, the extract was centrifuged at 12,000 rpm for 10 min, and

the supernatant was filtered through a microporous filter

membrane (0.22 mm) into a sample vial. The metabolites in

each sample extract were then analyzed using ultra-performance

liquid chromatography-tandem mass spectrometry (UPLC-

MS/MS).
Metabolite detection and qualitative and
quantitative analyses

Widely targeted metabolomic analysis based on UPLC-MS/MS

was performed at the Metware Biotechnology Co., Ltd. (Wuhan,

Hubei, China). An AB Sciex high-resolution according to their

standard procedure as follow: the widely targeted metabolomics

uses high-resolution mass spectrometry AB sciex TripleTOF660 for

qualitative detection of mixed samples, and then uses AB sciex4500

QTRAP for quantification, the operation parameters were as

follows: ion source, turbo spray; source temperature 550°C; ion

spray voltage (IS) 5500 V (positive ion mode)/-4500 V (negative ion

mode); ion source gas I (GSI), gas II (GSII), curtain gas (CUR) were

set at 50, 60, and 25.0 psi, respectively; the collision-activated

dissociation (CAD) was high. Using multiple reaction monitoring

(MRM), high-resolution mass spectrometry for accurate qualitative,

triple quadrupole mass spectrometry with high sensitivity, high

specificity and excellent quantitation capabilities as a

complementary tool. Identification was conducted by match of

mass spectrum to reference library MetWare database (MWDB)

(Chen et al., 2013b) based on the accurate mass, secondary (MS2)

fragments, isotope distribution, and retention time (RT). Here, both

of MS tolerance and MS2 tolerance were set to 20 ppm, and the RT

offset to a maximum of 0.2 minutes. A quality control (QC) sample

was analyzed after every tenth test sample to ensure the

reproducibility of the analysis.
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Metabolite data analysis
The orthogonal partial least squares discriminant analysis

(OPLS-DA) and principal component analysis (PCA) were

carried out on all the samples to identify the putative

biomarkers after data normalization. Finally, the metabolites

with variable importance in projection (VIP) ≥ 1 and fold

change ≥ 2 or ≤ 0.5 were defined as the differentially

accumulated metabolites (DAMs).
Integrated analysis of metabolomic and
transcriptomic data

The transcriptome and metabolome were normalized to

investigate the relationship between the changes in the genes and

the metabolites of rubber tree clones with different cold resistance

capacities. Further, a PCA was performed on the transcriptome and

metabolome to visualize the differences in the transcriptome and

metabolome between the sample groups. Then, all differential genes

and metabolites were simultaneously mapped to the KEGG

database to identify the significant pathways associated with both

DEGs and DAMs. Pearson correlation coefficients (PCC) were

calculated for the DEGs and DAMs of each group, and the

metabolites and genes with 0.8 ≤ PCC ≤ -0.8 were considered

significantly correlated. Then, the PCC values were ranked to screen

the strongly correlated genes and metabolites under different

treatments and confirm the key regulatory genes and metabolites

of the rubber tree clones responsible for low-temperature resistance.

PCA and KEGG pathway enrichment were conducted on the

Omicshare analysis cloud platform (https://www.omicshare.com/

tools/). The phylogenetic analysis was performed following the

maximum like l ihood (ML) method in MEGA 7.0

(Felsenstein, 1978).
Results

Transcriptome analysis of rubber
tree clones with different cold
resistance capacities

Approximately 41.24−64.27 M 100 bp pair-end, high-quality

sequences were obtained from the raw RNA-seq data after quality

control (QC) (Supplementary Table 2). About 73.33% to 89.22% of

the clean reads aligned to unique locations on the rubber tree

reference genome and 5.31% to 13.2% to multiple locations

(Supplementary Table 2). The gene expression density diagram

for the rubber samples at different durations after cold exposure

indicated similar trends in gene abundance and gene expression

density. Moreover, the log FPKM values were concentrated in the

[-2, 2] interval for all transcripts of the samples (Figure 1). The

correlation heatmap (Supplementary Figure 1A) and PCA plot

(Supplementary Figure 1B) showed similarities among replicates of
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the same sample and apparent differences among the different cold-

resistance rubber tree clones, indicating the reliability of the data.
DEGs identification and verification

A total of 7330 DEGs were identified between Reyan 8-79 and

Yunyan 77-4 after 2 h, 6 h, and 20 h of exposure to cold

temperature (Figure 2A); 872 DEGs were common to both clones

and three treatment durations. The numbers of DEGs of the
Frontiers in Plant Science 05
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different groups are listed in Table 1. Detailed examination of the

data revealed that for the Reyan 8-79 vs. Yunyan 77-4 comparisons,

the downregulated genes were more than the upregulated genes at

0 h and 2 h, while the upregulated genes were more at 6 h and 20 h.

Subsequent gene ontology (GO) analysis indicated that the

terms “catalytic activity” and “binding” were prominent in the

“molecular function” ontology, “cell” and “cell part” in the “cellular

component” ontology, and “metabolic process” and “cellular

process” in the “biological process” ontology (Supplementary

Figures 2A–D). The KEGG pathway enriched by the DEGs were
A

B

FIGURE 1

The gene expression density diagram and the violin plot for the transcripts of the rubber tree samples. (A) Gene expression density diagram.
Comparison of FPKM density distribution. The curves in different colors represent different samples; the abscissa indicates the log value of the
FPKM and the ordinate indicates the probability density. (B) Violin plot. The upper and lower ends of the lines represent the maximum and
minimum of non-outliers; the upper and lower edges of the rectangles represent the third and first quartiles of the data; the center dot
represents the median of the data.
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“Plant-pathogen interaction”, “Starch and sucrose metabolism”,

“Carbon metabolism”, “Plant hormone signal transduction”, and

“Biosynthesis of amino acid” (Supplementary Figures 2E–H). The

“Glycolysis/Gluconeogenesis” pathway was enriched at 0 h, whereas

the “Biosynthesis of amino acids”, “Carbon metabolism”,

“Glycolysis/Gluconeogenesis”, and “Terpenoid backbone

biosynthesis” pathways were enriched at 6 h. Meanwhile, only the

“ Biosynthesis of amino acids” pathway was significantly enriched at

20 h (Figures 2B–E).
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Metabolites of the rubber tree clones
with different cold resistance capacities

Furthermore, we performed a UPLC-MS/MS-based widely

targeted metabolome analysis to identify the DAMs of the

rubber tree clones under low-temperature treatment. The

metabolites were qualitatively and quantitatively analyzed

using MWDB and MRM, respectively. The total ions current

(TIC) of the QC sample and the multimodal detection map in
A

B

D E

C

FIGURE 2

Statistics and KEGG enrichment analysis of DEGs. (A) Venn diagram of DEGs between Reyan 8-79 and Yunyan 77-4. KEGG enrichment of DEGs
of (B) R0H_vs_Y0H, (C) R2H_vs_Y2H, (D) R6H_vs_Y6H, and (E) R20H_vs_Y20H comparisons. The horizontal coordinate indicates the Rich
factor of each pathway (Rich factor was calculated as the ratio of the number of differentially expressed genes annotated in a pathway to the
number of all genes annotated in this pathway), and the vertical coordinate is the pathway’s name. The dot color represents the p-value; the
redder it is, the more significant the enrichment. The size of the dots represents the number of differential metabolites enriched in the pathway.
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MRM indicated similar RTs and peak intensities between

samples, while the MS occurrence varied among the time

points. Analysis of the TIC plots of the MS detection test and

the various QC samples showed high overlap in the TIC

metabolite detection curve (Supplementary Figures 3A, B). All

the substances detected in the samples are shown on the

multinodal map. The present study identified 846 metabolites

from the samples, including a large proportion of “Flavonoids”,

“Amino acids and derivatives”, “Others”, and “Lipids”

(Figure 3A). PCA for all samples, including the QC sample,

showed large differences between groups and less variability

within groups (Figure 3B). Meanwhile, the OPLS-DA showed

large differences between the two clones under the same

treatment period. The validation of the OPLS-DA model

showed that the p-value was less than 0.005 in all groups

(R0H vs. Y0H, R2H vs. Y2H, R6H vs. Y6H, and R20H vs.

Y20H), indicating the reliability of the OPLS-DA model is

reliable (Supplementary Figures 3C–F).
DAM identification and verification

Further, to assess the metabolic differences and group the

samples, the OPLS-DA was performed. In the OPLS-DA, Q2 > 0.9

indicates an excellent predictive ability (Chung et al., 2019). The

permutation tests for the OPLS-DA model yielded Q2 and R2X

ranging from 0.818−0.936 and 0.659–0.691, respectively, with a p-

value < 0.05 (Supplementary Figures 3C–F), indicating that the

model fitted well and have good predictive ability, and the groups

were separated well. The study identified 180 (155 upregulated

and 25 downregulated), 127 (97 and 30), 166 (113 and 53), and

213 (176 and 37) DAMs from the R0H vs. Y0H, R2H vs.Y2H,

R6H vs. Y6H, and R20H vs. Y20H pairwise comparisons,

respectively (Table 1), based on the OPLS-DA results and the

screening criteria (VIP ≥ 1; fold change ≥ 2 and ≤ 0.5)

(Supplementary Table 3). Of these, 180 metabolites were

common to all groups. The DAMs showed obvious differences

between Yunyan 77-4 and Reyan 8-79. Interestingly, the DAMs

associated with cold resistance in other species, such as glucose

and putrescine, were not accumulated in the rubber tree; however,
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flavonoids, lipids, and amino acids exhibited huge differences

between the rubber tree clones with different cold resistance

capacities. Moreover, the content of flavonoids in the cold-

resistant clone Yunyan 77-4 was higher than that in the cold-

sensitive clone Reyan 8-79 at room temperature and 4°C; the

content of amino acids in Yunyan 77-4 was also higher than that

in Reyan 8-79 at room temperature and after 4°C exposure for 2 h.

Meanwhile, after 6 h of exposure to 4°C, the content of amino

acids in Yunyan 77-4 was lower than that in Reyan 8-79, and after

20 h, the amino acid content was almost the same in both the

clones. The lipids were higher in Yunyan 77-4 than in Reyan 8-79

at room temperature, but higher in Reyan 8-79 than in Yunyan

77-4 at 4°C after 2 h and 6 h of exposure. However, the difference

between these clones was not obvious at room temperature after

20 h. Heatmap analysis of the DAMs showed that the flavonoid

terms “Dihydroflavonol” and “Biflavones” in Yunyan 77-4 vs.

Reyan 8-79 groups increased with prolonged exposure to low

temperature (Supplementary Figure 4, Supplementary Table 4).

Further KEGG analysis showed that the DAMs enriched the

“Metabolic pathway”, “Flavonoid biosynthesis”, “Biosynthesis of

secondary metabolites”, “Arginine and proline metabolism”, and

“Anthocyanin biosynthesis” classes (Supplementary Figure 5A).

Among these, the DAMs in Yunyan 77-4 vs. Reyan 8-79 at all

treatment duration enriched the “Anthocyanin biosynthesis”

pathway; the DAMs of R0H vs. Y0H and R2H vs. Y2H

enriched the “Flavone and flavonol biosynthesis”, and the

DAMs of R20H vs. Y20H enriched the “Isoflavonoid

biosynthesis”. Meanwhile, the “Arginine and proline

metabolism” pathway was the most important pathway in all

groups (Supplementary Figure 5B). We also performed the

enrichment analysis for the upregulated and downregulated

DAMs separately. The downregulated DAMs enriched the

“Phenylpropanoid biosynthesis” at 0 h and 2 h of exposure to

low temperature, the “Tropane, piperidine, and pyridine alkaloid

biosynthesis”; “Biosynthesis of various plant secondary

metabolites”; “Arginine biosynthesis”; “Phenylalanine, tyrosine,

and tryptophan biosynthesis”; “Phenylpropanoid biosynthesis” at

6 h, and the “Purine metabolism” at 20 h. Meanwhile, the

upregulated DAMs enriched the “Biosynthesis of flavonoid”

term at all treatment durations (Supplementary Figure 6).
TABLE 1 Summary of the differentially expressed genes and differentially accumulated metabolites.

Group DEGs Upregulated
DEGs

Downregulated
DEGs

DAMs Upregulated
DAMs

Downregulated
DAMs

R0H_vs_Y0H 2828 1440 1388 180 155 25

R2H_vs_Y2H 3439 1490 1949 127 97 30

R6H_vs_Y6H 3586 2040 1546 166 113 53

R20H_vs_Y20H 2880 1627 1253 213 176 37
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Integrated analysis of the transcriptomic
and metabolomic data reveals the cold
resistance mechanism of rubber tree

We then integrated the transcriptome and metabolome data

sets to understand themechanisms underlying cold resistance in the

rubber tree. The PCA of transcriptome and metabolome showed

that Y20H accounted for the first principal component, and the two

clones at room temperature (0 h) accounted for most of the second

principal component. Then, the DEGs and DAMs were

simultaneously mapped to the KEGG pathway map to assess the

relationship between genes and metabolites better. The KEGG

enrichment and pathway analysis showed that the DAMs and
Frontiers in Plant Science 08
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DEGs enriched “Flavonoid biosynthesis”, “Biosynthesis of amino

acids”, and “Arginine and proline metabolism” pathways at 0 h;

“Anthocyanin biosynthesis” and “Arginine and proline

metabolism” were significantly enriched at 2 h. Interestingly,

“Flavonoid biosynthesis” was significantly enriched in addition to

“Amino acid biosynthesis” at 6 h and 20 h of exposure to 4°C

(Supplementary Figure 7A). Further, the heatmap based on the

PCC between DEGs and DAMs (0.8 ≤ PCC ≤ -0.8) showed that

flavonoids were the highest at all time points, followed by phenolic

acids, organic acids, tannins, and amino acids and derivatives

(Supplementary Figure 7B). Thus, the integrated analysis

identified flavonoids, arginine, and anthocyanins as the key

metabolites regulating cold resistance in the rubber tree.
A

B

FIGURE 3

Overall analysis of the metabolites. (A) All identified metabolites. (B) PCA plot of all samples, including the QC sample.
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Identification of the cold resistance
genes associated with the biosynthesis of
flavonoids, arginine, and anthocyanins

The enrichment analysis integrating DEGs and DAMs

revealed flavonoid biosynthesis, arginine biosynthesis, and

anthocyanin biosynthesis as the predominant metabolic

pathways related to cold resistance in rubber trees. Then, to

identify the key genes regulating these pathways under low

temperatures, a phylogenetic analysis was performed between

the genes that demonstrated a good correlation with

metabolites of the flavonoid and anthocyanin biosynthetic

pathway in this study and similar to the cold resistance genes

of the same pathway in Arabidopsis thaliana (Li et al., 2017).

The ML phylogenetic tree showed the highest similarity for

gene10192, gene21405, gene9468, and gene36729 of the rubber

tree with the cold-resistance genes ATUGT79B3, ATUGT79B2,

AtMYB75/PAP1, and ATDFR of A. thaliana (Figure 4A).

Further KEGG annotation and enrichment analysis

confirmed that gene27178, gene7125, gene28839, gene31599,

gene356, and gene05278 participated in the biosynthesis and

metabolism of rubber flavonoids. Integrated analysis of the

DEGs and DAMs with 0.8 ≤ PCC ≤ -0.8 data and related to

flavonoid biosynthesis and metabolism during cold resistance

in the rubber tree (Figure 4B) revealed that flavonoids,

anthocyanins, and flavones were biosynthesized from p-

coumaroyl-CoA through the action of chalcone synthase

(CHS) under cold stress in the resistant clone. Generally,

under low temperatures, among the intermediates of the

flavonoid pathway, apigenin and kaempferol are involved in

flavone and flavonol biosynthesis, while cyanidin is involved in

anthocyanin biosynthesis. The content of kaempferol and

cyanidin was lower in Yunyan 77-4 than in Reyan 8-79,

while that of apigenin was higher at room temperature or

low temperature. Additionally, heatmap clustering of the genes

(FPKM values) and metabolites (content) involved in

the cryogenic regulation of flavonoid biosynthesis and

anthocyanin biosynthesis showed differences in the

expression of flavonoid biosynthetic genes and the content

of flavonoids between the two rubber tree clones (Figure 4C).

Specifically, Yunyan 77-4 exhibited the highest content of

flavonoids and expression of flavonoid-related genes under

prolonged low-temperature treatment; however, the trend in

this relationship between the genes and metabolites was not

found in Reyan 8-79 (Figure 4C).

Similarly, to search for key genes involved in arginine

biosynthesis under low temperatures, we performed another

phylogenetic analysis using the arginine biosynthesis related-

genes annotated in this study and the arginine decarboxylase

(ADC) genes reported in A. thaliana (AtADC1: AT2G16500;

AtADC2: AT4G34710), Cucumis sativus (CuADC, Sequence ID:

NM_001308900.2), and Solanum lycopersicum (SlADC,
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Sequence ID: NM_001247720.2). The ML tree showed that

gene2487, gene33765, gene9849, gene6161, and gene2702 were

highly similar to the reported ADC genes of A. thaliana, C.

sativus, and S. lycopersicum (Figure 5A). The KEGG annotation

and enrichment analysis showed that these genes belonged to the

members of the Arg gene family, confirming their role in

arginine biosynthesis. The pathway in the rubber tree

elucidated based on these observation is demonstrated in

Figure 5B. In addition to the genes mentioned above,

gene16028, gene35888, and PB.8216 also participated in

arginine biosynthesis in the rubber tree. Additionally, the

heatmap showed a higher arginine content in Yunyan 77-4

than in Reyan 8-79 before cold exposure; however, almost an

opposite trend was observed in gene2487 and gene33765. These

genes displayed a higher expression level in Reyan 8-79 but did

not increase the content of the associated metabolites of arginine

biosynthesis, such as N-acetyl-glutamyl-P (Figure 5C), resulting

in a weak cold resistance of Reyan 8-79. Thus, our observation

suggested that the differences in the expression patterns of genes

involved in the biosynthesis of flavonoids and arginine led to

differences in the content of flavonoids, arginine, and their

intermediates, resulting in different cold resistance capacities

between the clones.
Quantitative real-time polymerase
chain reaction

Finally, qRT-PCR was performed to validate the RNA-Seq

data and confirm the expression levels of eight genes associated

with the arginine and flavonoid biosynthesis pathway in

different samples (Supplementary Table 4). The expression

patterns of these genes obtained by qRT-PCR showed good

consistency with the RNA-Seq results, indicating the reliability

of the transcriptome data (Figure 6).
Discussion

In the present study, the cold-resistance clone Yunyan77-4

and the cold-sensitive clone Reyan 8-79 were exposed to 4°C for

different durations, and the response was analyzed. The DEGs

identified between the two rubber tree clones based on

transcriptome sequencing mainly enriched the glycolysis/

gluconeogenesis pathway at room temperature and the

biosynthesis of amino acids at 6 h under low temperature.

These observations indicated that Yunyan 77-4 expressed

more genes under prolonged low-temperature treatment than

Reyan 8-79. Meanwhile, KEGG analysis suggested that the

rubber tree responds to cold stress by regulating enzyme

activity, changing cell permeability, and synthesizing

significant metabolites. Subsequent metabolome analysis
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indicated that under prolonged treatment, the DAMs increased,

and Yunyan 77-4 had higher metabolite content than Reyan 8-

79. Arginine biosynthesis and flavonoid and anthocyanin

biosyntheses were significantly enriched at 0 h and 2 h in

Yunyan 77-4; however, enrichment of arginine biosynthesis

reduced at 6 h and 20 h, while the biosynthesis of flavonoids
Frontiers in Plant Science 10
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and anthocyanins remained significantly enriched. In addition,

97 (93 upregulated and 3 downregulated), 63 (57 and 5), 74 (68

and 5), and 123 (117 and 5) flavonoids were found differentially

accumulated in Reyan 8-79 compared with Yunyan 77-4 at 0 h,

2 h, 6 h, and 20 h, respectively. The cold-resistant clone Yunyan

77-4 had a higher content of flavonoids than the cold-sensitive
A

B

C

FIGURE 4

Metabolites and genes involved in flavonoid biosynthesis and anthocyanin biosynthesis. (A) Maximum likelihood phylogenetic tree of the key
genes of the flavonoid and anthocyanin biosynthetic pathways. The colored blocks highlight the relationship between genes involved in
flavonoid, anthocyanin, and flavone biosyntheses identified in this study and the genes of the same pathway in Arabidopsis thaliana.
(B) Flavonoid biosynthetic mechanisms associated with cold resistance in the rubber tree. The green dashed box represents anthocyanin
biosynthesis, the orange dashed box represents flavonoid biosynthesis, and the pink dashed box represents flavone and flavonol biosynthesis.
Ellipses in the same color represent the same pathway, and the names in parentheses beginning with the term “gene” are the IDs of the genes
annotated in this study. (C) The heatmap of metabolites and genes involved in flavonoid biosynthesis, anthocyanin biosynthesis, and flavone
biosynthesis based on the FPKM of key genes and the content of metabolites.
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Reyan 8-79. As the treatment prolonged, the species and content

of flavonoids in the cold-resistant clone increased and attained

more elevated levels than in the temperature-sensitive clone.

These observations indicate that the cold-resistant rubber tree

shows more robust gene expression than the temperature-

sensitive one for adjusting enzyme activity, changing cell

permeability, and synthesizing metabolites.

Integrated transcriptome and metabolome analysis revealed

significant enrichment of the arginine and proline metabolism

pathway at 2 h; however, the enrichment was reduced with
Frontiers in Plant Science 11
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prolonged treatment (6 h and 20 h), while flavonoid biosynthesis

was enriched. The primary reason for this change in Yunyan 77-

4 is the upregulation in the genes encoding CHS, flavanone 3-

hydroxylase (F3H), and FDR involved in flavonoid biosynthesis,

and the high content of flavonoids, including naringenin,

chalcone, and dihydrokaempferol. Moreover, Yunyan 77-4

exhibited higher expression levels of genes involved in

flavonoid biosynthesis and accumulation of flavonoids and

anthocyanins than Reyan 8-79 after low-temperature exposure

for 6 h and 20 h. The arginine biosynthetic genes encoding N-
A

B

C

FIGURE 5

Metabolites and genes involved in arginine biosynthesis (A) Maximum likelihood phylogenetic tree of the key genes in arginine biosynthetic
pathway. The colored blocks highlight the relationship between genes involved in arginine biosynthesis identified in this study and the genes of
the same pathway in Arabidopsis thaliana, Cucumis sativus, and Solanum lycopersicum. (B) Arginine biosynthetic mechanisms associated with
cold resistance in the rubber tree. The name in parentheses beginning with the term “gene” are the IDs of the genes annotated in this study.
(C) The heatmap of metabolites and genes involved in arginine biosynthesis based on the FPKM of key genes and the content of metabolites.
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acetylglutamate synthase (NAGS, gene16028 in this study), N-

acetyl-gamma-glutamyl-phosphate reductase (ArgC, gene2487,

gene33765), and argininosuccinate synthase (Ass, gene2703,

gene6161, gene2702), and the metabolites L-arginosuccinate,

N-acetyl-ornithine, ornithine, and N-acetyl-glutamate were

significantly different between the two rubber tree clones

under low temperature. KEGG analysis indicated arginine

biosynthesis was significantly enriched only at 6 h in Yunyan

77-4. The NAGS gene and N-acetyl-glutamate regulated by this

gene were upregulated at 2 h, the ArgC gene and N-acetyl-

ornithine content were downregulated at 6 h and 20 h, and the

ASS gene was upregulated at all time points. Moreover, arginine
Frontiers in Plant Science 12
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content was consistently higher in Yunyan 77-4 than in Reyan 8-

79. Arginine, the primary form in which organic nitrogen is

stored and transported in plants, is a key precursor of polyamine

biosynthesis and plays an important role in growth,

development, and stress regulation (Winter et al., 2015).

Overexpression of NAGS in A. thaliana increased salt and

drought tolerance (Mary et al., 2009). Thus, the present

study’s results indicate that the resistant clone synthesizes

arginine and its precursors under the action of Arg genes,

providing better cold tolerance. In addition, the two clones

showed differences in glutamate and related genes and

ornithine. Therefore, we speculated that the treatment
FIGURE 6

qRT-PCR validation of the transcript levels of DEGs of the arginine and flavonoid biosynthetic pathway.
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duration obviously influenced arginine biosynthesis, and NAGS,

ArgC, and Ass genes were necessary for low-temperate response

in the rubber tree.

In plants, flavonoids participate in many processes

associated with biotic and abiotic stresses (Samanta et al.,

2011). Flavonoid content and type vary based on the

development phase and tissues (Makoi and Ndakidemi, 2011;

Choi et al., 2012). In this study, the continuous low-temperature

treatment upregulated the expression of flavonoid biosynthetic

genes and the accumulation of flavonoids and anthocyanins in

the rubber tree, consistent with the reports in other species, such

as grape and A. thaliana (Azuma et al., 2012; Nakabayashi et al.,

2014). After cold treatment for 6 h, the CHS and F3H genes were

upregulated in Yunyan 77-4. These two genes probably

promoted the accumulation of flavonoids, such as apigenin

and dihydroquercetin (Dao et al., 2011), the key substrates for

anthocyanin, flavone, and flavonol biosynthesis. The correlation

observed between the increased content and CHS and F3H

upregulation confirmed this hypothesis. Similarly, low

temperatures upregulated the CHS gene in barley (Hordeum

vulgare) and provided stress tolerance (Lee et al., 2019).

Moreover, other genes of this pathway (CYP75B1: gene27178;

FDR: gene28839; 3RT: gene9468) (Figure 4C) were upregulated

in the cold-resistant clone, and the content of the related

metabolites increased accordingly. Thus, the observations

indicate that the accumulation of flavonoids in the cold-

resistant rubber tree also contributed to their enhanced

cold resistance.
Conclusion

The study found that the variations in the level of flavonoids,

glutamate, and ornithine led to the difference in the cold resistance

capacity between Yunyan 77-4 and Reyan 8-79. The content of

flavonoids, especially the intermediates of anthocyanin

biosynthetic pathway, was higher in Yunyan 77-4 than in Reyan

8-79 at room temperature and low temperature. During the early

stage of cold stress, more glutamates were synthesized in the cold-

resistant rubber tree clone. With prolonged exposure, compounds

of the arginine biosynthetic pathway, such as L-arginosuccinate,

N-acetyl-ornithine, N-acetyl-glutamate, and ornithine, were

accumulated more in Yunyan 77-4 than in Reyan 8-79. The

study also found differences in the content of naringenin

chalcone, apigenin, dihydroquercetin, and cyanidin-3-glucoside

of flavonoid biosynthetic pathway between the two rubber tree

clones, with variations in the expression of the genes regulating

their biosyntheses. Thus, the study suggests that flavonoid

biosynthetic genes, such as CHS (gene356) and F3H
Frontiers in Plant Science 13
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(gene33147), and the arginine biosynthetic genes, including

NAGS (gene16028), ArgC (gene2487, gene33765), and Ass

(gene6161), play key roles in regulating cold resistance of the

rubber tree. However, the role of transcription factors, such as

CBF1 and MYB, in regulating these genes remains unclear. Thus,

the study provides an empirical basis for future investigations on

the molecular and biochemical mechanisms underlying cold

resistance in the rubber tree and the genes identified in present

study may be used as candidate to develop improved new cold-

resistant varieties.
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Drought stress in ‘Shine Muscat’
grapevine: Consequences and a
novel mitigation strategy–5-
aminolevulinic acid

Yuxian Yang1,2†, Jiaxin Xia1,2†, Xiang Fang2,3†, Haoran Jia1,2,
Xicheng Wang4, Yiling Lin1,2, Siyu Liu1,2, Mengqing Ge1,2,
Yunfeng Pu5, Jinggui Fang1,2* and Lingfei Shangguan1,2*

1College of Horticulture, Nanjing Agricultural University, Nanjing, Jiangsu, China, 2Fruit Crop Variety
Improvement and Seedling Propagation Engineering Research Center of Jiangsu Province, Nanjing,
Jiangsu, China, 3School of Agronomy and Horticulture, Jiangsu Vocational College of Agriculture and
Forestry, Jurong, Jiangsu, China, 4Institute of Pomology, Jiangsu Academy of Agricultural Sciences,
Nanjing, Jiangsu, China, 5College of Life Sciences, Tarim University, Alar, Xinjiang, China
Drought is a common and serious abiotic stress in viticulture, and it is urgent to

select effective measures to alleviate it. The new plant growth regulator 5-

aminolevulinic acid (ALA) has been utilized to alleviate abiotic stresses in

agriculture in recent years, which provided a novel idea to mitigate drought

stress in viticulture. The leaves of ‘Shine Muscat’ grapevine (Vitis vinifera L.)

seedlings were treated with drought (Dro), drought plus 5-aminolevulinic acid

(ALA, 50 mg/L) (Dro_ALA) and normal watering (Control) to clarify the regulatory

network used by ALA to alleviate drought stress in grapevine. Physiological

indicators showed that ALA could effectively reduce the accumulation of

malondialdehyde (MDA) and increase the activities of peroxidase (POD) and

superoxide dismutase (SOD) in grapevine leaves under drought stress. At the end

of treatment (day 16), the MDA content in Dro_ALA was reduced by 27.63%

compared with that in Dro, while the activities of POD and SOD reached 2.97-

and 5.09-fold of those in Dro, respectively. Furthermore, ALA reduces abscisic

acid by upregulating CYP707A1, thus, relieving the closure of stomata under

drought. The chlorophyll metabolic pathway and photosynthetic system are the

major pathways affected by ALA to alleviate drought. Changes in the genes of

chlorophyll synthesis, including CHLH, CHLD, POR, and DVR; genes related to

degradation, such as CLH, SGR, PPH and PAO; the RCA gene that is related to

Rubisco; and the genes AGT1 and GDCSP related to photorespiration form the

basis of these pathways. In addition, the antioxidant system and osmotic

regulation play important roles that enable ALA to maintain cell homeostasis

under drought. The reduction of glutathione, ascorbic acid and betaine after the

application of ALA confirmed the alleviation of drought. In summary, this study

revealed the mechanism of effects of drought stress on grapevine, and the

alleviating effect of ALA, which provides a new concept to alleviate drought stress

in grapevine and other plants.
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1 Introduction

With the intensification of global warming, the occurrence of

drought stress will be more frequent, which will exacerbate

problems with agricultural cultivation (Chaves et al., 2010).

Drought seriously affects plant growth and development and

reduces the growth rate of crops. This is primarily because

drought affects the leaf size, stem elongation and root

proliferation, stomatal movement, and water and nutrient

relations of plants (Farooq et al., 2012). Under conditions of

water shortage, plant leaves wither, and the edges turn yellow,

which inhibits leaf development (Fanizza and Ricciardi, 2015).

Furthermore, drought can result in the destruction of chloroplasts

and photosynthetic machinery, which leads to a reduction in the

content of chlorophyll and a significant decrease in the efficiency of

plant photosynthesis (Cornic and Massacci, 1996; Reddy et al.,

2004; Farooq et al., 2009; Zargar et al., 2017). The reduction in

photosynthesis primarily occurs owing to stomatal or non-stomatal

factors (Bota et al., 2004; Zhou et al., 2007). Moreover, drought will

cause oxidative stress in plants from the cellular level, the closure of

stomata, and the inhibition of photosynthetic electron transport

chain, which results in the overproduction of reactive oxygen

species (ROS) (Moran et al. , 1994; Sade et al. , 2011;

Hasanuzzaman et al., 2013). Plants have evolved efficient

mechanisms to adapt to drought. Stomatal closure is the first

reaction to reduce transpiration under drought, which is

primarily maintained by the accumulation of phytohormones,

such as ABA (Pirasteh-Anosheh et al., 2016). Antioxidant and

scavenging defense systems are the important bases of drought

tolerance. The activities of enzymatic components, such as

superoxide dismutase (SOD) and peroxidase (POD), as well as

the contents of non-enzymatic components, such as glutathione

(GSH), ascorbate (AsA) and a-tocopherol will change in response

to oxidative stress under drought (Terzi and Kadioglu, 2006; Laxa

et al., 2019). Moreover, osmotic accumulation (OA) is also a key

mechanism of drought tolerance in plants, which involves the

accumulation of organic solutes, such as proline, betaine (N, N,

N-trimethyl glycine), soluble sugars, and sugar alcohols, and a series

of inorganic salt ions, such as Ca2+, K+ and Cl-, to reduce the cell

osmotic potential and maintain water relationship (Serraj and

Sinclair, 2002; Fang and Xiong, 2015). Together, these

mechanisms provide drought tolerance to plants.

Various exogenous applications of substances have been

proposed to mitigate drought, which is the most common and

harmful abiotic stress. For example, the combined application of 24-

epibrassinolide and spermine alleviates drought-induced oxidative

stress in maize (Zea mays L.) (Talaat et al., 2015). The application of

melatonin can improve the drought tolerance of loquat (Eriobotrya

japonica L.) seedlings (Wang et al., 2021a). The exogenous

application of betaine and potassium fertilizer can improve water

relationship and the yield of wheat (Triticum aestivum L.) under

drought conditions (Raza et al., 2014). The application of exogenous

glycine betaine and salicylic acid can improve the water relationship

of hybrid sunflower (Helianthus) under conditions of water

shortage (Hussain et al., 2009). As a non-toxic endogenous plant
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growth regulator, 5-aminolevulinic acid (ALA) has a substantial

potential to alleviate abiotic stress on plants. Studies have shown

that ALA can improve photosynthesis, photosystem efficiency, and

the antioxidant capacity of plants (Memon et al., 2009). ALA also

has the potential to alleviate some common abiotic stresses in

plants, including salinity, temperature, and drought stresses

(Hodgins and Van Huystee, 1986; Watanabe et al., 2000; Phung

et al., 2011; Zhang et al., 2012). However, most of these studies

focused on physiological aspects, and the exact mechanism of action

of ALA’s mitigating effect still needs to be fully elucidated.

There is a large and growing global market for grapes (V.

vinifera) and grape-based products. In addition to its huge

economic value, as the first fruit crop whose whole genome was

sequenced (Jaillon et al., 2007), many studies related to grapevine

have been reported, making grapevine the model perennial fruit

crop species (Gambetta et al., 2020). During the process of

viticulture, vineyards are often affected by various abiotic stresses,

of which drought is the most serious. Most vineyards face prolonged

drought during the summer, thus, limiting grapevine growth

(Lovisolo et al., 2016). ALA, a plant growth regulator that can

enhance plant stress resistance, could provide a new concept to

reduce drought damage in vineyards. In this study, leaves of the

grapevine cultivar ‘Shine Muscat’ (‘SM’) (Vitis labruscana × Vitis

vinifera) were used as research materials. The leaves were classified

into control, drought treatment (Dro), and drought plus ALA

(Dro_ALA) treatment. The morphological and physiological

characteristics of three treated leaves were measured to examine

the content of malondialdehyde (MDA) and the activities of

antioxidant enzymes, such as SOD and POD. Furthermore, we

combined transcriptomic and metabolome analyses to compare

differentially expressed genes (DEGs) and differentially abundant

metabolites (DAMs) between the ALA-treated group and the non-

treated group under drought stress. The purpose of this study was to

determine the protective mechanism of exogenous ALA on

grapevine leaves under drought and to construct the regulatory

network of drought resistance in grapevine leaves, thus, providing

theoretical support for subsequent related studies.
2 Materials and methods

2.1 Plant materials, treatments,
and sampling

Two-year-old ‘SM’ grapevines were grown in the heliogreenhouse

(relative humidity of ~85% and a temperature regime of 25 °C day/15 °

C night) of the Baima Teaching and Research Base of Nanjing

Agricultural University, Nanjing, China (31°36′36′′ N, 119°10′48′′
E). They were used as the plant material for this study. Equal

proportions of perlite, peat and horticultural vermiculite (1:1:1, v/v/

v) were used to grow the grape seedlings. First, each pot of seedling soil

was flooded with water and then allowed to dry out. Ten days after the

watering had stoppedwas defined as 0 d, and the soil water contentwas

below 9% at this time. The leaves in the Dro_ALA treatment was

sprayed with 50 mg·L-1 ALA on both sides until the leaf surface was
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soaked once every three days from 0 d. The same amount of distilled

water was sprayed on the leaves for the Dro treatment. The control

plants were watered daily to field capacity. Leaves were collected at 0, 2,

4, 6, 8, 10, 12, 14, and 16 days, and phenotypic observations and

physiological indices were measured.
2.2 Measurement of physiological and
biochemical responses

ThecontentofMDAandactivitiesofPODandSODweremeasured

as previously described (Beauchamp and Fridovich, 1971; Zheng and

Van Huystee, 1992; Tewari et al., 2002). Cellulose acetate glue was

applied to the leaf surface to forma thin layer, and thegluewasdried into

a thin film, which was imaged in an automatic positive fluorescence

microscope (DM6 B; Leica Microsystems, Wetzlar, Germany). The

stomatal apertures were alsomeasured using this system. The soil water

content (WC) was determined by the gravimetric method (Little et al.,

1998). Each sample had three biological replicates.
2.3 Transcriptome and metabolome
sequencing and multi-omics analysis

Transcriptome sequencing was performed on samples from the

16th day of the treatments. Total RNA was extracted and sequenced as

described by Huang et al. (2020). Reads obtained from the sequencing

machines included raw reads that contained adapters or low-quality

bases that would affect the following assembly and analysis. Thus, to

obtain high quality clean reads, the reads were further filtered by

FASTP version 0.18.0 (Chen et al., 2018). The parameters were as

follows: (1) removal of the reads that contained adapters; (2) removal of

the reads that contained > 10% of unknown nucleotides (N); and (3)

removal of low quality reads that contained > 50% of low quality

(Q-value ≤ 20) bases. |log2 fold change (FC)| ≥ 1.0 and adjusted P-value

(padj) < 0.05 were used as the screening criteria for DEGs. Metabolome

sequencing was determined by liquid chromatography-mass

spectrometry (LC-MS) based on high-performance liquid

chromatography (HPLC) (UltiMate 3000; Thermo Fisher Scientific,

Waltham, MA, USA) and mass spectrometry (Q Exactive; Thermo

Fisher Scientific). As for DAMs, the variable importance in the

projection (VIP) value of a multivariate statistical analysis of

orthogonal projections to latent structure discriminant analysis

(OPLS-DA) and the t-test P-values of univariate statistical analysis

were combined to screen the metabolites with significant differences

between the different comparison groups (VIP > 1 and P-value < 0.05)

(Saccenti et al., 2014). The transcriptomic and metabolomic data were

integrated by a two-way orthogonal partial least squares (O2PLS)

analysis (Bylesjö et al., 2007) using the Omics PLS package. Pearson

correlation coefficients were calculated to integrate the metabolome

and transcriptome data. Gene and metabolite pairs were ranked in the

descending order of absolute correlation coefficients. The top 50 genes

and metabolites were selected for heatmap analysis using pheatmap

packages in the R project. Additionally, the top 250 pairs of genes and

metabolites (with an absolute Pearson correlation > 0.5) were subjected

to metabolite-transcript network analysis using igraph packages in the
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R project (Csardi and Nepusz, 2006). Cytoscape software (version

3.6.1) was used to visualize the pairs of genes and metabolites.
2.4 Analysis of the experimental results

The DEGs and DAMs between the groups were measured to

analyze the major response of the ‘SM’ grapevine to drought stress and

the mitigating effects of ALA. Comparison groups were established as

follows: (I) DEGs and DAMs between the control versus Dro (control

vs. Dro) comparison group were analyzed to determine the effect of

drought stress on grapevine. (II) The control versus Dro_ALA (control

vs. Dro_ALA) comparison group was used to analyze the difference

between the ALA treatment after drought stress and the control

treatment, and (III) The alleviating effect of ALA on drought stress

was determined by analyzing the DEGs and DAMs between the Dro

and Dro_ALA (Dro vs. Dro_ALA) treatments.
2.5 Statistical analysis

TBtools software (version 1.0692) andMapMan software (version

3.6.0) were used to analyze the functions of DEGs (Thimm et al., 2004).

The datawere expressed as themean± standard deviation (SD).A one-

way analysis of variance (ANOVA) was used to analyze the data.

Tukey’s multi-range test was conducted using GraphPad Prism

software (version 8.0.2) (GraphPad Software, San Diego, CA, USA)

to determine significant differences between and within groups at P <

0.05 (Saccenti et al., 2014).
2.6 Validation of RNA-seq using RT-qPCR

Ten DEGs were randomly selected for quantitative reverse

transcription PCR (RT-qPCR) analysis to verify the precision and

repetitiveness of the transcriptome analytical results. Purified RNA

samples were reverse-transcribed using the Revert Aid™ First-

Strand cDNA Synthesis Kit (Fermentas, Glen Burnie, MD, USA)

following the manufacturer’s instructions. Real-time quantitative

reverse transcription PCR (qRT-PCR) was performed using a

Quantagene q225 system (Kubo Tech, Beijing, China). Specific

primers were designed using Primer Premier 5 software (Table

S1; Premier Biosoft, Palo Alto, CA, USA). The V. vinifera actin gene

(VvActin, AB073011) was used as the internal control gene. Each

sample had three replicates. Gene expression was calculated using

the 2-DDCT method (Livak and Schmittgen, 2001).
3 Results

3.1 ALA can alleviate drought stress on
grapevine leaves by increasing the activity
of antioxidant enzymes

The leaf morphology of ‘SM’ grapevine seedlings was

significantly affected by drought treatment. Under drought
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conditions, the leaves first wilted on the fourth day, and they were

significantly withered and became yellowed on the tenth and the

16th days, respectively. The leaves were already producing

significant drought symptoms. However, the Dro_ALA leaves

showed only mild symptoms of drought stress (Figures 1A-C and

S1). The drought-induced MDA accumulation in grapevine leaves

was significantly reduced by the ALA treatment, and on the tenth

day, the MDA content in Dro_ALA leaves was 28.94% lower than

that in the Dro leaves (Figure 1D and Table S2). The POD activity in

the Dro treatment kept increasing until the sixth day, and then it

gradually decreased, while the POD activity in Dro_ALA was higher

than that in the Dro treatment (Figure 1E and Table S2). The

activity of SOD increased first and then decreased under drought. In

the Dro_ALA treatment, the SOD activity showed the same trend as

that in the Dro, which peaked on the fourth day and then decreased.

However, the SOD activity in the ALA treatment group decreased

more slowly (Figure 1F and Table S2). These results indicate that

exogenous ALA may effectively prevent ‘SM’ grapevine seedlings

from prolonged drought by increasing the activity of antioxidant

enzymes. Moreover, on the 16th day, the symptoms of drought
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stress were evident, so the leaf samples of the control, Dro and

Dro_ALA plants from the 16th day of treatment were collected for

transcriptome and metabolome sequencing.
3.2 Mechanisms of the response of
grapevine leaves to drought and ALA

The control, Dro, and Dro_ALA samples were subjected to RNA-

seq and metabolome analyses (Table S3). A total of 6,326, 5,790, and

2,680DEGs (Figure 2A) and 255, 147, and 327DAMs (Figure 2B) were

detected between the three comparison groups (control vs. Dro;

control vs. Dro_ALA; and Dro vs. Dro_ALA). The intersection of

different numbers of DEGs in each comparison is shown in Figure 2A.

We demonstrated the correlation of each sample in Figures S2 and S3

and Tables S3 and S4, and we found that the DEGs significantly

correlatedwith theDAMs (PCC) > 0.8 (Figure S4). Details of theDEGs

and DAMs are shown in Tables S5-S20. A Gene Ontology (GO)

analysis indicated that ‘thylakoid’, ‘thylakoid part’, ‘chloroplast’, and

‘chloroplast part’ were enriched in the control vs. Dro and control vs.
A

B

D

E

FC

FIGURE 1

Leaf phenotype observation and physiological index determination (A) Leaf phenotype of control on the 16th day. (B) Leaf phenotype of drought
treatment (Dro) on the 16th day. (C) Leaf phenotype of drought plus 5-aminolevulinic acid treatment (Dro_ALA) on the 16th day. (D) Malondialdehyde
(MDA) content changes with time under control, Dro and Dro_ALA groups. (E) Peroxidase (POD) activity changes with time under control, Dro and
Dro_ALA groups. (F) Superoxide dismutase (SOD) activity changes with time under control, Dro and Dro_ALA groups. In Figure 1C, the left side of
each picture shows the bottom surface of the leaf, and the right side shows the top side of the leaf. Different letters in a column indicate
significance of difference between treatments (P ≤ 0.05).
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Dro_ALA comparison group. This result suggests that drought could

affect chlorophyll anabolism. In the meantime, the enrichment of

‘photosystem’, ‘photosynthesis membrane’ in the control vs. Dro and

control vs. Dro_ALA indicated that photosynthesis was affected under

drought stress (Figures 2C and S5; Table S17). Consistent with this, the

Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment

analysis of the DEGs revealed that ‘porphyrin and chlorophyll

metabolism’, ‘photosynthesis-antenna proteins,’ and ‘photosynthesis’

were significantly enriched in the control vs. Dro comparison group

(Figures 2D and S6; Table S18). In the control vs. Dro_ALA
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comparison group, most of the DEGs in GO terms that were related

to chlorophyll metabolism and photosynthesis were upregulated

(Figures 2C and S5; Table S17), indicating that ALA could play a

positive role inmitigating the inhibition of photosynthesis in grapevine

under drought. Furthermore, phytohormones play a role in drought

tolerance, and ALA alleviates drought in grapevine. ‘Response to

hormone,’ ‘cellular response to hormone stimulus’ in GO and ‘plant

hormone signal transduction’ in KEGG were significantly enriched.

Moreover, the enrichment of molecular function, such as

‘oxidoreductase activity’ in GO and ‘peroxisome’ and ‘ascorbate and
A B

D

C

FIGURE 2

Functional annotations of total DEGs and DAMs. (A) Upset plot of DEGs between control and drought treatment (control vs. Dro); control and drought
plus 5-aminolevulinic acid treatment (control vs. Dro_ALA); drought and drought and 5-aminolevulinic acid treatment (Dro vs. Dro_ALA). (B) Statistics of
significant difference of DAMs between control vs. Dro, control vs. Dro_ALA, and Dro vs. Dro_ALA. The threshold of significant difference was VIP≥1 and
T-test P<0.05.(Pos. means positive and Neg. means negative) (C) Information about key GO terms of control vs. Dro, control vs. Dro_ALA, and Dro vs.
Dro_ALA. The first circle represents the GO ID, the second circle represents the DEGs between control vs. Dro, the third circle for control vs. Dro_ALA,
and the fourth for Dro vs. Dro_ALA. Red and blue indicate up-regulated and down-regulated DEGs, respectively. (D) Information about key pathways in
the KEGG enrichment pathways of control vs. Dro, control vs. Dro_ALA, and Dro vs. Dro_ALA.
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aldarate metabolism’ in the KEGG analysis in each comparison group

showed that antioxidant systems also play a vital role in drought

resistance in grapevine and the process of alleviating drought stress by

ALA (Figures 2D and S6; Table S18). The KEGG analysis of the

metabolome also detected enriched terms, such as the ‘biosynthesis of

secondary metabolism’ (Figure S7 and Table S19). Moreover, qRT-

PCR was used to validate the reliability of RNA-seq (Figure S8; Table

S1). The function of DEGs was analyzed using MapMan software as

shown in Tables S20 and S21.
3.3 ALA inhibits stomatal closure induced
by abscisic acid in grapevine leaves under
drought stress

In this study, the grapevine stomatal aperture was found to be

significantly reduced compared with the control under drought.

Although it was still smaller than the control, the stomatal aperture

increased after the ALA treatment (Figures 3A, B; Table S22). In the

16th day, the stomatal aperture of control was 103.7% larger than that

of Dro, while Dro_ALA was 58.4% larger than that of Dro.

(Figures 3A, B, Table S22). It is a consensus that ABA induces

plants to close their stomata to resist stress under drought (Bray,

1997; Buckley, 2019; Ilyas et al., 2020). TheDEGs offactors associated

with ABA synthase, such as neoxanthin synthase (ABA4, |log2
FC| = 1.26) and 9-cis-epoxycarotenoid dioxygenase6 (NCED6, |log2
FC| = 3.35) were significantly upregulated in the control vs. Dro

comparison. Simultaneously, in the Dro treatment, the genes of

factors related to the decomposition of ABA, such as abscisic acid

8’-hydroxylase (CYP707A1, CYP707A2, and CYP707A4), were

expressed at lower levels than those in the control. This led to the

accumulation of endogenous ABA under drought. In the

metabolome, (S)-abscisic acid (POS_M265T406; Log10 content

from 8.71 to 8.82) increased after drought treatment, which was

consistent with the results described above. It is worth noting that the

upregulation of ABF2 (|log2 FC| = 1.48), an ABRE-binding bZIP

factor, was also detected as upregulated in the control vs. Dro

comparison, which confirmed the accumulation of ABA

(Figure 3C). The downregulation of some genes, such as ABA4 (|

log2 FC| = 0.53), NCED6 (|log2 FC| = 0.41), and ABF2 (|log2
FC| = 0.04), were detected in the Dro vs. Dro_ALA comparison.

Moreover, CYP707A1 (|log2 FC| = 1.79) was significantly

upregulated after the application of ALA. In the metabolome, the

content of (S)-abscisic acid in Dro_ALA was lower than that of Dro

(Log10 content from 8.82 to 8.70). These findings suggest that ALA

could primarily reduce the accumulation of ABA by accelerating the

degradation of ABA, thus, resulting in the re-enlargement of

stomatal aperture.
3.4 ALA alleviates the inhibition of
photosynthesis by drought on
grapevine leaves

Phenotypic observations showed that the leaves suffered from

severe chlorosis under drought (Figures 1 and S1), which could be
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related to the degradation of chlorophyll. In the control vs. Dro

comparison, the level of expression of glutamyl-tRNA reductase

(HEMA1) was downregulated by 31.2%, which led to the inhibition

of endogenous ALA formation (Figure 3D; Table S25). Transcripts

involved in the factors of protoporphyrin synthesis, such as

porphobilinogen synthase (ALAD), porphobilinogen deaminase

(PBGD), coproporphyrinogen III oxidase (CPOX), and

protoporphyrinogen oxidase (PPOX), were all maintained at low

levels of expression under drought conditions (Figure 3D; Table

S25). The genes for protochlorophyllide oxidoreductase (POR) and

divinyl chlorophyllide a 8-vinyl-reductase (DVR) were also

downregulated in the control vs. Dro comparison (Figure 3D;

Table S25). These results indicate that chlorophyll biosynthesis is

inhibited under drought stress. In contrast, chlorophyll conjugation

and degradation genes, such as the genes that encode chlorophyllide

a oxygenase (CAO), chlorophyllase (CLH), magnesium dechelatase

(SGR), and pheophorbide a oxygenase (PAO), were all

downregulated in the control vs. Dro comparison. Changes in

these genes led to a reduction in chlorophyll accumulation in

grapevine leaves under drought (Figure 3D; Table S25). In

porphyrin metabolism, an increase of L-glutamate (Log10 content

from 8.52 to 8.85) and L-threonine (Log10 content from 8.52 to

8.85) were detected (Figures 3E and S9).

In this study, the application of ALA upregulated the levels of

expression of genes related to chlorophyll synthesis and inhibited the

levels of expression of the genes related to degradation. Comparedwith

Dro, the levels of expression of genes, such asHEMA1, ALAD, PBGD,

CPOX, and PPOX, all increased in Dro_ALA. Simultaneously, in the

Dro vs.Dro_ALA comparison, CHLH, CHLD, POR, andDVRwere all

upregulated, indicating that the inhibition of chlorophyll synthesis was

relieved. Moreover, the downregulation of CLH, SGR, PPH, and PAO

was detected in Dro vs. Dro_ALA, which resulted in the inhibition of

chlorophyll degradation (Figure 3D; Table S25). In the metabolome,

the contents of L-glutamate (Log10 content from 8.85 to 8.72) and

biliverdin (Log10 content from 7.91 to 8.11) increased, while those of

heme (Log10 content from 7.67 to 6.80) and L-threonine (Log10
content from 8.79 to 8.39) decreased (Figures 3E and S9). These

combined effects resulted in an increase in chlorophyll synthesis and a

decrease in chlorophyll degradation after the application of ALA.

The photosynthetic electron transport chains were also

inhibited under drought. A comparison of Dro to the Control

showed that approximately 66% DEGs that are involved in

photosynthesis were downregulated (Figure 3F; Table S24). Eight

of the 14 DEGS related to photosystem II were downregulated in the

Control vs. Dro comparison. Most of them were associated with the

LHC-II complex and PSII assembly and maintenance. The

functions of cytochrome b6/f complex, photosystem I, and ATP

synthase complex were also inhibited, and the corresponding three,

five and one DEGs detected in the control vs.Dro, respectively, were

all downregulated. Furthermore, seven of the DEGs related to the

NADH dehydrogenases were downregulated in the control vs. Dro.

As a vital enzyme in the Calvin cycle, the activity of Rubisco was

also inhibited under drought. This could be owing to the

downregulation of DEGs related to the CPN20 auxiliary co-

chaperone (CPN20, |log2FC| = 7.21) and BSD2 assembly factor

(BSD2). The downregulation of genes described above resulted in
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a significant decrease in the photosynthetic efficiency under

drought stress. Moreover, the DEGs related to glycolate oxidase

(GLO1), glutamate-glyoxylate transaminase (GGAT2), and serine-

glyoxylate transaminase (AGT1) were all maintained at high levels
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of expression in Dro, which resulted in enhanced photorespiration

(Table S20). This could further weaken photosynthesis.

In the Dro vs. Dro_ALA comparison, only two of 82 DEGs

related to photosynthesis were downregulated, and most of them
A B
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FIGURE 3

Stomatal movement, chlorophyll metabolism and photosynthesis in grapevine leaves under drought stress and drought plus ALA treatment.
(A) Stomatal aperture observation of control, drought treatment (Dro), and drought plus 5-aminolevulinic acid treatment (Dro_ALA) on the 16th day
(via upright fluorescent microscope). (B) Variation of stomatal aperture with drought treatment time. (C) Key DEGs related to phytohormones action
between control vs. Dro, control vs. Dro_ALA, and Dro vs. Dro_ALA. (D) Pathway of chlorophyll metabolism and key genes in grapevine under
drought stress and drought plus 5-aminolevulinic acid treatment. Arrows (↑) and (↓) indicate up-regulation and down-regulation, respective. Red
indicates the control vs. Dro comparison group and blue indicates the Dro vs. Dro_ALA comparison group. (E) Key metabolites in chlorophyll
metabolism pathway under control, Dro and Dro_ALA treatments. (F) Effects of drought and drought plus 5-aminolevulinic acid on photosynthesis.
Each dots represents a DEG, green and red indicate up-regulation and down-regulation, respectively. Different letters indicate significant differences
among experimental groups (p < 0.05).
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were also downregulated in the control vs. Dro treatment

(Figure 3F; Table S24). Changes in the DEGs associated with PSII

(26 upregulated and one downregulated), cytb6/f complex (four

upregulated), PSI (15 upregulated), ferredoxin electron carrier (one

upregulated), ferredoxin NADP+ oxidoreductase (FNR) (three

upregulated), NDH complex (17 upregulated) and ATP synthase

complex (one upregulated) were detected (Table S24). A significant

upregulation of the DEGs related to the activity, assembly, and

regulation of Rubisco, such as CPN60B4, RBCX1, RBCX2, BSD2,

and RCA, was detected after ALA treatment, indicating that the

inhibition of Rubisco under drought was relieved. Moreover,

treatment with ALA led to upregulation of the genes that

encoded serine-glyoxylate transaminase (AGT1), glycine

dehydrogenase component P-protein of the glycine cleavage

system (GDCSP), aminomethyl transferase component T-protein

of the glycine cleavage system (GDCST), and lipoamide-containing

component H-protein of the glycine cleavage system (GDCSH),

which indicated that ALA reduces photorespiration, and thus,

alleviates drought stress (Table S21).
3.5 ALA alleviates oxidative stress in
grapevine leaves

In this study, the upregulation of NADPH oxidase (RBOHA,

21.52-29.21 fragments per kilobase of transcripts per million mapped

reads [FPKM]) related to ROS generation was detected in the control

vs. Dro comparison, indicating that there is a mass production of

ROS under drought stress (Table S26). Drought inhibited the

expression of some genes related to antioxidant scavenging. For

example, the DEGs related to iron superoxide dismutase (FSD3 and

FSD2) and copper/zinc superoxide dismutase (SODCP) were

significantly downregulated (Figure 4C; Table S26). The genes of

some low-molecular weight scavengers, such as phosphomannose

isomerase (PMI), related to the biosynthesis of ascorbate also showed

a similar trend. The a-, b-, g-, and d-forms of tocopherol are active

antioxidants that are primarily located in chloroplast membranes

where they detoxifying singlet oxygen and lipid peroxy radicals

(Munné-Bosch, 2005). In the control vs. Dro comparison group,

the genes related to tocopherol biosynthesis, such asVTE1 andVTE3,

were both downregulated (Figure 4B and Table S26). As expected, the

levels of a-tocopherol and ascorbate were indeed decreased in the

metabolome (Figure S10; Table S27). In the ascorbate-glutathione

cycle, the level of expression of the gene related to ascorbate

peroxidase (APX, 20.97 to 6.46 FPKM) was also suppressed. The

chloroplast redox homeostasis was disrupted under drought stress,

which could inhibit the photosynthesis of grapevine leaves even

further. DEGs related to typical 2-Cys peroxiredoxin (2-CysPrx),

atypical 2-Cys peroxiredoxin (PrxQ), M-type thioredoxin (TRM) and

atypical thioredoxin (ACHT) maintained low levels of expression.

Simultaneously, the levels of monodehydroascorbate reductase

(MDHAR, 29.26 to 31.50 FPKM) in the ascorbic acid-glutathione

(AsA-GSH) cycle and g-glutamyl cysteine ligase (GSH) associated

with glutathione biosynthesis were upregulated. The DEGs related to

catalase (CAT, 305.9 to 747.97 FPKM), glutathione peroxidase

(GPX6, 238.037 to 429.523 FPKM), and type-2 peroxiredoxin
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(PrxII) showed the same trend (Figure 4C; Table S26). In contrast,

the DEGs associated with glutathione degradation, such as

glutathione reductase (GR, 92.6 to 77.30 FPKM), g-glutamyl

cyclotransferase (GGCT), oxoprolinase (OXP), and dehydroascorbic

acid reductase (DHAR, 42.34 to 26.08 FPKM), were downregulated

(Figure 4C and Table S26). This could indicate that the glutathione

content was increased to remove the ROS. Together, changes in the

genes described above led to the accumulation of intracellular ROS,

which caused drought oxidative stress. The metabolome data were

consistent with the results described above and showed that the

contents of glutathione, L-cysteine and oxidized glutathione

increased (Figure S10; Table S27).

The application of ALA inhibited the generation of ROS,

RBOHA, RBOHB, and RBOHC, which were all downregulated in

the Dro vs. Dro_ALA comparison group (Table S26). ALA could

enhance the function of ROS scavenging system in grapevine under

drought stress. A comparison of Dro with Dro_ALA showed that

FSD3, FSD2 and SODCP restored upregulation (Figure 4C; Table

S26). In addition, the upregulation of VTE1 and VTE3 indicated

that tocopherol was resynthesized, and the content of a-tocopherol
increased in the metabolome (Figure S10 and Table S27). In the

AsA-GHS cycle, ascorbate peroxidase (APX) and glutathione

peroxidase (GPX8), and the genes related to type-2 peroxiredoxin

(PrxII) all tended to be downregulated after application with ALA

(Figure 4C; Table S26). This suggests that the drought stress was

easing. The effect of ALA on photosynthesis was shown in the

recovery of chloroplast redox homeostasis, and the genes of atypical

2-Cys peroxiredoxin (PrxQ), M-type thioredoxin (TRM1), and

atypical thioredoxin (ACHT) were significantly upregulated.

These processes reduce the production of ROS and ease the

cellular damage caused by drought stress. In the metabolome of

the Dro vs. Dro_ALA comparison group, the contents of

glutathione and ascorbate decreased (Figure S10; Table S27).

Changes in the genes and metabolites described above suggest

that ALA does alleviate the oxidative stress caused by drought.
3.6 Osmotic regulation under
drought stress

OA has often been considered to be a key mechanism of the

resistance of plants to drought stress (Serraj and Sinclair, 2002).

Proline has long been thought to accumulate in plants that

experience water restriction (Verslues and Sharma, 2010).

Pyrroline-5-carboxylate synthetase (PRO2, 52.19 to 202.07

FPKM), ornithine aminotransferase (OAT, 15.88 to 60.90 FPKM)

and PHR1 transcription factor (PHR1, 3.61 to 13.42 FPKM)

involved in the regulation of proline synthesis were significantly

upregulated in the Control vs. Dro comparison group (Table S28).

Consistent with this result, increased levels of L-proline were

detected in the metabolome (Figure 4D; Table S29). As a

quaternary ammonium compound, betaine (N, N, N-trimethyl

glycine) is also a vital solute involved in osmotic regulation.

Betaine aldehyde dehydrogenase (BADH) catalyzes the

conversion of betaine aldehyde to betaine (Weretilnyk and

Hanson, 1990). BADH4 associated with BADH tended to be
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upregulated after drought stress, and this corresponded to a

significant decrease in the contents of betaine aldehyde and an

increase in the content of betaine in the metabolome (Figure 4D;

Table S29). The contents of some soluble sugars and sugar alcohol

also changed. For example, trehalose, raffinose, and sorbitol were all

elevated under water deficiency (Figure 4D; Table S29). A sharp

decrease in proline content (Log10 content from 10.08 to 8.86) was
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detected in the metabolome of Dro vs. Dro_ALA comparison

group, which was caused by the downregulation of PRO2 (202.07

to 101.14 FPKM), OAT (60.90 to 33.71 FPKM), and PHR1 (13.42 to

7.64 FPKM). In this study, BADH4 was downregulated, which

resulted in an increase in betaine aldehyde, and a decrease in

betaine (Figure 4D; Tables S28 and 29). The decrease in the

contents of soluble sugars and sugar alcohols also indicated that
A

B

D

C

FIGURE 4

Cellular homeostasis under drought treatment and drought plus ALA treatment. (A) AsA-GSH cycle of grapevine leaves under drought stress and drought
plus 5-aminolevulinic acid treatments, Arrows (↑) and (↓) represent up-regulation and down-regulation, respectively. Red and blue represent control vs.
Dro and Dro vs. Dro_ALA groups, respectively. (B) Biosynthesis of tocopherol in grapevine leaves under control, under drought stress and drought plus
5-aminolevulinic acid treatments. Red and green represent higher and lower expression, respectively. (C) Information of DEGs related to antioxidant
system of grapevine in control, Dro and Dro _ALA. (D) Information of important DAMs related to osmotic regulation and autophagy of grapevine in
control, Dro and Dro _ALA. (Dro represents drought treatment; Dro_ALA represents drought plus 5-aminolevulinic acid treatment).
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drought stress tended to be alleviated after the application of ALA.

The contents of raffinose, sorbitol, and trehalose all decreased in the

Dro vs. Dro_ALA comparison group (Figure 4D; Table S29). These

results indicate that the cell homeostasis tends to moderate.
4 Discussion

4.1 ALA uses multiple synergistic
mechanisms to alleviate drought stress

Exogenous plant growth regulators are widely used to alleviate

drought stress in grapevine. For example, exogenous melatonin can

improve the resistance of wine grape ‘Riesling’ seedlings to water

deficiency by alleviating PSII damage and protecting the chloroplasts

(Meng et al., 2014). The application of exogenous 24-epibrassinolide

(EBR) has also been shown to alleviate the inhibition of drought stress

on grape photosynthesis by increasing the content of chlorophyll and

alleviating stomatal and non-stomatal limitations on photosynthetic

performance (Wang et al., 2015). Consistent with this, ALA alleviates

the stomatal closure caused by drought and thus, moderates the

decrease in photosynthesis to some extent (Figures 3A, B; Table S22).

As a precursor of chlorophyll biosynthesis, ALA can directly increase

chlorophyll synthesis and inhibit chlorophyll degradation under

drought stress (Figure 3D). The inhibition of photosynthetic

electron transport chain was also relieved by ALA under drought

(Figure 3F). This also impacted the genes related to Rubisco and

alleviated photorespiration (Table S24). Exogenous growth regulators

can also alleviate the imbalance of grapevine cell homeostasis caused

by drought stress. Strigolactones upregulate the antioxidant enzyme

genes CAT1 and APX6 to alleviate drought stress in ‘Cabernet

Sauvignon’ seedlings (Wang et al., 2021b). The application of ABA

increases the contents of proline and soluble sugars and the activities

of SOD and POD in ‘Red Globe’ grape. ALA mitigated drought in a

manner similar to that of the study described above. In this study, the

application of exogenous ALA reduced the contents of MDA and

inhibited the production of ROS in ‘SM’ seedlings under drought,

activated antioxidant system by upregulating FSD and SODCP and

increased the content of a-tocopherol and other non-enzymatic

antioxidant scavengers (Figure 4C, D). Therefore, this study

provides a novel idea for ALA to alleviate grapevine drought stress.
4.2 Mitigating effects of ALA on grapevine
photosynthesis under drought stress

The formation of ALA is a rate-limiting step in chlorophyll

biosynthesis (Beale, 1990), and many studies (Kosar et al., 2015;

Wang et al., 2018; Rasheed et al., 2020) have shown that ALA

enhances the resistance of plants to drought stress by enhancing

photosynthesis. For example, pretreatment with ALA increases

stomatal conductance and thus, stabilizes photosynthesis in wheat

under drought. Rasheed et al. (2020) demonstrated that ALA

alleviates the drought stress of sunflower (H. annuus L.) by

protecting chlorophyll from degradation. The exogenous

application of ALA alleviates drought stress by enhancing the
Frontiers in Plant Science 1080
chlorophyll pigments of spring wheat seedlings. However, these

studies are based on physiological indicators, and the changes in

genes and metabolites during drought were unclear. In our study,

ALA treatment significantly increased the stomatal aperture during

drought (Figure 3A, B; Table S22). ALA leads to an increase in the

level of expression of CYP707A1 under drought, which reduces the

content of ABA and leads to further stomatal opening (Figure 3C). In

addition, ROS are important signals that regulate stomatal closure

(Song et al., 2014), our study shows that the antioxidant system

reduces ROS production after ALA application, which may also lead

to stomatal reopening, but the specific mechanism is still unclear.

GSH plays a role in stomatal movement, it is generally believed that

increased GSH content leads to stomatal opening. For example,

studies on the negative regulation of glutathione in Arabidopsis

thaliana on stomatal closure induced by methyl jasmonate have

been reported (Akter et al., 2013). In this study, although we

detected stomatal opening caused by ALA, GSH content decreased

after application of ALA, which was inconsistent with the above

study. We hypothesized that GSH did not play a major role in ROS

reduction and stomatal opening after ALA application. Although the

inhibition of water lost by transpiration that is limited by the closure

of stomata induced by ABA is an important mechanism to improve

drought tolerance in plants (Li et al., 2006), a previous study indicated

that the closure of stomata induced by ABA does not increase plant

sensitivity to drought stress (An et al., 2016). In this study, we

hypothesized that during mild drought, the positive effect of

stomatal opening and enhancing photosynthesis by ALA was

greater than the negative effect of water loss caused by

transpiration. Nevertheless, the molecular mechanisms behind the

paradox between the prohibition of stomatal opening and an

enhancement of drought tolerance merits further study. As for

non-stomatal factors, first, after the application of ALA, genes

related to chlorophyll synthesis, such as HEMA1, ALAD, PBGD,

CPOX, and PPOX, were significantly upregulated, while the levels of

expression of CLH, SGR, PPH, and PAO were downregulated, which

resulted in the inhibition of chlorophyll degradation (Figure 3D and

Table S25). Consistent with the DEGs, the contents of L-glutamate

and biliverdin increased, while those of heme and L-threonine

decreased. These changes in the genes and metabolites together

serve as the basis for ALA to alleviate the loss of chlorophyll in

grape leaves under drought (Figures 3D, E and S9). It is worth

mentioning that the relation between porphyrin metabolism and the

content of L-glutamate and L-threonine is not well followed. Our data

support the results that the abovemetabolites are related to porphyrin

and chlorophyll metabolism, the specific mechanisms are still

meriting further study. Furthermore, Cai et al. (2020) found that

spraying 10 mg/L ALA on the leaves alleviated the reduction in the

activities of PSI and PSII reaction centers induced by PEG 6000,

electron transport activity, and photosynthetic performance indices

in strawberry (Fragaria × annanasa Duch. cv. ‘Benihoppe’). The

transcriptomic data showed that ALA upregulated the genes related

to PSII and those related to the cytochrome B6/F complex in plants

that had been subjected to drought stress (Figure 3F), which was

consistent with our conclusions above. Notably, ALA treatment

alleviates drought stress by upregulating the levels of expression of

AGT1, GDCSP, GDCST and GDCSH, and thus, reducing
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photorespiration. To our knowledge, this concept has not been

mentioned in other papers. Therefore, we hypothesize that ALA

enhances photosynthesis and reduces photorespiration by promoting

chlorophyll accumulation and alleviating the inhibition of

photosynthetic electron transport chain, thus, alleviating drought

stress. However, the specific photosynthetic indices related to this

effect still merit further study and determination.
4.3 Effects of ALA on grapevine cell
homeostasis under drought stress

There is a consensus that drought causes an imbalance in plant

cell homeostasis. It has been reported that the foliar application of 3

µM ALA can not only increase the activities of SOD, CAT, GPX,

GSH-Px, APX, DHAR, MDHAR, and GR but also increase the

contents of AsA and GSH in cucumber (Cucumis sativus L.) under

drought (Li et al., 2011). Similarly, we found that treatment with

ALA significantly increased the activities of POD and SOD activities

in ‘SM’ leaves over time. Furthermore, treatment with ALA

upregulated antioxidant enzymes, such as FSD, SODCP, APX,

MDAR, DHAR, and GR, under drought (Figure 4C), which could

explain the increase in ALA antioxidant enzyme activity from a

genetic perspective. In contrast to the results of the study described

above, we found that the application of ALA reduced the levels of

AsA and GSH in the metabolome (Figures 4A and S10). This could

be owing to different results observed when different concentrations
Frontiers in Plant Science 1181
of ALA were sprayed in different types of drought mitigation. OA is

a fundamental mechanism of drought adaptation in higher plants

(Sanders and Arndt, 2012), Ji-Xuan et al. (2017) suggested that 50

mg L-1 of ALA could increase the contents of soluble proteins and

the sugars and proline of Chinese ryegrass (Leymus chinensis [Trin.]

Tzvel) to alleviate drought stress (Song et al., 2017). In the

metabolome, we found that spraying ALA caused a sharp

decrease in the contents of proline in grapevine leaves, which was

caused by the downregulation of PRO2, OAT, and PHR1. In

contrast to that study, the contents of raffinose, sorbitol, and

trehalose all decreased after the application of ALA (Figure 4D)

and alternatively, they were involved in the alleviation of drought by

ALA. Autophagy plays an important role in the resistance of plants

to drought stress (Tang and Bassham, 2022). Nevertheless, no study

has reported that ALA alleviates drought stress by affecting

autophagy. We found that many autophagy-related genes (ARGs)

were highly expressed in the transcriptome of control vs. Dro

comparison group, only one out of seven key ARGs that were

identified were downregulated (Table S28). Among them, ATG11

and ATG2 were DEGs that play an important role in drought

response. ATG8F, ATG8I and ATG8C were also expressed at high

levels. After ALA treatment, the ARGs detected in the control vs.

Dro comparison group were all downregulated (Table S28). Owing

to the lack of direct experimental evidence, we anticipate that there

will be subsequent studies on whether ALA affects plant drought

tolerance by affecting autophagy. Nonetheless, our study interpreted

the role of ALA in the maintenance of grapevine cell homeostasis
FIGURE 5

Regulation network of 5-aminolevulinic acid to mitigate drought stress in grapevine.
frontiersin.org

https://doi.org/10.3389/fpls.2023.1129114
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Yang et al. 10.3389/fpls.2023.1129114
under drought from the perspectives of genes and metabolites, and

it was our goal that this study could provide some ideas for future

studies on the mitigation of abiotic stress by ALA.

5 Conclusion

In this study, we confirmed that ALA can mitigate drought

stress in grapevine. Stomatal movement, the chlorophyll

biosynthetic pathway, metabolic pathway, photosynthetic

mechanism, and cellular homeostasis constitute the basis of

ALA’s regulatory network for alleviating drought stress. First, the

application of ALA upregulated the genes related to ABA

degradation, thus, inhibiting the stomatal closure induced by

ABA, which alleviates the inhibition of drought on photosynthesis

to some extent. The current data indicate that the DEGs associated

with chlorophyll biosynthesis, such as HEMA1, ALAD, PBGD,

CPOX, PPOX, CHLH, CHLD, POR, and DVR, were upregulated

after ALA treatment, while the chlorophyll degradation genes CLH,

SGR, PPH, and PAO, were downregulated, thus, mitigating the

inhibition of chlorophyll accumulation caused by drought. ALA

treatment also alleviated the inhibition of photosynthetic electron

transport chain by drought. The genes related to Rubisco activity

were upregulated by ALA, and photorespiration was attenuated.

ALA down-regulated RBOH, thus, reducing the production of ROS

and activating the antioxidant system, which changed the contents

of antioxidants, such as tocopherol, ascorbate, and glutathione, to

reduce the oxidative damage induced by ROS. FSD and SODCP

were also restored to high levels of expression after the application

of ALA. In addition, the decrease in the contents of betaine,

raffinose, sorbitol and trehalose indicated that the degree of

drought stress was reduced after the ALA had been applied.

Therefore, this study explains the regulatory network of ALA to

mitigate drought stress in grapevine (Figure 5) and provides a new

concept to study the regulatory network of grapevine drought stress

and apply plant growth regulators to alleviate other abiotic stresses.
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Pueraria thomsonii and Pueraria lobata are important medicinal plants with

unique chemical compositions that are widely used in traditional Chinese

medicine. To compare the nutritional and medicinal profiles of these two

species, we analyzed the flavonoid, dietary fiber, total starch, and crude

protein contents of one P. lobata and three P. thomsonii varieties using ultra-

performance liquid chromatography-tandem mass spectrometry, enzyme

weight, acid hydrolysis, and Kjeldahl methods. Furthermore, we used principal

component analysis and hierarchical clustering heatmap analysis to separate the

data obtained from the P. thomsonii and P. lobata samples. We detected 279

flavonoid compounds in the two Pueraria species, including 90 isoflavones and

78 flavonoids. A large proportion of isoflavones and flavonoids were more

abundant in P. lobata than in P. thomsonii. The total starch content was

significantly higher in P. thomsonii than in P. lobata. By contrast, the soluble

dietary fiber, insoluble dietary fiber, and crude protein contents were

substantially lower in P. thomsonii than in P. lobata. Taken together, our results

demonstrate that P. lobata is better suited for use as a medicine, whereas P.

thomsonii is better suited as an edible food, and provide a theoretical foundation

for developing P. thomsonii and P. lobata germplasm resources.

KEYWORDS

Puerariae thomsonii, Puerariae lobatae, flavonoids, starch, dietary fiber
Introduction

Pueraria, belonging to the Leguminosae family, is a genus of perennial semi-woody

vine that originated in southern, eastern, and southeast Asia. More than 20 species belong

to the genus Pueraria; among them, P. thomsonii and P. lobata are economically important

food and medicinal plants. P. thomsonii contains a higher starch content than P. lobata and
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is known as starch kudzu. P. lobata contains abundant isoflavones,

particularly puerarin, and is known as kudzu in the Chinese

Pharmacopoeia (Wong et al., 2011). At present, most cultivated

varieties of Pueraria are P. thomsonii, while P. lobata mostly

consists of wild varieties.

Starch in plant-derived foods is the primary source of calories

in the human diet. Starch is a type of polysaccharide that is

composed of D-glucose monomers. Plants produce starch

granules in storage organs such as seeds, aerial and root tubers,

and bulbs. Numerous studies have explored the physicochemical

characteristics of starch and its modifications (Sangseethong et al.,

2005; Liu et al., 2021). Pueraria plants produce abundant starch,

making them a potential source of starch for use in the food and

industrial sectors. Pueraria starch can be processed into various

cakes, cold drinks, vermicelli, and highly nutritional therapeutic

foods. Over the past two decades, numerous P. thomsonii cultivars

have been developed in China with the wide use of Pueraria

starch. Dietary fiber is another essential component of the

Pueraria genus. Used to treat constipation, for detoxification,

and to lower blood cholesterol and triglyceride levels (Bazzano,

2008; Trottier et al., 2012; Soliman, 2019; Cronin et al., 2021),

dietary fiber is classified based on its solubility. Soluble dietary

fiber is soluble in water, can absorb water and expand, and can be

digested by microorganisms in the large intestine. By contrast,

insoluble dietary fiber does not dissolve in water and cannot be

digested in the human gut. Several studies have investigated the

nutritional profiles of P. lobata and P. thomsonii roots (Wong

et al., 2015; Shang et al., 2021).

In addition to its nutritional value, Pueraria has medicinal

properties and is a key component of several traditional Chinese

medicines. The root tubers of these plants are rich in bioactive

ingredients, particularly flavonoids and isoflavonoids, and their

associated derivatives (Wong et al., 2011; Jóźwiak et al., 2018;

Wagle et al., 2019). The bioactive components of Pueraria have

many pharmacological applications. For instance, these

components are used to treat cardiovascular and cerebrovascular

diseases, hypolipidemia (high cholesterol), hyperglycemia (high

blood sugar), and high blood pressure, as well as to inhibit cancer

cell activity, expand blood vessels in the brain, and enhance the

oxygen supply to the brain (Meezan et al., 2005; Hien et al., 2010;

Zhao et al., 2012; Kim et al., 2014; Liu et al., 2015). Therefore, much

effort has focused on isolating and identifying the pharmacological

constituents of Pueraria and analyzing their biosynthetic pathways

(Wang et al., 2015; Gao et al., 2016; Wang et al., 2016; Wang et al.,

2017; Mocan et al., 2018; Wang et al., 2019). Several common active

ingredients, such as daidzin, daidzein, puerarin, and genistin, have

been detected in P. lobata and P. thomsonii (Wong et al., 2011;

Wong et al., 2015). Moreover, five isoflavones were detected in P.

lobata and P. thomsonii by near-infrared spectroscopy (NIRS) (Lau

et al., 2009). Likewise, 13 isoflavones were identified in both P.

lobata and P. thomsonii using quantitative proton nuclear magnetic

resonance (H-NMR) spectrometry (Chen et al., 2014). Although

previous studies have offered a glimpse of the active substances

present in P. lobata and P. thomsonii, the research methods

employed in these studies are time-consuming and the number of

detected active substances is small. Thus, these methods are unlikely
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to fully reflect the differences between the metabolite complement

of P. lobata and P. thomsonii.

Metabolomics uses cutting-edge analytical techniques to

systematically and comprehensively analyze the metabolic

contents of organisms (Nicholson and Wilson, 2003). Ultra-

performance liquid chromatography-tandem mass spectrometry

(UPLC-MS/MS) is commonly used for metabolome studies. In

addition to being highly sensitive and highly accurate, this

technique offers high resolution and high throughput. UPLC-MS/

MS can simultaneously detect numerous metabolites and is widely

used in fields such as botany, zoology, and food science (Li et al.,

2020; Zou et al., 2020; Li et al., 2021; Zhao et al., 2021). Notably,

metabolomics approaches have not been widely used to analyze the

pharmacological constituents of these two Pueraria species.

To compare the bioactive compositions of these two important

Pueraria species, we used UPLC-MS/MS to analyze the flavonoid

metabolite profiles of three cultivated P. thomsonii varieties and one

wild P. lobata variety. We also analyzed the total starch, dietary

fiber, and crude protein contents of these plants. Our results provide

a basis for evaluating the medicinal and dietary potential of P.

lobata and P. thomsonii roots and serve as a reference for

developing Pueraria germplasm resources.
Materials and methods

Plant materials

Four Pueraria varieties were used as test materials. Three

cultivated P. thomsonii varieties [Heshui (HS), Fogang (FG), and

Guilin (GL)] were collected from the experimental field at Foshan

Institute of Agricultural Sciences, Gaoming District, Foshan City,

Guangdong Province, China. The P. lobata variety [Zhangjiajie

(YS)] was collected from Yanghuping Town, Yongding District,

Zhangjiajie, Hunan Province, China. All plant materials were

harvested in December 2021.
Sample preparation

The samples were prepared and the metabolites were extracted

according to the following steps. Roots were freeze-dried and

ground into powder. Approximately 0.1 g of powder was

dissolved in 1.2 mL of 70% (v/v) methanol. To ensure that the

powder was completely dissolved, samples were vortexed for 30 s

every 30 min at least 6 times, and then stored at 4°C overnight. After

centrifugation at 12,000 rpm for 10 min, the supernatant was

collected and filtered (SCAA-104, 0.22 µm pore size; ANPEL,

Shanghai, China) before being used for UPLC-MS/MS analysis.
UPLC-MS/MS analysis conditions

Flavonoids were profiled on a UPLC-ESI-MS/MS system

(UPLC, SHIMADZU Nexera X2) with a C18 column. The two

solvents for UPLC consisted of 0.04% (v/v) acetic acid in water (A)
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and 0.04% (v/v) acetic acid in acetonitrile (B). The gradient

program was as follows: (A:B) 95:5 (v/v) at 0 min, 5:95 (v/v) at

11.0 min, 5:95 (v/v) at 12.0 min, 95:5 (v/v) at 12.1 min, and 95:5 (v/

v) at 15.0 min; flow rate 0.40 mL/min. A 4-µL sample was injected

and the column temperature was maintained at 40°C. For MS, the

metabolites were detected on a triple quadrupole–linear ion trap

mass spectrometer (API 6500 Q TRAP AB Sciex, CA, USA). The

ion source gases were injected at a pressure ranging from 25 to

60 psi. Instrument troubleshooting and mass calibration were

performed using 10 µM and 100 µM polypropylene glycol.

Multiple reaction monitoring (MRM) mode was used to scan the

metabolites. Optimized de-clustering potential (DP) and collision

energy (CE) values were used for each MRM transition.
Determination of Dietary fiber, starch, and
crude protein

The crude protein contents were quantified by the Kjeldahl

method with slight modifications (Rizvi et al., 2022). Briefly, 200 mg

of each sample was ground into fine powder and placed into a 300-mL

digestion tube. Five mL sulfuric acid and 2 g accelerator were added to

each tube after wetting the sample. Each mixture was incubated at 250

° for 30 min on a digester. The temperature was raised to 400 ° when

H2SO4 decomposed and emitted while smoke. Each tube was removed

from the digester when the solution had turned brownish black.

Protein contents were analyzed on an automated protein analyzer.

The enzyme gravimetric method (Nishibata et al., 2009) was

used to extract dietary fiber from the samples with slight

modifications. Briefly, 100 g of each sample was dried and

crushed into fine powder. Each powdered sample was transferred

into a high-foot bottle designed to detect dietary fiber. Afterwards,

40 mL of 0.05 ml/L MES-Tris buffer was added and stirred until the

sample was completely mixed. The samples were treated with

different enzymes, and the treated samples were used to detect

the soluble and insoluble dietary fiber.

Total starch content was determined according to the acid

hydrolysis method (Rose et al., 1991) with minor modifications.

Briefly, 200 mg powdered sample was placed into a 15-mL centrifuge

tube to remove the fat and soluble sugars from the sample. Initially,

the material was washed several times with a total volume of 150 mL

absolute ethanol and 10 mL distilled water. The washed material was

transferred into a 50-mL conical flask after removal of the ethanol

solution. Subsequently, 3 mL of hydrochloric acid was added to the

conical flask and the flask was placed in a boiling water bath for 2 h.

Each sample was allowed to cool to room temperature before the pH

was adjusted to 7.0. The sample was further incubated for 10 min

after adding 2 mL of lead acetate solution, transferred to a 50-mL

volumetric flask and diluted with water. Afterwards, the material was

filtered and the filtrate was used to quantify total starch contents.
Data processing

The metabolome analysis was performed by Beijing Biomarker

Biotechnology Co., Ltd. Compounds were identified by comparing
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their ionization spectra with a self-built database. Quantitative

analysis was performed using the MRM mode. The data were

processed using Analyst 1.6.3 software. Unsupervised principal

component analysis (PCA) was performed in R-3.1.1. The results

of hierarchical cluster analysis (HCA) of the samples and

metabolites are presented as heatmaps. HCA was performed in R

using normalized signal intensities of metabolites and displayed as

histograms. Similarly, supervised multiple regression orthogonal

partial least squares discriminant analysis (OPLS-DA) was

performed in R using ropls (R-3.1.1). OPLS-DA modeling was

validated with a permutation test (200 permutations). The

prediction parameters of the OPLS-DA model included R2X,

R2Y, and Q2Y; R2X and R2Y represent the interpretation rate of

the built model to the X and Y matrices, respectively, and Q2Y

represents the prediction ability of the model. When R2Y and Q2Y

parameters are closer to 1, the model is more stable and reliable, and

can be used to screen differentially accumulated metabolites

(DAMs). Based on the results of OPLS-DA, we analyzed the

variable importance in projection (VIP) of the OPLS-DA model

from the obtained multivariate analysis. DAMs were determined

based on VIP value ≥ 1 and p-value < 0.05. The metabolites selected

from different comparison groups were presented as volcano plots,

plotted in R (R-3.1.1). Each point in the volcano plot represents a

metabolite, and the size of the scatter represents the VIP value of the

OPLS-DA model. The larger the scatter, the greater the VIP value,

and the more reliable the screened differential metabolite is.
Results

PCA of flavonoid metabolites in Pueraria
thomsonii and Pueraria lobata

We profiled the flavonoid metabolites in one P. lobata variety

[Zhangjiajie (YS)] and three P. thomsonii varieties [Heshui (HS),

Fogang (FG), and Guilin (GL)] using UPLC-MS/MS. We

performed a PCA to better characterize the overall metabolite

differences among the four Pueraria varieties and the degree of

variability between samples within the same variety. As displayed in

the PCA score chart (Figure 1A), the contribution by PC1 was

93.10% and that of PC2 was 4.18%. The flavonoid metabolites

among the four Pueraria varieties were clearly distinguished on the

two-dimensional graph, and replicates within the same group

clustered, indicating the repeatability and reliability of our data.

Moreover, YS was clearly separated from HS, FG, and GL,

indicating that P. thomsonii and P. lobata differ substantially in

their metabolite profiles. We identified 279 flavonoid metabolites in

the four varieties, consisting of 90 flavonoids, 78 isoflavones, 38

flavonols, 32 dihydroflavones, 15 chalcones, 7 other flavonoids, 6

dihydroflavonols , 6 flavanols , 4 anthocyanins, and 3

proanthocyanidins (Figure 1B, Supplementary Table S1). The

flavonoid metabolites in the four varieties are presented as a

heatmap following homogenization (Figure 1C). The composition

of flavonoid metabolites in YS differed notably from those in HS,

FG, and GL, indicating that the flavonoid metabolite compositions

of the two species differ substantially.
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OPLS-DA of flavonoid metabolites among
the different Pueraria varieties

We used supervised orthogonal signal correction to evaluate the

differences in metabolite composition between samples within the

same variety, and applied an orthogonal partial least squares-

discriminant analysis (OPLS-DA) model to emphasize the

distinctions among varieties. OPLS-DA is effective at identifying

DAMs as it can be used to optimize population differences. R2X,

R2Y, and Q2Y are important parameters for evaluating the OPLS-

DA model. Values of R2Y and Q2Y closer to 1 reflect a more stable

and reliable model. In addition, Q2Y values above 0.5 are indicative

of an effective model, while Q2Y values above 0.9 are indicative of

an excellent model. We used the OPLS-DA model to compare the

flavonoid metabolite composition of YS vs. HS (R2X=0.913, R2Y=1,

Q2Y=0.998; Figure 2A), YS vs. FG (R2X=0.947, R2Y=1, Q2Y=0.999;

Figure 2B), YS vs. GL (R2X=0.920, R2Y=1, Q2Y=0.998; Figure 2C),

HS vs. FG (R2X=0.841, R2Y=1, Q2Y=0.990; Figure 2D), HS vs. GL

(R2X=0.868, R2Y=1, Q2Y=0.989; Figure 2E), and FG vs. GL

(R2X=0.805, R2Y=1, Q2Y=0.981; Figure 2F). The high values for

R2X, R2Y, and Q2Y in all pairwise comparisons indicate that these

analyses were repeatable and reliable and were suitable to screen

for DAMs.
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Volcano plot analysis of DAMs among the
different Pueraria varieties

We used a VIP value ≥ 1 and p < 0.05 as criteria to screen for

DAMs. The metabolites that differed between pairs of samples (YS vs.

HS, YS vs. FG, YS vs. GL, HS vs. FG, HS vs. GL, and FG vs. GL) are

presented as volcano plots in Figure 3 and the quantification are given

in Supplementary Table S2. The blue dots in the figure represent

down-regulated DAMs, and the red dots represent up-regulated

DAMs. We identified 205 significant differentially accumulated

flavonoid metabolites between YS and HS, of which 180 were down-

regulated in HS compared with YS and 25 were up-regulated in HS

compared with YS; 205 between YS and FG (172 down-regulated in FG

compared with YS and 33 up-regulated in FG compared with YS); 210

between YS and GL (176 down-regulated in GL compared with YS and

34 up-regulated in GL compared with YS); 129 betweenHS and FG (57

down-regulated in FG compared with HS and 72 up-regulated in FG

compared with HS); 128 between HS and GL (59 down-regulated in

GL compared with HS and 69 up-regulated in GL compared with HS);

and 120 between FG and GL (65 down-regulated in GL compared with

FG and 55 up-regulated in GL compared with FG). These results verify

that the complement of flavonoid metabolites differs substantially

between YS, HS, FG, and GL.
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FIGURE 1

Principal component analysis and metabolite profiles of P. thomsonii and P. lobata. (A) PCA of all samples. (B) Classification and quantification of all
detected metabolites. (C) Heatmap of flavonoid metabolites in P. thomsonii and P. lobata. HS, P. thomsonii variety [Heshui (HS)]; FG, P. thomsonii
variety [Fogang (FG)]; GL, P. thomsonii variety [Guilin (GL)]; YS, P. lobata variety [Zhangjiajie (YS)].
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Venn diagram and HCA analysis of
common DAMs among the different
Pueraria varieties

We screened for DAMs that were shared among the different

varieties, as shown in the Venn diagram in Figure 4. The number of

differentially accumulated flavonoid metabolites in YS vs. HS, YS vs.

FG, and YS vs. GL was 205, 205, and 210, respectively; however, we

identified 167 DAMs in common between each of these

comparisons, reflecting the difference between the one P. lobata

variety (YS) and the three P. thomsonii varieties (HS, FG, and GL)

(Figure 4A). We detected only 54 common DAMs between HS vs.

FG, HS vs.GL, and FG vs. GL (Figure 4B). These results show that

the flavonoid metabolites that underlie the differences between YS

vs. HS, YS vs. FG, and YS vs. GL are essentially identical.

Furthermore, fewer DAMs were common in comparisons of the

three P. thomsonii varieties (i.e., 54) than in comparisons of P.

lobata and each P. thomsonii variety (i.e., 167). We next classified

the 167 common DAMs into subgroups (Supplementary Table S3),

of which 59 isoflavones and 55 flavonoids were the major

components (Figure 5). Compared to P. thomsonii, most of the
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more abundant isoflavones and flavonoids in P. lobata were

puerarin, daidzein, genistein, biochanin A, acacetin, apigenin, and

tricin, and their glycosyl and methyl derivatives. However, the

isoflavones and flavonoids mentioned above displayed no clear

difference among the three P. thomsonii varieties. We further

analyzed DAMs among the three P. thomsonii varieties. Among

these metabolites, 12 metabolites including garbanzol, licoflavonol*,

8-Prenylkaempferol, neobavaisoflavone, and pratensein showed

drastic differences in the pairwise comparisons between P.

thomsonii varieties (Table 1), thus defining metabolite signatures

that can be used as markers to distinguish the three P.

thomsonii varieties.

Apart from isoflavones and flavonoids, we detected eight

chalcones, four anthocyanins, three flavanols, and 18

dihydroflavones that were differentially accumulated in

comparisons of P. lobata and each P. thomsonii variety

(Figure 6). Among these metabolites, the four anthocyanins

peonidin-3-O-glucoside, delphinidin-3-O-sambubioside,

pelargonidin-3-O-glucoside, and rosinidin-3-O-glucoside were

more abundant in P. lobata than in P. thomsonii (Figure 6B).

These results indicate that P. lobata accumulated higher levels of
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Differential flavonoid accumulation analysis using orthogonal signal correction and orthogonal partial least squares-discriminant analysis. HS, FG, GL,
P. thomsonii varieties; YS, P. lobata variety. Pairwise comparisons YS vs. HS (A), YS vs. FG (B), YS vs. GL (C), HS vs. FG (D), HS vs. GL (E), and FG vs.
GL (F).
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flavonoids than P. thomsonii. We also detected high amounts of

anthocyanin in P. lobata. In addition, of the top 10 least abundant

DAMs identified in the YS vs. HS, YS vs. FG, and YS vs. GL

pairwise comparisons, seven were shared (Figure 7): 6-C-

methylkaempferol-3-glucoside, kaempferol-3-O-(2’’-O-acetyl)
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glucuronide, 4,6-dimethoxyisoflavone-7-O-glucoside, biochanin

A-7-O-glucoside (Sissotrin), acacetin-7-O-glucoside (tilianin)*,

prunetin-5-O-glucoside, and acacetin-7-O-galactoside*. These

substances can therefore be used as markers to distinguish

between P. lobata and P. thomsonii.
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Comparative analysis of starch, dietary
fiber, and crude protein in Pueraria
thomsonii and Pueraria lobate

In addition to flavonoids, nutrients such as starch, dietary fiber,

and crude protein contribute to the nutritional value of P. thomsonii

and P. lobata. We quantified the dietary fiber, total starch, and

crude protein contents of P. thomsonii and P. lobata roots using
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enzyme gravimetry, acid hydrolysis, and the Kjeldahl method,

respectively. The P. thomsonii varieties contained more starch

than the P. lobata variety. We observed the lowest total starch

content in YS (449.85 ± 2.61 mg/g sample), and the highest starch

content in GL (629.93 ± 3.73 mg/g), followed by FG (618.24 ± 3.54

mg/g) and HS (613.50 ± 1.93 mg/g) (Table 2).

P. thomsonii is known for its low fiber content. Indeed, per 100 g

of sample, we measured the highest insoluble dietary fiber content
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Heatmap of selected differentially accumulated metabolites. (A) isoflavones; (B) flavones in P. thomsonii and P. lobata. HS, FG, GL, P. thomsonii
varieties; YS, P. lobata variety. The asterisk indicates that this substance has isomers.
TABLE 1 Differentially accumulated compounds among the three P. thomsonii varieties.

Class Compounds HS vs. GL HS vs. FG FG vs. GL

log2FC VIP log2FC VIP log2FC VIP

Flavonols Garbanzol 7.43 1.21 2.90 1.14 4.53 1.25

Flavonols Licoflavonol* 13.02 1.20 9.47 1.15 3.55 1.23

Flavonols 8-Prenylkaempferol 5.97 1.19 2.58 1.18 3.39 1.22

Isoflavones Neobavaisoflavone 2.12 1.10 4.99 1.21 -2.87 1.25

Isoflavones Pratensein 10.19 1.20 7.51 1.11 2.68 1.23

Isoflavones Glyceollin III 7.35 1.20 9.99 1.21 -2.64 1.24

Chalcones Licoagrochalcone D* 5.96 1.18 2.17 1.11 3.78 1.21

Other Flavonoids Licoisoflavanone* 5.88 1.20 2.25 1.11 3.63 1.24

Other Flavonoids Licoflavone A 2.03 1.10 4.88 1.21 -2.85 1.24

Other Flavonoids Licoflavone C 3.55 1.19 5.76 1.19 -2.21 1.20

Other Flavonoids Licoisoflavone A* 5.97 1.19 2.58 1.18 3.39 1.22

Other Flavonoids (3R)-Vestitol 10.82 1.21 7.19 1.22 3.64 1.25
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in YS (10.23 ± 0.28 g), followed by HS (4.26 ± 0.14 g), FG (3.75 ±

0.35 g), and GL (3.24 ± 0.25 g). Per 100 g of sample, we detected the

highest soluble dietary fiber content in YS (3.81 ± 0.30 g), followed

by GL (0.88 ± 0.03 g), HS (0.29 ± 0.05 g), and FG (0.17 ±

0.03 g) (Table 2).

The P. lobata variety contained the highest crude protein

content of the four varieties tested. Per kilogram of sample, the

crude protein content was highest in YS (106.24 ± 0.70 g), followed

by GL (81.40 ± 0.59 g), HS (72.82 ± 0.91g), and FG (70.95 ± 0.41 g)

(Table 2). These results demonstrate that the nutritional

compositions of P. thomsonii and P. lobata differ substantially,

while those of the three P. thomsonii varieties are similar to

each other.
Discussion

Pueraria species are found throughout Asia, with China being

the leading producer. Pueraria is predominantly used in traditional

Chinese medicine and as an edible food. The metabolic profiles of

Pueraria plants have not been extensively investigated. Using

UPLC-MS/MS, we identified 279 flavonoid metabolites in P.

lobata and P. thomsonii (Figure 1B). PCA and HCA indicated

that the metabolite constituents of YL, HS, FG, and GL differ

markedly, with YL being clearly distinguishable from HS, FG, and

GL (Figure 1), supporting the notion that the flavonoid metabolite

compositions vary among different Pueraria species.

Isoflavones and flavonoids are essential bioactive ingredients of

P. lobata and P. thomsonii. Isoflavones are predominantly found in

legumes such as soybean (Glycine max) and have essential functions

in plant protection and nodule formation (Li et al., 2015). Five

isoflavones were identified in the roots of P. thomsonii and P. lobata

plants, including puerarin, formononetin-7-O-glycoside, biochanin

A-7-O-glucoside, 7-hydroxy-3”-methoxy-isoflavone-7-

primeveroside, and genistein-8-C-apiosyl(1!6)glucoside(Shang

et al., 2021). Furthermore, 13 isoflavones were previously detected

by H-NMR spectrometry in P. thomsonii and P. lobata, including

puerarin, puerarin 6’’-O-xylopyranoside, daidzin, genistin, and
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mononetin (Chen et al., 2014). In another study, puerarin,

genistin, daidzin, and daidzein were the main ingredients

identified in P. thomsonii and P. lobata samples collected from

Australia, China, and the USA (Wong et al., 2015). Here, we

determined that 59 isoflavones accumulated to a greater degree in

P. lobata than in P. thomsonii (Figure 5). The major isoflavones

identified here were puerarin, daidzein, genistein, acacetin, and

biochanin A, as well as their glycosylated or methylated derivatives,

and these altered metaboli tes significantly affect the

pharmacological activities of isoflavone products (Zhou et al.,

2014; Egan, 2020; Wang et al., 2020). Here, we established that

puerarin, genistin, and daidzein, and their derivatives, are the major

isoflavones in P. thomsonii and P. lobata. Our results were

consistent with studies mentioned above. In addition to the

isoflavone metabolites mentioned above, our study revealed

isoflavone metabolites that had not been identified in previous

studies of Pueraria plants. These metabolites can be used as

biomarkers to distinguish between P. lobata and P. thomsonii.

The contents of 52 flavonoids, particularly acacetin, apigenin,

tricin, and their derivatives, were higher in P. lobata than in P.

thomsonii (Figure 5). These flavonoids possess antiplasmodial,

antiperoxodant, anti-inflammatory, and anticancer properties (Cai

et al., 2004; Kim et al., 2014; Kim et al., 2017; Wu et al., 2018). Our

results are consistent with those of a previous UPLC-MS/MS-based

analysis (Shang et al., 2021) that had identified 15 flavonoids,

including acacetin-7-O-galactoside, kaempferol-7-O-glucoside,

and apigenin-7-O-(6’’-p-Coumaryl) glucoside. Although P. lobata

and P. thomsonii both contain abundant isoflavones and flavonoids,

the isoflavone and flavonoid contents were higher in P. lobata than

in P. thomsonii, which may explain why P. lobata is commonly used

for medicinal purposes. Our findings suggest that variations in the

abundance and composition of flavonoids and isoflavones may

contribute to the different uses of P. lobata and P. thomsonii

(Chen et al., 2006; Chen et al., 2014; Shang et al., 2021). In

addition to the two main bioactive ingredients (isoflavone and

flavonoids), four anthocyanins were more abundant in P. lobata

than in P. thomsonii (Figure 6). Anthocyanins are water-soluble

pigments belonging to the flavonoid class. Anthocyanins not only
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FIGURE 6

Heatmap of selected differentially accumulated metabolites. (A) chalcones; (B) anthocyanins; (C) flavanols; (D) dihydroflavones in P. thomsonii and P.
lobata. HS, FG, GL, P. thomsonii varieties; YS, P. lobata variety.
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give plants their color, but also limit the damage caused by

biological and abiotic stressors (Abdel-Aal et al., 2006; Gould,

2010; He et al., 2020). Therefore, the high accumulation of

anthocyanins in P. lobata is consistent with P. lobata having a

darker color than P. thomsonii. Moreover, the anthocyanins

mentioned above have not been detected in previous studies

focusing on Pueraria plants.

Pueraria plants have dual applications as medicine and food,

and are used to produce both pharmaceutical ingredients and edible

starch (Tanner et al., 1979). The starch paste produced by P.

thomsonii is transparent and difficult to degrade, and the elastic

modulus of P. thomsonii starch gel is significantly lower than that of

potato (Solanum tuberosum) starch gel. As a result, P. thomsonii

starch can be used as a food ingredient as well as a raw industrial

material. A previous study had shown that the total starch content

of PTR (Puerariae Thomsonii Radix) was higher than that of PLR

(Puerariae Lobatae Radix) (Wong et al., 2015). In this study, the

total starch content of P. thomsonii roots was higher than that of P.

lobata roots (Table 2); thus, P. thomsonii will have high utility in the

food industry. Indeed, numerous P. thomsonii cultivars with high

starch yields have been developed in China for use as food.

Dietary fiber improves the human intestinal microbiota and

intestinal peristalsis. We observed that P. thomsonii had a lower

dietary fiber content than P. lobata (Table 2). This result was

inconsistent with the findings of a previous study (Wong et al.,
Frontiers in Plant Science 0993
2015) that established that P. lobata roots contained more dietary

fiber than P. thomsonii roots. This discrepancy may be due to the

different varieties used in the two studies. The materials used in the

previous study came from three different countries (Australia,

China, and the USA), while the materials used in our study all

came from China. In addition, the three varieties of P. thomsonii

used in our study are common cultivated varieties, and have broad

market value. Fiber also affects the taste of food. Foods with a high

fiber content often lack flavor without processing. For the reasons

mentioned above, dietary fiber compounds were found in relatively

lower quantities among the three varieties of P. thomsonii used in

our study. Therefore, P. thomsonii with a lower fiber content is

useful as food. Crude protein content was higher in P. lobata than in

P. thomsonii. Thus, P. lobata has an advantage over P. thomsonii in

efforts aimed at developing and using crude protein.
Conclusion

Here, we analyzed the flavonoid profiles of four important

Pueraria varieties (one P. lobata variety and three common

cultivated P. thomsonii varieties) using UPLC-MS/MS. We

identified 279 flavonoid metabolites, of which 167 DAMs were

common between YS vs. HS, YS vs. FG, and YS vs. GL. We classified

these common metabolites into different subgroups, with 59
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Fold-changes of differentially accumulating metabolites. (A) YS vs. HS; (B) YS vs. FG; (C) YS vs. GL. The pentagram represents the common
metabolites of the three comparisons.
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isoflavones and 55 flavonoids. A large proportion of isoflavones and

flavonoids were more abundant in P. lobata than in P. thomsonii.

The starch content was significantly higher in the P. thomsonii

varieties than in the P. lobata variety, while the cellulose and crude

protein contents were significantly lower in P. thomsonii varieties

than in the P. lobata variety. This study provides insight into the

differences in medicinal and nutritional profiles between P. lobata

and P. thomsonii, and serves as a theoretical basis for developing P.

lobata and P. thomsonii germplasm resources.
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key gene networks and
retrotransposon response
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Menachem Moshelion 4 and Alan H. Schulman 1,2,3*

1HiLIFE Institute of Biotechnology, University of Helsinki, Helsinki, Finland, 2Viikki Plant Science Centre
(ViPS), University of Helsinki, Helsinki, Finland, 3Production Systems, Natural Resources Institute
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Introduction: During drought, plants close their stomata at a critical soil water

content (SWC), together with making diverse physiological, developmental, and

biochemical responses.

Methods: Using precision-phenotyping lysimeters, we imposed pre-flowering

drought on four barley varieties (Arvo, Golden Promise, Hankkija 673, and Morex)

and followed their physiological responses. For Golden Promise, we carried out

RNA-seq on leaf transcripts before and during drought and during recovery, also

examining retrotransposon BARE1expression. Transcriptional data were

subjected to network analysis.

Results: The varieties differed by their critical SWC (ϴcrit), Hankkija 673

responding at the highest and Golden Promise at the lowest. Pathways

connected to drought and salinity response were strongly upregulated during

drought; pathways connected to growth and development were strongly

downregulated. During recovery, growth and development pathways were

upregulated; altogether, 117 networked genes involved in ubiquitin-mediated

autophagy were downregulated.

Discussion: The differential response to SWC suggests adaptation to distinct

rainfall patterns. We identified several strongly differentially expressed genes not

earlier associated with drought response in barley. BARE1 transcription is strongly

transcriptionally upregulated by drought and downregulated during recovery

unequally between the investigated cultivars. The downregulation of networked

autophagy genes suggests a role for autophagy in drought response; its

importance to resilience should be further investigated.

KEYWORDS

drought, autophagy, barley, resilience (environmental), network analysis, gene
expression, Hordeum vulgare
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1 Introduction

Optimization of the balance between carbon fixed and water

lost by transpiration is a central problem for plants. In drought, the

challenge to water homeostasis from decreased water potential

generates a response by the plant at a critical soil water content

(SWC), which leads to stomatal closure, even in daylight, to reduce

water loss. The associated dehydration and its consequences are

commonly referred to as drought stress. Drought response involves

mechanisms and signaling cascades, leading to stomatal closure

(Merilo et al., 2015) and to physiological and metabolic changes

(Jogawat et al., 2021). Mechanisms to counter dehydration and

cellular damage include accumulation of osmolytes to mediate

osmotic adjustment (Hildebrandt, 2018) and enzymatic and non-

enzymatic scavenging of excess reactive oxygen species (ROS) (Das

and Roychoudhury, 2014), as well as changes in the chloroplast

proteome (Chen et al., 2021a).

Two contrasting responses to water limitation have been

described: isohydric and anisohydric (Sade et al., 2012). Isohydric

implies maintenance of constant water potential; many

physiological parameters are involved (Scharwies and Dinneny,

2019). Barley has been shown to be diurnally anisohydric

(Tardieu and Simonneau, 1998). The terms also have been

applied broadly for drought response strategy (Sade et al., 2012),

isohydric plants conservating water, closing stomata at a relatively

high SWC, sacrificing carbon fixation but delaying plant

dehydration. This strategy may reduce risk from early droughts in

climates where the probability of precipitation increases during the

growing season. An anisohydric plant delays stomatal closure and

continues fixing carbon, a strategy consistent with environments

having terminal droughts or with those where dry periods are short

and show little seasonal variation.

Studies in Arabidopsis indicate that induction of autophagy is

needed for drought tolerance (Avin-Wittenberg, 2019). Autophagy

is an evolutionarily conserved mechanism for recycling damaged

proteins and cellular organelles by transport to the vacuoles or

lysosomes for degradation (Chen et al., 2021b). Rewatering at the

end of drought may result in the resumption of normal diurnal

stomatal opening, recovery of photosynthesis, and the resumption

of growth. The occurrence, degree, and rate of recovery strongly

depends both on the intensity and duration of drought and on the

species; recovery has relatively little studied on its own (Xu et al.,

2010; Lawas et al., 2019; Chen et al., 2021b; Qi et al., 2021) but

involves the ABA signaling pathway (Cao et al., 2021).

Drought is also well known to induce transcription of

transposable elements, particularly retrotransposons (RLX;

Wicker et al. (2007). The RLXs have been shown to be

transcriptionally induced by stresses ranging from ionizing and

UV radiation to drought and heavy metals (Kimura et al., 2001;

Grandbastien et al., 2005; Ramallo et al., 2008; Makarevitch et al.,

2015; Galindo-Gonzalez et al., 2017). For barley (Hordum vulgare

L.) RLX, earlier studies indicated that BARE1 transcripts and

translational products accumulated under drought (Jääskeläinen

et al., 2013) and appeared linked to the abscisic acid (ABA)
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signaling pathway through the ABA-response elements (ABREs)

present in the BARE1promoter (Jääskeläinen et al., 2013).

Optimization of drought response for an annual crop such as

barley is related to the climatic zone for which the plant is bred. In

some zones, the probability of drought may be greater early in the

growing season (e.g., Nordic conditions, before flowering); in

others, the probability of drought increases during seed

maturation (Mediterranean basin, as terminal drought) (Rollins

et al., 2013; Tao et al., 2017). Here, we focus on pre-flowering

drought in four barley cultivars shown in pilot experiments to

respond differentially to SWC (Dalal et al., in prep). For one of them

(Golden Promise), the goal was to carry out transcriptional analyses

for leaves for both genes and the BARE1 RLX at physiologically

defined time points before, during, and after drought. Gene

expression data were then input to network analysis to

understand the activated pathways and possible connections to

RLX stress response.
2 Materials and methods

2.1 Plant material

Barley cultivars Arvo, Golden Promise (“GP”), Hankkija 673

(“H673”), and Morex were selected from the diversity set of the

ERA-NET SusCrop Climbar Project. GP is the standard genotype

for transformation in barley (Schreiber et al., 2019), whereas

preliminary experiments indicated that Arvo and H673 have high

and low stomatal conductance, respectively (Dalal et al., in prep.).

Morex is the established reference genome assembly in barley (Beier

et al., 2017; Mascher et al., 2017; Mascher et al., 2021).
2.2 Growth conditions

Plants were grown during the winter season in the

iCORE funct iona l phenotyping greenhouse (ht tps : / /

plantscience.agri.huji.ac.il/icore-center ) under natural sunlight,

with moderate temperature control, which closely reflects the

natural external environment (Halperin et al., 2017; Galkin et al.,

2018) (Figure 1A). There, drought experiments were carried out

with a randomized block design on a gravimetric functional

phenotyping platform (Dalal et al., 2020; Gosa SC et al, 2022)

(Plantarray, PA 3.0, PlantDitech Ltd., Yavne, Israel), which allows

simultaneous standardized control of drought treatment with

continuous monitoring of multiple physiological parameters. The

platform comprises temperature-compensated load cells

(lysimeters) for simultaneous and continuous gravimetric

monitoring of water relations in the soil–plant–atmosphere

continuum (SPAC) under dynamic environmental conditions

(Halperin et al., 2017).

Seeds were sown in germination trays and then transplanted at

the 3- to 4-leaf stage (2 weeks old) to pots. Before transplanting,

seedling roots were carefully washed to remove the original soil,
frontiersin.org
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planted into potting soil [“Bental 11”, Tuff Marom Golan, Israel;

four per 3.9-liter pot; Dalal et al. (2020)], and then placed onto

lysimeters (Dalal et al., 2019; Gosa SC et al, 2022). Each cultivar was

grown in four to six biological replicates for the drought treatment

and in three biological replicates for the controls, which were

maintained under well-irrigated conditions (Figure 1B). The

plants were grown at 18°C–25°C, 20%–35% relative humidity,

and 10-h light/14-h dark, typical of the greenhouse’s semi-

controlled conditions as affected by the external Mediterranean

winter. Temperature, humidity, and photosynthetically active

radiation (PAR) were monitored as described earlier (Dalal et al.,

2020; Gosa SC et al, 2022). The vapor pressure deficit (VPD) ranged

between 0.2 and 4.0 kPa in the greenhouse and represented typical

weather fluctuations during winters in Central Israel (Figure 2B).
2.3 Experimental design

To mimic the onset of a drought, the experiment was divided

into five phases on the lysimeter platform: (i) well watered, (ii) dry

phase I (iii), rewatering I (iv), dry phase II, and (v) rewatering II

(Figure 2A). For the well-watered phase (first 12 days) and for the

controls throughout, plants daily received three nighttime
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irrigations at 3-h intervals to reach field capacity. The volumetric

water content (VWC) was calculated with the SPAC analytical

software embedded in the Plantarray system (Figure 3). In dry

phase I, the system was set to irrigate droughted plants to 80% of

their own previous day’s transpiration, so that these would be

subjected to gradual water stress from days 13 to 24, followed by

rewatering (rewatering I) on the night of day 25. Dry phase II

extended from days 26 to 41 with the same irrigation parameters as

dry phase I, until the time when the droughted plants reached

<100 g of daily transpiration (DT; around 20% to 30% of controls)

(Figure 4D). Rewatering II began on day 42. Daily night irrigation

was given to all plants until day 44. At that point, several irrigation

cycles were used to moisten the soil and to ensure a laterally

uniform SWC in the pots. VPD data were continuously

monitored (Figure 2B).
2.4 Sampling and isolation of RNA

Second leaves from the youngest tillers were collected for RNA

analysis: time point 1 (T1) on the last day of the well-watered phase

(day 12); T2, on the last day of dry phase II (day 41); T3, last day of

rewatering II (day 44). Well-watered control samples at the same
B

A

FIGURE 1

Experimental setup. (A) Lysimeters of gravimetric functional phenotyping platform, comprising 72 lysimeter platforms with soil probes and four
weather stations. The setup features: (a) minimally controlled greenhouse, (b) lysimeter platform, (c) weather station, and (d) cooling vent. (B) Table
diagram for sample pots distributed according to a randomized block design. Filled circles are drought treatments; empty circles are well-watered
(controls). Arvo, orange; GP, red; H673, green; Morex, blue.
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B

C

D

E

A

FIGURE 3

Calculated soil volumetric water content (VWC) during five phases of the experiment. (A) Day 12, last day of well-watered (phase i). (B) Day 24, last
day of dry phase I (C) Day 25, last day of rewatering I (D) Day 41, dry phase II. (E) Day 44, last day of rewatering II. Solid bars represent drought
samples; empty bars represent controls. Arvo (A), orange; red, Golden Promise (GP), green; Hankkija 673 (H); blue, Morex (M)..
B

A

FIGURE 2

Key system parameters during drought and recovery. (A) Relative change in system weight of all control and drought-treated pots. The experiment is
divided into five phases:(i)well-watered,(ii)dry phase I,rewatering I, (iv) dry phase II, and (v) rewatering II. Drought samples, solid lines; well-irrigated
controls, dashed. Cultivars are Arvo, orange; Golden Promise (GP), red; Hankkija 673 (H673), green; Morex, blue. Day of ϴ crit indicated by ϴ on the
cultivars’ curves. Time points (T) for collection of RNA from leaf samples are: T1, last day of well-watered; T2, last day of drought; T3, last day of
recovery. (B) Photosynthetically active radiation (PAR) and vapor pressure deficit (VPD) over the course of the experiment. The weather symbols
depict conditions outdoors during this time each symbol representing the average of five days.
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growth stages were collected at T2 and T3. For RNA extraction, leaf

samples were collected in liquid N2 and later ground and stored in

TRIzol reagent (Invitrogen). Total RNA was extracted from the leaf

samples with the Direct-zol RNAMiniprep Plus kit according to the

manufacturer’s (Zymo Research Europe GmbH) guidelines. RNA (1

µg) from each sample was treated with Ambion® DNase I (RNase-

free; Applied Biosystems) in a 20-µl reaction mixture for 90 min at

37°C to remove remaining DNA. An RNeasy MinElute Cleanup Kit

(Qiagen) was used to purify and concentrate the RNA from the

DNase treatments. RNA quantity and quality were checked both

spectrophotometrically (NANODROP-2000 spectrophotometer,

Thermo Scientific) and by agarose gel electrophoresis.
2.5 qPCR analysis

Reverse transcription to cDNA was carried out in reactions

containing 200 ng of total RNA, 1 µl of Invitrogen™ SuperScript®

IV Reverse Transcriptase (RT) (Thermo Fisher Scientific), 1 µl of 10

mM deoxynucleotide triphosphates (dNTPs; Thermo Scientific),,

and 0.5 µl of 10 µM primer E1820 (AAGCAGTGGTAACAACGCA

GAGTACT30NA) as the oligo(dT) primer (Chang et al., 2013). For

qPCR, 10 µl of reactions comprised 0.5 µl of cDNA as template, 5 µl

of SsoAdvanced™Universal SYBR® Green Supermix, 0.1 µl of each

forward and reverse primer, and 4.3 µl of water. Reactions were run

on a CFX 384 Real-Time PCR detection system (Bio-Rad) in three

technical replicates as follows: activation for 2 min at 94°C; 40 cycles

comprising denaturation for 30 s at 94°C, annealing for 30 s at 56°C,
Frontiers in Plant Science 05100
and extension for 1 min at 72°C. Relative quantification of the

cDNA product was made by the 2− DDCT method (Livak and

Schmittgen, 2001). All primers used for qPCR are listed in

Supplementary Table S1. The amplification efficiency of all the

primers has been checked; R2 was from 0.97 to 0.99.
2.6 RNA-seq and network analysis

Three sets of biological replicates from each time point and their

corresponding controls were taken from cv. GP for RNA-seq

analysis. Libraries were constructed using the TruSeq Stranded

Total RNA kit with plant cytoplasmic and chloroplast ribosomal

RNA removal (Illumina); adaptors were TruSeq adaptors. FastQC

(Andrews, 2010) was used to check the quality control metrics of

the raw reads and to trim the RNA-seq data. Adapter sequences

were removed with Trimmomatic (Bolger et al., 2014). The STAR

alignment method (Dobin et al., 2013) served to map sequence

reads to the GP genome (GPV1.48, Ensembl Plants). Next, to

quantify transcript expression, the Salmon tool was applied (Patro

et al., 2017). Differentially expressed genes (DEGs) and principal

component analysis (PCA) plots were obtained with DESeq2 (Love

et al., 2014; Hong et al., 2020). Multidimensional scaling (MDS)

plots were used to verify the approximate expression differences

between sample replicates.

From the clean reads, those with pADJ value < 0.05 for their

fold change were run in g:Profiler for functional enrichment

analysis and to obtain a Gene Matrix Transposed (GMT) file for
B

C

D

E

A

FIGURE 4

Daily transpiration (DT) at the end of each experimental phase. (A) Day 12, last day of well-watered (phase i). (B) Day 24, last day of dry phase I (C)
Day 25, last day of Rewatering I (D) Day 41, dry phase II. (E) Day 44, last day of rewatering II. Solid bars represent drought samples, empty bars
controls. Orange represents Arvo (A); red, Golden Promise (GP); green, Hankkija 673 (H); blue, Morex (M).
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Cytoscape (Reimand et al., 2019). Cytoscape_v3.8.2 was then used

to develop network clusters for biological pathways. The parameters

used were false discovery rate (FDR) q-value cutoff = 1, node cutoff

= 0.5, edge cutoff = 0.375, and significance threshold for functional

enrichment p≤ 0.01.
3 Results

3.1 Whole-plant water relations over the
course of drought and recovery

Four barley varieties (Arvo, GP, H673, and Morex), which, in

preliminary experiments, differed in their water use strategies, were

placed on lysimeters and measured through the four experimental

phases. Transpiration and plant weight were followed continuously.

The SWC at which the transpiration rate drops in response to

drought [ϴ critical point (ϴcrit)] was calculated from the data.

Daily transpiration.Analysis of DT of the four varieties on the

Plantarray platform revealed variation in their transpiration both

between the varieties (Figure 4, Supplementary Figure S1) and day

by day (Figure 5A, Supplementary Figures S1A–C). All plants were

exposed to similar changes in PAR and VPD simultaneously

(Figure 1), which were monitored throughout the experiment

(Figure 2B); from days 21 to 23, the cloudy and rainy weather

outside the minimally controlled greenhouse reduced the PAR and

VPD within, lowering DT. For the well-watered control plants of all

varieties, DT gradually increased along with plant size over the

course of the experiment, closely matched by the droughted plants,

which then diverged following the onset of dry phase II. The overall

DT of Morex is the highest, followed by H673, Arvo, and GP. The

DT of droughted Morex plants diverged from controls by day 20
Frontiers in Plant Science 06101
(Supplementary Figure S1C) and H673 by day 25 (Supplementary

Figure S1B), whereas Arvo and GP only by day 30 (Figure 5A,

Supplementary Figure S1A). A complete return to control whole-

plant transpiration was not observed for any of the varieties before

termination of the experiment on day 44; all plants showed low DT

between days 42 and 44, linked to low VPD and PAR.
3.2 Effect of drought on the plant growth
and transpiration

Changes in net plant weight as a measure of growth were

calculated from the Plantarray system as before (Halperin et al.,

2017). The high rate of growth observed for all varieties between

days 2 and 9 (Figure 5B, Supplementary Figures S2A–C)

corresponds to the peak in PAR during the same period

(Figure 2B). The control plants showed similar trends in growth

rates throughout the experiment. The droughted plants of all four

varieties displayed specific growth rates lower than their well-

watered controls during drought: first in Morex (day 23), then

Arvo (day 29), and then both H673 and GP (on day 30)

(Supplementary Figure S2, Figure 5B). The relative effect of

drought on the growth rate of the four varieties is most apparent

when the rate of change is considered.

Theϴcrit was calculated for all varieties (Figure 6) on the basis of

midday whole-plant transpiration (Halperin et al., 2017). The

transpiration rates of all four varieties remained constant up to a

VWC of 0.55 and then declined, with the VWC at the ϴcrit differing

by variety. Arvo, H673, and Morex display similar initial

transpiration rates, whereas GP was about 30% lower. The H673

ϴcrit occurred at 0.53 VWC on day 36, Arvo at 0.52 on day 37,

Morex at 0.46 on day 36, and GP at 0.42 already on day 33.
B

A

FIGURE 5

Daily transpiration and plant weight over the experimental period for Golden Promise (GP). (A) Daily transpiration (DT). The black bar represents the
divergence of drought from control plants. (B) Daily specific change in plant weight (g/g/d). Yellow bars represent the start and end of dry phase I,
and red bars show the start and end of dry phase II.
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Following stomatal closure at ϴcrit, weight (water) loss preceded at

different rates among the varieties. Although GP had the lowest

initial transpiration rate (Figure 6), it declined the fastest, whereas

Arvo, with a high transpiration rate, declined the slowest.
3.3 Gene expression analysis

An average of 33 million reads per sample were generated by

RNA-seq, which showed the expression of approximately 27,000

genes. To check the quality of the gene expression, DESeq2

dispersion estimates were made to reflect the variance in gene

expression for a given mean value; values were adjusted as the basis

for significance testing (Supplementary Figure S3). PCA of

differential gene expression showed an alignment of all groups of

samples along PC1 and a narrow dispersion of all control groups

along PC2 (Supplementary Figure S4). Movement of the expression

pattern during the course of the experiment shows a shift within

PC2 during drought and then a return to near the position of the

control groups for the recovery samples (Supplementary Figure S4),

consistent with ongoing physiological recovery. Of the genes

detected, those differentially expressed (DEGs) with adjusted p <

0.01 include 611 that were upregulated and 643 downregulated in

drought compared to the well-watered controls samples taken

on the same day, whereas 697 were upgregulated and 282

downregulated during recovery compared with the controls on

the same day (Supplementary Tables S2–S5).

RNA-seq reads were annotated by reference to the cv. Morex

genome (release 2), transcript expression was quantified, and DEGs

were identified. In the drought samples, the most highly

upregulated gene compared to the well-watered control was for

glutathione s-transferase (Table 1), with 3-million-fold more

expression than control; in the samples from plants undergoing

recovery, this gene dropped by 8.6-fold compared with drought.

Altogether, 44 genes showed more than 100-fold upregulation and

218 genes over 10-fold upregulation compared to controls

(Supplementary Table S2). The most downregulated gene was for

a cytochrome P450 family protein (Table 2), with around 3,000-fold
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less expression than control. Conversely, among the DEGs in

recovery compared to drought, this gene showed the third highest

upregulation, 195-fold (Supplementary Table S7). Altogether, nine

genes showed more than 100-fold downregulation and 53 genes

over 10-fold downregulation (Supplementary Table S3).

In the recovery samples, compared to the controls that never

experienced drought, the most upregulated gene was annotated as a

leguminosin group485 secreted peptide, having 16-billion-fold

more expression than in the controls (Table 3). This gene has

been reported in Medicago truncatula root during root nodulation,

with gene ID Medtr5g064530 and Medtr2g009450. However, a

BLASTp of the transcript corresponding to the barley gene

(HORVU.MOREX.r2.5HG0428280.1) has its best match (89%

identity, Expected value (E-value) of 2e-36) to a serine/threonine-

protein phosphatase 7 (PP7) long-form homolog for barley

(XP_044965344.1). Four genes showed more than 100-fold

upregulation and 58 genes over 10-fold upregulation

(Supplementary Table S4). Compared to the drought samples,

139 genes showed more than 10-fold upregulation. The most

upregulated, compared with drought (635X; Supplementary Table

S7), was annotated as for a “bifunctional inhibitor/lipid-transfer

protein/seed storage 2S albumin superfamily protein,” a protein

type reported to have diverse functions (Wei and Zhong, 2014).

The most downregulated transcript in recovery compared to

control corresponded to a superfamily Copia RLX, which automatic

annotation designated as a “retrovirus-related Pol polyprotein”,

having around 8-million-fold less expression than the control

(Table 4). When drought and recovery DEGs were compared, the

most strongly downregulated (1.8-million fold) transcript likewise

was annotated as a “Pol polyprotein from transposon Tnt1-94”, i.e.,

a superfamily Copia RLX (Supplementary Table S6). Of the top 20

repressed in recovery compared with drought samples

(Supplementary Table S6), three were annotated as dehydrins

(435- to 1634-fold downregulated) and three as heat-shock

proteins (188- to 627-fold downregulated). Compared to controls,

overall, three genes showed more than 100-fold downregulation

and nine genes more than 10-fold downregulation (Supplementary

Table S5). Compared to drought samples, 222 genes in the recovery
FIGURE 6

ϴ critical point (ϴcrit), for midday whole-plant transpiration versus calculated VWC. The inflection points in the fitted transpiration lines indicate the
ϴcrit. Arvo, orange; Golden Promise, red; Hankkija 673 (H673), green; Morex, blue. Day on which the ϴcrit occurred is indicated by a number adjacent
to the inflection point..
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phase showed more than 10-fold downregulation and 140 showed

more than 10-fold upregulation. To place the very many

significantly DEGs into a biological context, we undertook a

network analysis, as described below.
3.4 Network analysis

3.4.1 Upregulated networks under drought stress
When drought-treated plants were compared to the well-

watered controls of the same age, a simple pattern of three

clusters with two nodes, each comprising the upregulated genes,

was seen (Figure 7). Detailed information on key nodes with the

clusters is presented in Supplementary Table S8. Cluster A, which

has the highest statistical significance and contains 113 genes, is

annotated as “response to water” (GO:0009415) and to “acid

chemical” (GO:0001101), meaning any process that responds to

the availability of water (e.g., under drought), or to an anion. In this

cluster, the dehydrin genes have the highest differential expression,

ranging from 100- to 3458-fold upregulation during drought,

followed by the late-embryogenesis-abundant (LEA) protein

Lea14 at 60-fold (Supplementary Table S12). Both are associated

with physiological drought; dehydrin is a drought-inducible LEA II

protein (Kosová et al., 2014). Conversely, three dehydrins are
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among the top 20 downregulated DEGs in recovery vs. drought

(Supplementary Table S6). Of the other two clusters, one (cluster B)

comprises nodes for response to salt stress (GO:0009651) and

osmotic stress (GO:0006970), together with 126 genes

(Supplementary Table S8). In cluster B, the most strongly

upregulated genes are for a serine-threonine protein kinase

(Supplementary Table S12), which is a family well connected to

drought response (Saddhe et al., 2021) and salt stress (GO:0009651;

19-fold), and for an uncharacterized transcription factor (18-fold).

Drought, salt, and osmotic stress response pathways are well-known

to overlap (Buti et al., 2019). The third cluster C, with 250 genes, is

associated with negative regulation of protein metabolic processes

in two nodes (GO:0051248 and GO:0032269). These nodes contain

multiple proteinase inhibitors, including a trypsin/amylase

inhibitor such as was earlier shown to confer drought tolerance

(Xiao et al., 2013), that are strongly upregulated in drought (64- to

694-fold).

3.4.2 Downregulated networks under
drought stress

During the drought stress, eight clusters, comprising 48 nodes,

were downregulated (Figure 7B). All are related to processes of

growth and development. The cluster with the highest significance

and with the greatest number of genes (B) is related to metabolism
TABLE 1 Top 20 upregulated genes, drought phase.

Ensembl_gene_id Description log2 FC1 padj2

HORVU.MOREX.r2.5HG0441700 Glutathione s-transferase 21.49 5.6E-07

HORVU.MOREX.r2.6HG0456270 Linalool synthase 13.20 9.4E-05

HORVU.MOREX.r2.6HG0516720 Dehydrin 11.76 9.4E-18

HORVU.MOREX.r2.5HG0395660 U-box domain containing protein 10.67 6.2E-03

HORVU.MOREX.r2.5HG0429440 Dehydrin 10.31 3.4E-05

HORVU.MOREX.r2HG0053260 NOT FOUND 10.17 2.1E-03

HORVU.MOREX.r2.3HG0242240 Coiled-coil domain-containing protein 18 9.89 7.6E-12

HORVU.MOREX.r2.3HG0184850 Trypsin inhibitor 9.44 5.5E-09

HORVU.MOREX.r2.4HG0328360 Branched-chain amino acid aminotransferase 9.38 5.6E-04

HORVU.MOREX.r2.3HG0186590 Basic 7S globulin 2 9.28 2.1E-04

HORVU.MOREX.r2.7HG0593880 Cysteine-rich/transmembrane domain A–like protein 9.19 2.3E-03

HORVU.MOREX.r2.3HG0201230 DWNN domain 9.13 1.9E-04

HORVU.MOREX.r2.7HG0620080 Carbonic anhydrase 9.00 2.7E-03

HORVU.MOREX.r2.2HG0149830 Caleosin 8.39 4.3E-05

HORVU.MOREX.r2.3HG0184880 Trypsin inhibitor 8.38 6.9E-11

HORVU.MOREX.r2.3HG0245240 Disulfide isomerase 8.35 4.6E-07

HORVU.MOREX.r2.5HG0356770 Germin-like protein 8.09 8.1E-04

HORVU.MOREX.r2.5HG0402770 Basic helix-loop-helix (bHLH) DNA-binding superfamily protein 8.04 2.7E-05

HORVU.MOREX.r2.2HG0149820 Caleosin 7.75 9.0E-03

HORVU.MOREX.r2.6HG0512380 2-oxoglutarate (2OG) and Fe (II)-dependent oxygenase superfamily protein 7.61 1.7E-03
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of carboxylic acids and anions and comprises 3,600 genes. These are

involved in nutrient supply, plant development, and processes

including cell wall signaling, guard mother cell division, and

pathogen virulence (Polko and Kieber, 2019). The key nodes in

this cluster include metabolism of organic acids (GO:0006082),

oxoacids (GO:0043436), cellular amino acids (GO:0006520),

carboxyl ic ac ids (GO:0019752) , and small molecules

(GO:0044281) (Supplementary Table S9) . The other

interconnected clusters are associated with cluster A (654 genes),

which concerns the regulation of photosynthesis, (e.g., photosystem

genes, 2- to 5-fold downregulated): purine ribonucleotide

metabolism, transfer RNA (tRNA) aminoacylation translation,

pigment biosynthesis, and tetraterpenoid biosynthesis. A second

set of linked clusters downregulated under drought stress comprises

plastid translation organization (cluster G, 83 genes; GO:00032544

and GO:0009657) and pigment, including chlorophyll and

carotenoid, biosynthesis (cluster E, 1588 genes; cluster F, 136

genes). A small cluster (H, 10 genes) unlinked to others is

annotated as concerning plant ovary development (GO:0032544)

although, given that leaf samples were analyzed, the function

appears to be otherwise. Detailed information on the key nodes

and clusters can be found in Supplementary Tables S9, S13. Hence,

the downregulated pathways are manifold and generally involved

in growth and development.
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3.4.3 Upregulated networks during recovery
Recovery is the process of restoring the physiological and

molecular functions from drought-induced damage (Chen et al.,

2021). As described above, gene networks related to the growth and

development were downregulated during drought. In turn, during

recovery, many associated with growth, plastidial function, and

energy metabolism were upregulated, organized in five linked

clusters of interconnected nodes (Figure 8A). Cluster A has 2597

genes and concerns cell wall metabolism (Supplementary Table

S10). Its nodes include those for carbohydrate (GO:0005975),

polysaccharide (GO:0005976), glucan (GO:0006073), and

xyloglucan (GO:0010411) metabolism, “cell wall organization or

biogenesis”, “external encapsulation structure organization”

(GO:0045229), and hemicellulose metabolism (GO:0010410).

Genes for biosynthesis of xyloglucan, an abundant component of

the primary cell wall, were particularly strongly induced, up to 239-

fold over the control plants that did not experience drought. Two of

the clusters (B, 2522 genes; C, 7842 genes) include nodes associated

with protein biosynthesis that were downregulated during drought

but are upregulated during recovery. These include nodes for

ribosome biogenesis (GO:0042254), ncRNA metabolism

(GO:0034660), ribosomal RNA (rRNA) processing (GO:0006364),

ribonucleoprotein complex assembly (GO:0022618), maturation of

large subunit rRNA (GO:0000463), translation (GO:0006412),
TABLE 2 Top 20 downregulated genes, drought phase.

Ensembl_gene_id Description log2 FC1 padj2

HORVU.MOREX.r2.3HG0191820 Cytochrome P450 family protein −11.71 6.0E-08

HORVU.MOREX.r2.3HG0268430 Basic helix-loop-helix (BHLH) family transcription factor −9.82 3.1E-03

HORVU.MOREX.r2.4HG0346330 Cortical cell-delineating protein −9.46 2.6E-09

HORVU.MOREX.r2.4HG0346340 Cortical cell-delineating protein −9.28 4.7E-08

HORVU.MOREX.r2.2HG0158510 Bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin superfamily protein −8.79 4.5E-05

HORVU.MOREX.r2.4HG0288340 translation initiation factor −7.73 4.0E-07

HORVU.MOREX.r2.7HG0561840 MYB-related transcription factor −7.69 4.0E-09

HORVU.MOREX.r2.5HG0369380 Glutaredoxin family protein −7.29 1.0E-04

HORVU.MOREX.r2.3HG0268450 Basic helix-loop-helix (bHLH) DNA-binding superfamily protein −6.98 2.3E-03

HORVU.MOREX.r2.7HG0548630 Pollen Ole e 1 allergen/extensin −6.56 7.0E-09

HORVU.MOREX.r2.5HG0356760 Glutaredoxin family protein −6.47 2.6E-03

HORVU.MOREX.r2.5HG0412710 CRT-binding factor −6.45 1.5E-04

HORVU.MOREX.r2.2HG0165830 Pollen Ole e 1 allergen/extensin −6.39 1.3E-09

HORVU.MOREX.r2.4HG0330890 Beta-xylosidase −6.20 1.6E-03

HORVU.MOREX.r2.3HG0268330 Dicer-like 3 −5.83 4.2E-07

HORVU.MOREX.r2.2HG0079590 Avr9/Cf-9 rapidly elicited protein −5.72 2.9E-03

HORVU.MOREX.r2.7HG0623060 Aquaporin −5.61 4.4E-03

HORVU.MOREX.r2.6HG0455680 Pollen Ole e 1 allergen/extensin −5.57 1.1E-07

HORVU.MOREX.r2.5HG0438030 Leucine-rich repeat receptor-like protein kinase family protein −5.47 1.3E-05

HORVU.MOREX.r2.2HG0160110 Orexin receptor type 2 −5.39 1.0E-07
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peptide biosynthesis and metabolism (GO:0043043 and

GO:0006518), amide biosynthesis (GO:0043604), and tRNA

aminoacylation and metabolism (GO:0043039 and GO:0006399).

Consistent with reactivation of leaf function, plastid and chloroplast

organization processes (GO:0009657 and GO:0009658) were

upregulated. One unlinked cluster, for “quinone process”

(GO:1901663), nevertheless, also indicates upregulation of

photosynthetic function and growth, as plastoquinone and

ubiquinone serve in the electron transport chains, respectively, of

photosynthesis and aerobic respiration. Descriptions of the clusters

and their nodes are found in Supplementary Tables S10, S14.

3.4.4 Downregulated networks during recovery
The networks of genes downregulated during recovery, when

compared to the controls, form six clusters (Figure 8B). Cluster F

(13 genes in one node) is associated with the de-repression of genes

associated with organelle organization (GO:0010638). Cluster A has

nine nodes, each with a single gene, for processes spanning cell wall

macromolecules (GO:0010981), carbohydrate metabolism

(GO:0010676), trichome papilla formation (GO:1905499), among

others. Descriptions of the clusters and their nodes are presented in

Supplementary Tables S11 and S15.

Of the other five clusters of genes downregulated during recovery,

notably, three(B,D,andE)containaltogether117networkedautophagy-
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related genes (ATGs) involved in ubiquitin-mediated autophagy

(Figure 8B). The largest cluster (B) has six nodes, including ones with

genes concerned with autophagosome organization and assembly. Two

unlinkedATGclusters (DandE) consist of a single node each.One is for

genes involved in protein K63- linked de-ubiquitination (GO:0070536).

In this cluster, the genes for deubiquitinating enzyme AMSH1 are also

observed.Theotherclusterwithitssinglenodeconcernsgenesinvolvedin

protein neddylation (GO:0045116), the process by which the ubiquitin-

like protein NEDD8 is conjugated to its target proteins in a manner

analogous to ubiquitination.

The reduction in expression of the ATGs genes is modest,

compared with the controls, around two-fold at most. However, of

the six gene clusters with reduced expression during recovery, the

top three most strongly reduced are all for ATGs genes. The p-

values of the ATG nodes are all highly significant (mean of 0.01).

Among the ATGs, the most strongly downregulated are autophagy-

related protein 101 (−1.76X), beclin 1 (−1.7X), and autophagy-

related protein 3 (−1.48X), all in cluster B (autophagy); a 26S

proteasome regulatory subunit (−1.98X), in cluster D (protein

K63-linked deubiquitination); and ubiquitin-conjugating enzyme

E2 (−1.57X), in cluster E (neddylation). When gene expression

levels at recovery are compared to that at drought, a similar picture

emerges for ATGs (Supplementary Table S15). While only a few are

significant at padj = 0.05, most show the same trends.
TABLE 3 Top 20 upregulated genes during the recovery phase.

Ensembl_gene_id Description log2 FC1 padj2

HORVU.MOREX.r2.5HG0428280 Leguminosin group485 secreted peptide 33.95 5.4E-10

HORVU.MOREX.r2.5HG0406650 Nucleolar-like protein 7.59 2.4E-03

HORVU.MOREX.r2.7HG0563500 Fasciclin-like arabinogalactan protein 7.11 2.7E-04

HORVU.MOREX.r2HG0002090 Arginine decarboxylase 6.73 3.9E-03

HORVU.MOREX.r2.7HG0604490 Xyloglucan endotransglucosylase/hydrolase 6.25 3.4E-03

HORVU.MOREX.r2.2HG0083580 Cytochrome P450 5.57 9.3E-03

HORVU.MOREX.r2.4HG0340230 translation initiation factor 5.54 1.1E-03

HORVU.MOREX.r2.2HG0179370 Cytochrome P450 5.51 1.0E-02

HORVU.MOREX.r2.7HG0579230 MLG (mixed-linkage glucan) synthase, Biosynthesis of MLG (cell wall polysaccharide 5.33 6.3E-04

HORVU.MOREX.r2HG0072930 Thiamine-phosphate synthase 5.05 6.7E-15

HORVU.MOREX.r2.6HG0519350 Heparanase 5.05 2.2E-04

HORVU.MOREX.r2.2HG0141350 3-Oxoacyl-[acyl-carrier-protein] synthase 4.86 4.4E-08

HORVU.MOREX.r2.3HG0183950 Glycosyltransferase 4.81 2.5E-03

HORVU.MOREX.r2.5HG0355750 Bidirectional sugar transporter SWEET 4.80 3.5E-05

HORVU.MOREX.r2.7HG0558300 Glycosyltransferase 4.78 4.4E-03

HORVU.MOREX.r2.5HG0349900 Receptor-like protein kinase 4.67 2.4E-05

HORVU.MOREX.r2.6HG0516480 F-box protein SKIP8 4.52 1.5E-13

HORVU.MOREX.r2.4HG0318550 MYB transcription factor 4.44 5.4E-03

HORVU.MOREX.r2.6HG0502520 4-coumarate: coenzyme A ligase, Flavonoid biosynthesis 4.39 7.9E-03

HORVU.MOREX.r2.7HG0594280 Beta-galactosidase 4.33 6.7E-03
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3.5 BARE response during drought
and recovery

For all four varieties during drought and recovery (Table 5,

Supplementary S16), the mRNA levels matching the BARE gag

region was analyzed by qPCR; in GP, additionally, the abundance of

mRNA containing the 5′ untranslated leader (UTL) regions

corresponding to expression from TATA1 and TATA2 (Chang

and Schulman, 2008), respectively, for the genomic RNA (gRNA)

and mRNA, was measured (Table 5). As an indicator of general

stress response, hsp17 expression was examined; putative hsp17 and

hsp21 were among the most strongly downregulated genes in

recovery vs. drought (Supplementary Table S6).

Drought-induced expression of both hsp17 and of BARE (gag) was

significantly higher (Supplementary Tables S17, S18) in GP and Arvo

over the well-watered control (Table 5, Supplementary S16). During

recovery, BARE gag and hsp17 were downregulated in Arvo and GP

(down 2.2X, Arvo; 1.3X, GP), but not in H673 (up 2.9X over control),

suggesting delayed recovery in H673 (Table 5, Supplementary S16).

Notably, in Morex, gag levels but not hsp17 showed an inverse pattern

from the other lines: decreasing 1.8-fold under drought but increasing

1.7-fold during recovery (Supplementary Table S16). We additionally

followed the expression of the 5′ UTLs corresponding to both the

gRNA (TATA1) and the mRNA (TATA2) of BARE in GP. TATA1
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was more strongly upregulated than TATA2 under drought (Table 5,

Supplementary S17). During recovery, TATA1 and HSP17 expression

were below that of the well-watered control, whereas TATA2 was near

to control levels. On the protein level (Supplementary Figure S5), BARE

Pol, produced from the TATA2 mRNA, showed a strong drought

response, which decreased but was still above the control

during recovery.
4 Discussion

Drought tolerance and resilience are important traits for wild

plants and commonly sought for crops. For crops, in contrast to wild

species, not only the production of viable seed but also high yield is

desirable. Hence, trade-offs between drought tolerance and

concomitant stomatal water loss and CO2 uptake are relevant to

breeding. Drought under field conditions is complex, affected by

many factors: ambient heat, humidity, VPD, and their diurnal

fluctuations; soil structure and hydration profile; soil and root

microbiomes; the length and completeness of rain cessation

(Scharwies and Dinneny, 2019). Likewise, experimental droughts in

greenhouses and growth chambers can differ greatly from each other

and from those in the field. Here, we sought to correlate transcriptional

to physiological responses in barley on a precision feedback lysimeter
TABLE 4 Top 20 downregulated genes during the recovery phase.

Ensembl_gene_id Description log2 FC1 padj2

HORVU.MOREX.r2.7HG0531380 Retrovirus-related Pol polyprotein from transposon TNT 1-94 −23.01 1.188E-10

HORVU.MOREX.r2.4HG0321820 Plant protein 1589 of Uncharacterized protein function −7.39 2.631E-05

HORVU.MOREX.r2.3HG0253380 ATP-dependent Clp protease adapter protein ClpS −6.74 9.786E-03

HORVU.MOREX.r2.4HG0280100 Staurosporin and temperature sensitive 3-like A −4.50 1.056E-04

HORVU.MOREX.r2.3HG0188940 AP2/B3 transcription factor family protein −4.31 2.280E-04

HORVU.MOREX.r2.2HG0093560 Flowering-promoting factor 1-like protein 1 −3.70 3.800E-03

HORVU.MOREX.r2.4HG0280110 Staurosporin and temperature sensitive 3-like A/Haloacid dehalogenase-like hydrolase −3.68 8.266E-05

HORVU.MOREX.r2.7HG0581730 NAC domain-containing protein −3.64 1.844E-03

HORVU.MOREX.r2.2HG0138540 DNA helicase homolog −3.51 6.905E-03

HORVU.MOREX.r2.5HG0357350 2-Oxoglutarate and Fe (II)-dependent oxygenase superfamily protein −3.04 7.989E-03

HORVU.MOREX.r2.2HG0093550 Flowering-promoting factor 1–like protein 1 −2.89 6.611E-04

HORVU.MOREX.r2.2HG0173810 Unidentified −2.87 2.376E-03

HORVU.MOREX.r2.4HG0279680 Lysine–tRNA ligase −2.85 1.142E-03

HORVU.MOREX.r2.2HG0091470 NAC domain protein −2.83 1.016E-04

HORVU.MOREX.r2.6HG0522770 Inosine-5′-monophosphate dehydrogenase −2.82 6.337E-04

HORVU.MOREX.r2.3HG0259320 Transmembrane protein −2.76 1.878E-06

HORVU.MOREX.r2.4HG0346330 Cortical cell-delineating protein −2.68 3.434E-03

HORVU.MOREX.r2.2HG0152820 Hsp70-Hsp90 organizing protein 1 −2.53 1.247E-03

HORVU.MOREX.r2.2HG0133410 SNF1-related protein kinase regulatory subunit gamma 1 −2.52 1.255E-03

HORVU.MOREX.r2.5HG0357520 NAC domain-containing protein/Tetratricopeptide repeat (TPR)-like superfamily protein (LC) −2.51 2.664E-04
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platform with well-controlled soil and watering as well as continuous

data collection. We recorded VPD and PAR continuously throughout

the experiment, as well as the DT and increase in plant weight. The

platform itself was in a greenhouse that closely reflected natural

external environmental conditions beyond.
4.1 Physiological response of four barley
varieties to drought and rewatering

We analyzed the drought and recovery responses of four barley

varieties for which pilot experiments showed a difference in

transpiration rates and ϴcrit. We have not tracked leaf water

potential but rather the stomatal response to SWC; we use the terms

anisohydric and isohydric as equivalent to ϴcrit at comparatively low

and high SWC, respectively. The SWC at which drought response is

invoked is genotype-dependent; the two strategies can be found within

genotypes of the same species such as barley or wheat (Triticum
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aestivum L.), which have both spring- and autumn-sown types that

thereby experience contrasting rainfall patterns (Tao et al., 2017)

depending on the cultivation region (Galle et al., 2013).

Morex, having the highest DT rate, reachedϴcrit at VWC0.46 cm3/

cm3 on day 36, whereas GP reachedϴcrit at the lowest VWC, 0.42 cm3/

cm3, already on day 33 and continued to dehydrate at the fastest rate,

but with the lowest initial transpiration rate. Hence, the rate of water

loss after ϴcrit was not linked to the initial transpiration rate, as GP

dried the fastest and Arvo the slowest. Our interpretation is that GP is

therefore the most anisohydric of the four. As bred in the UK, GP may

be able to manage the risk as SWC falls because of its low transpiration

rate and the relatively balanced precipitation throughout the growing

season. Morex also reaches ϴcrit at a comparatively low VWC but,

nevertheless, maintains weight as well as H673, which has ϴcrit at the

highest VWC, so would appear to manage water loss well. Arvo

appears to be the most isohydric; it, like H673, responds at a high

ϴcrit and maintains its weight best during drought. This is consistent

with Arvo and H673 being varieties from Finland, where droughts
B

A

FIGURE 7

Pathway enrichment analysis of differentially expressed genes (DEGs) during the drought phase. (A) The set of three clusters of nodes containing
upregulated genes. (B) Eight interlinked clusters of interlinked nodes containing genes downregulated during the drought phase. Pathway nodes are
shown as small circles connected by lines (edges) if the pathways share many genes. Nodes are colored by enrichment score, and the thickness of
lines according to the number of genes shared by the connected pathways. The clusters are A, photosynthesis; B, acid metabolic process; C, purine
metabolic process; tRNA aminoacylation translation; E, pigment biosynthesis; F, tetraterpenoid process; G, plastid translation organization; H, plant
ovary development. Nodes are numbered; descriptions for upregulated and downregulated genes are organized by node number in Supplementary
Tabless S8, S9, respectively.
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occur early in the growing season and can persist for weeks, but where

the probability of precipitation increases as the season progresses (Tao

et al., 2017). All lines responded to rewatering by increasing specific

weight gain (g/g), GP being the lowest, but none returned to control

rates during the three days that recovery was followed. Full recovery

may require longer.
4.2 Gene networks and differential
expression in Golden Promise during
drought and recovery

We focused gene expression analyses on GP, as the standard

line for transformation and editing. Drought: Networks of genes
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responding to drought, salt, and acid, as well as negative regulators

of metabolism, were upregulated following ϴcrit. Among individual

genes, glutathione s-transferase (GST) was most upregulated (3 ×

106-fold) over the control; at the sampling point early in recovery, it

had dropped by 8.6-fold relative to drought samples. GST

expression is associated with drought tolerance in barley (Rezaei

et al., 2013); it scavenges drought-produced ROS for detoxification

(Guo et al., 2009). Likewise, increased GST expression was observed

under cold and osmotic stress in a potato genotype tolerant to these

(Guo et al., 2009). The second most highly upregulated (447X) gene

is chloroplastic linalool synthase (XP_044955412), a terpenoid

biosynthetic enzyme; its expression fell 70-fold in recovery

relative to drought. In rice, the bHLH family transcription factor

RERJ1 is drought-induced, leading to jasmonate (JA) biosynthesis
B

A

FIGURE 8

Pathway enrichment analysis of differentially expressed genes (DEGs) during the recovery phase. (A) Six interlinked clusters of interlinked nodes
containing upregulated genes. (B) Six clusters of nodes containing downregulated genes. Pathway nodes are shown as small circles connected by
lines (edges) if the pathways share many genes. Nodes are colored by enrichment score, and the thickness of lines according to the number of
genes shared by the connected pathways. The clusters are A, positive regulation process; B, autophagy; C, response to sucrose and disaccharide; D,
protein K63; E, protein neddylation; F, positive regulation of organelle. Pathway nodes are shown as small circles connected by lines (edges) if the
pathways share many genes. Nodes are colored by enrichment score, and the thickness of lines according to the number of genes shared by the
connected pathways. Nodes are numbered; descriptions for upregulated and downregulated genes are organized by node number in
Supplementary Tables S10, S11, respectively.
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and induction of linalool synthase (Valea et al., 2022). In barley, 98

among 135 detected phenolic and terpenoid compounds (linolool

was not investigated) were shown to change in expression as result

of drought stress (Piasecka et al., 2017). Our observed induction of

linolool synthase here is consistent with a role in ABA/JA-mediated

stomatal closure as reported for Arabidopsis (Munemasa et al.,

2019). Dehydrin (Dhn) transcripts were also highly upregulated,

3500X over control, and among the most strongly downregulated in

recovery vs. drought. Dehydrins, along with other late

embryogenesis abundant (LEA) proteins such as LEA14 (also

upregulated here), protect enzymes from dehydration and other

environmental stresses (Liu et al., 2017). Differential Dhn

expression was shown in cultivated and wild (H. spontaneum)

barley to be correlated with drought tolerance (Suprunova et al.,

2004; Kosová et al., 2014), likewise in Brachypodium distachyon

(Decena et al., 2021), wheat (Brini et al., 2007; Wang et al., 2014),

and rice (Verma et al., 2017).

Networks for photosynthetic and plastidial processes,

metabolism, and ovary development were downregulated during

drought, consistent with earlier reports for some individual genes

from these processes: ribulose 1,5-bisphosphate carboxylase small

subunit (rbcS), chlorophyll a/b-binding protein (cab), and

components of photosystems I and II (Seki et al., 2002; Narusaka

et al., 2004). Here, the most strongly downregulated gene was for

cytochrome P450 (CYP), which conversely was the third most

strongly upregulated in recovery vs. drought. The CYP genes are

widely distributed in plants and animals (Shiota et al., 2000),

forming a large family, 45 in wheat (Li and Wei, 2020), playing

multiple roles (McKinnon et al., 2008), including in biotic and

abiotic stress response (Li and Wei, 2020). In rice, 83 OsCYPs are

differentially expressed, of which six are strongly induced and three

are strongly downregulated, during drought (Wei and Chen, 2018).

Two genes for cortical cell delineating protein were highly

(−705X and −621X) repressed during drought; while associated

with roots, they appear to have a role in cell division and elongation
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(Isayenkov et al., 2020). These, too, had their expression strongly

upregulated during recovery vs. drought. Downregulated almost as

strongly (−442X) was a gene of the bHLH family. This widespread

family of transcription factors has been shown in various plants,

including wheat, to be integrated into ABA- and JA-mediated

signaling, ROS scavenging, and stomatal closure, as well as to

play multiple roles in development (Yang et al., 2016; Guo et al.,

2021). Given that bHLH is strongly induced by drought and ABA,

the pattern seen here suggests that induction occurs before ϴcrit and

that its downregulation thereafter may be linked to suppression of

developmental processes.

Recovery: During the recovery phase, gene networks connected

to growth and to chloroplast development were upregulated; these

processes were downregulated under drought. The putative PP7,

here the most upregulated individual gene vs. control during

recovery, has shown to be highly expressed in Arabidopsis

stomata (Andreeva et al., 1999), to regulate phytochrome

signaling (Andreeva et al., 1999) and to be involved also in

Arabidopsis chloroplast development (Xu et al., 2019), a function

that would be consonant with recovery in the barley system.

Notably, autophagy processes were downregulated. Autophagy

mechanisms are conserved in eukaryotes for turning over unwanted

cytoplasmic components and maintaining homeostasis during

stress (Marshall and Vierstra, 2018; Bao, 2020; Tang and

Bassham, 2022). Mutant or silenced individual autophagy genes

(atg5,ATG6, atg7, ATG8d,and ATG18h), variously in Arabidopsis,

tomato, and wheat (Liu et al., 2009; Marshall and Vierstra, 2018;

Zhu et al., 2018; Li et al., 2019), reduced drought tolerance. In

barley, a mutant of autophagosome formation gene ATG6 (Beclin 1)

was upregulated under various abiotic stresses including drought,

whereas its knockdown resulted in yellowing leaves in dark and

H2O2 treatments (Zeng et al., 2017). We confirmed that ATG6 is

identical to 3HG0280440.1 (Morex assembly vers3) and saw a 1.47X

reduction in recovery vs. drought (adjusted p= 0.01). While these

studies indicated the importance of individual autophagy
TABLE 5 Relative expression of hsp17and BARE transcripts in Golden Promise during the drought and recovery phases along with TATA1- and TATA2-
driven mRNA levels.

DROUGHT

Samples hsp17 ** gag** TATA1** TATA2**

Control 1 1.50 ± 0.08 0.66 ± 0.17 0.49 ± 0.09 0.60 ± 0.11

Control 2 2.75 ± 0.38 1.19 ± 0.09 0.83 ± 0.05 0.40 ± 0.01

Drought 1 8.01 ± 1.96 4.78 ± 0.30 5.15 ± 0.82 1.78 ± 0.24

Drought 2 4.06 ± 0.10 3.52 ± 0.79 2.12 ± 0.20 0.87 ± 0.19

RECOVERY

Samples hsp17 gag TATA1* TATA2

Control 1 0.64 ± 0.03 1.17 ± 0.07 0.57 ± 0.08 1.03 ± 0.13

Control 2 0.39 ± 0.09 0.35 ± 0.14 1.33 ± 0.12 0.59 ± 0.04

Recovery 1 0.38 ± 0.05 0.36 ± 0.11 0.23 ± 0.01 0.97 ± 0.08

Recovery 2 0.37 ± 0.02 0.73 ± 0.11 0.61 ± 0.07 1.06 ± 0.21
fro
Values are given as means ± SD of three technical replicates for each plant. The asterisks indicate the significance level of *p< 0.05 and **p< 0.005 analyzed using a non-parametric Mann–
Whitney U-test.
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components in mediating abiotic stress response including drought,

the autophagy network as a whole had not been examined. During

recovery, along with ATG6, we observed a downregulation of many

other ATGs in nodes connected either to initiation of autophagy,

vesicle nucleation, expansion, or autophagosome formation. The

likely importance of the suppression of autophagy during recovery

is indicated by COST1 (constitutively stressed 1), attenuating

autophagy in Arabidopsis under optimal growth conditions; cost1

mutants are highly drought tolerant but very small, growing slowly

(Bao et al., 2020). Of the two COST1 matches in the barley genome,

expression of HORVU.MOREX.r2.4HG0296600.1 was not seen; for

HORVU.MOREX.r2.6HG0480550, expression was almost identical

in drought and recovery samples and regarding the controls.
4.3 Response of retrotransposon BARE to
drought and recovery

BARE, of which the reference genome contains 20,258 full-length

copies and 6,216 solo LTRs (Mascher et al., 2021), carries out the

various stages of the RLX lifecycle: It is transcribed, translated, and

forms virus-like particles (Jääskeläinen et al., 2013). While the BARE

LTR promoter was earlier shown to carry ABREs (Suoniemi et al.,

1996), the capsid protein Gag to be more strongly expressed under

drought (Jääskeläinen et al., 2013), and BARE copy number variations

and insertional polymorphism patterns to be consistent with long-term

drought activation (Kalendar et al., 2000), BARE transcription has not

earlier been linked to physiologically characterized drought. Here, we

found that BARE transcription, as measured by qPCR from the gag

coding region, increased following ϴcrit in GP, Arvo, and H673, as did

the gene for heat-shock protein HSP17, a marker for drought stress

(Guo et al., 2009); Morex, however, showed HSP17 response but no

increased BARE transcription. For Arvo and GP, both the BARE gag

and HSP17 were strongly lower in the samples taken after rewatering,

whereas H673 had apparently not entered recovery, given that the

HSP17 level was still elevated. Divergent BARE levels in different

varieties are consistent with those seen earlier (Jääskeläinen et al.,

2013), where GP showed a stronger response on the Gag protein level

than did cv. Bomi. For GP, we also examined the drought response for

the two transcripts, one driven by TATA1, which produces the gRNA

that will be reverse transcribed, and another by TATA2, which

produces the translatable mRNA. In drought, TATA1 was more

strongly induced than TATA2, whereas, during recovery, TATA1

showed lower expression than in control samples, perhaps indicating

post-transcriptional silencing of the BARE gRNA. Consonant with the

qPCR results, the most strongly downregulated gene in the recovery

RNA-seq (HORVU.MOREX.r2.7HG0531380) matches best a

superfamily Copia integrase domain (KAE8773625.1; 65% similar

residues, E-value 7 × 10-101), likely from the Hopscotch family.
5 Conclusions

Using a precision phenotyping platform, we have identified barley

varieties whose transpiration rates drop (ϴcrit) at different points as
Frontiers in Plant Science 15110
soil dries during drought, which may mirror adaptation to pre-

flowering vs. terminal drought or to droughts of varying length. The

timing of droughts regarding phenology is expected to shift across

Europe over the coming decades (Appiah et al., 2023). Using ϴcrit as a

guidepost, we carried out a global analysis of gene expression in the

transformable variety GP in response to drought and rewatering and

placed the DEGs into the context of biological pathways.We identified

several strongly DEGs not earlier associated with drought response in

barley, including for linalool synthase, cortical cell delineating protein,

and long-form PP7. These data will serve to establish candidate genes

from phenotyped mapping populations and diversity sets and for

analysis of the many drought tolerance QTLs heretofore identified

(Zhang et al., 2017; Moualeu-Ngangue et al., 2020). We were able to

confirm that the BARE RLX family is strongly transcriptionally

upregulated by drought and downregulated during recovery

unequally between cultivars and that the two BARE promoters are

differentially drought responsive. Consistent with what may be a

general epigenetic deregulation of RLXs and DNA transposons

(Pontes et al., 2009; Wei et al., 2014), Dicer-like 3 (DCL3) was

downregulated 57-fold compared to the well-watered control during

the drought phase (Supplementary Table S3); full analysis of

transposable element expression under drought and recovery is

currently in progress. In the context of recovery rate and resilience,

which is key to maintenance of crop yields in the face of climate

change, our observation that the autophagy gene network is

downregulated during recovery is worthy of further investigation;

we are currently constructing a higher resolution timeline.
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Elucidating the molecular
responses to waterlogging stress
in onion (Allium cepa L.) leaf
by comparative
transcriptome profiling

Pranjali A. Gedam1, Kiran Khandagale1, Dhananjay Shirsat1,
A. Thangasamy1, Onkar Kulkarni2, Abhijeet Kulkarni2,
Swaranjali S. Patil3, Vitthal T. Barvkar3, Vijay Mahajan1,
Amar Jeet Gupta1, Kiran P. Bhagat4, Yogesh P. Khade1,
Major Singh1 and Suresh Gawande1*

1Indian Council of Agricultural Research (ICAR)-Directorate of Onion and Garlic Research, Pune, India,
2Bioinformatics Centre, Savitribai Phule Pune University, Pune, India, 3Department of Botany, Savitribai
Phule Pune University, Pune, India, 4Indian Council of Agricultural Research (ICAR)-Directorate of
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Introduction: Waterlogging is a major stress that severely affects onion

cultivation worldwide, and developing stress-tolerant varieties could be a

valuable measure for overcoming its adverse effects. Gathering information

regarding the molecular mechanisms and gene expression patterns of

waterlogging-tolerant and sensitive genotypes is an effective method for

improving stress tolerance in onions. To date, the waterlogging tolerance-

governing molecular mechanism in onions is unknown.

Methods: This study identified the differentially expressed genes (DEGs) through

transcriptome analysis in leaf tissue of two onion genotypes (Acc. 1666; tolerant

and W-344; sensitive) presenting contrasting responses to waterlogging stress.

Results: Differential gene expression analysis revealed that in Acc. 1666, 1629 and

3271 genes were upregulated and downregulated, respectively. In W-344, 2134

and 1909 genes were upregulated and downregulated, respectively, under

waterlogging stress. The proteins coded by these DEGs regulate several key

biological processes to overcome waterlogging stress such as phytohormone

production, antioxidant enzymes, programmed cell death, and energy production.

The clusters of orthologous group pathway analysis revealed that DEGs

contributed to the post-translational modification, energy production, and

carbohydrate metabolism-related pathways under waterlogging stress. The

enzyme assay demonstrated higher activity of antioxidant enzymes in Acc. 1666

than inW-344. The differential expression ofwaterlogging tolerance related genes,

such as those related to antioxidant enzymes, phytohormone biosynthesis,

carbohydrate metabolism, and transcriptional factors, suggested that significant
frontiersin.org01114

https://www.frontiersin.org/articles/10.3389/fpls.2023.1150909/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1150909/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1150909/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1150909/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1150909/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2023.1150909&domain=pdf&date_stamp=2023-08-08
mailto:sureshgawande76@gmail.com
https://doi.org/10.3389/fpls.2023.1150909
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2023.1150909
https://www.frontiersin.org/journals/plant-science


Gedam et al. 10.3389/fpls.2023.1150909

Frontiers in Plant Science
fine reprogramming of gene expression occurs in response to waterlogging stress

in onion. A few genes such as ADH, PDC, PEP carboxylase, WRKY22, and

Respiratory burst oxidase D were exclusively upregulated in Acc. 1666.

Discussion: The molecular information about DEGs identified in the present

study would be valuable for improving stress tolerance and for developing

waterlogging tolerant onion varieties.
KEYWORDS

waterlogging, onion, transcriptome, RNA-sequencing, differential gene expression
Introduction

Water is a prerequisite for plant growth; however, excess soil

moisture or prolonged soil saturation causes waterlogging stress

that adversely affects several plant developmental processes. Every

year, approximately 17 million km2 of land area and 16% of global

agriculture production are challenged by flooding stress (Kaur et al.,

2020). The reasons for waterlogging in the field is soil type, poor soil

drainage, and unpredictable and intense rainfall. Waterlogging

affects plant vegetative growth as well as strongly influences its

reproductive growth, leading to yield loss and sometimes complete

crop failure. In the context of global climate change, the area under

waterlogging stress has been increasing every year since the 1990s,

affecting 10%–16% of soils and approximately 80% of the yield

losses of economically important crops (Shabala, 2011).

Onion (Allium cepa L.) is a significantly valuable crop cultivated

globally on approximately 7.1 million-hectare land area. The annual

bulb production is 136 million tonnes (FAO, 2021). Next to China,

India is the second largest onion producer contributing to 22% of

global production (Priyadarshini et al., 2021). Depending on the

amount and distribution of rainfall, onion in India is cultivated as

both a rainfed and irrigated crop during the monsoon and post-

monsoon seasons, respectively. Waterlogging or soil flooding due to

heavy rainfall occurs in a substantial part of the world. In India, the

monsoon is the major irrigation water source for Kharif onion crops

(July–December). Erratic monsoon rains lead to frequent

waterlogging episodes. Onion is extremely sensitive to

waterlogging stress as it is a shallow-rooted crop (Pelter et al.,

2004). Heavy and prolonged rainfall at almost all growth stages

restrains crop growth with 50%–70% yield losses, indicating that the

onion crop is sensitive to waterlogging (Ghodke et al., 2018). Thus,

waterlogging is a grave environmental threat limiting onion

production during monsoons. To attain adequate onion

production during monsoons, genotypes that can withstand short

or prolonged waterlogging conditions must be identified. In our

previous study, we screened diverse onion genotypes for

waterlogging tolerance and then grouped them as tolerant and

sensitive based on their phenotypic and physiological traits (Gedam

et al., 2022).
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In waterlogged soil, the main reason for plant growth inhibition

and mortality is a low oxygen diffusion rate that creates a hypoxic

condition in roots, thereby shifting the energy-related aerobic

respiration pathway to the anaerobic fermentation mode and

declining plant root activity, permeability, and growth (Zhou

et al. , 2020). This disturbs a series of morphological,

physiological, and biochemical mechanisms, thereby limiting

plant development, gas exchange, and photosynthesis-related

processes. Waterlogging triggers the production of reactive

oxygen species (ROS) that are detrimental to the cellular

membrane components. They also inactivate various enzyme

activities, cause oxidation of proteins and membrane lipids, and

damage nucleoproteins (Yeung et al., 2018).

Plants respond to waterlogging stress by undergoing a series of

phenotypic, physiological, biochemical, and molecular alterations.

Changes in leaf and root morphological and anatomical structures

are the first visual morphological adaptations that occur in response

to stress. Likewise, physiological and molecular regulatory

mechanisms, such as reduction in stomatal conductance, a decline

in photosynthesis, activation of certain hormonal biosynthesis and

signaling pathways, induction of antioxidant enzyme systems, and

modulation of certain genes and transcription factors, are triggered

in response to waterlogging stress (Pan et al., 2021; Wu et al., 2022).

Plant hormonal regulation is a crucial player in plant development

and stress response. Ethylene is a key hormone regulating the

waterlogging stress response in plants. It is synthesized by 1-

aminocyclopropane-1-carboxylic acid (ACC) synthase and ACC

oxidase. Ethylene and ROS signaling leads to programmed cell

death (PCD) in root tissues, thereby resulting in aerenchyma

formation that mediates gaseous exchange during waterlogging

(Khan et al., 2020). Salicylic acid (SA) is another phytohormone

involved in activating antioxidants and aerenchyma formation

(Koramutla et al., 2022) during waterlogging and hypoxia

conditions. Energy crisis is common under waterlogging stress

and is caused by limited oxygen supply. Therefore, anaerobic

fermentation is initiated for maintaining ATP production through

glycolysis by oxidation of NADH to NAD+. The higher expression

of pyruvate decarboxylase (PDC) and alcohol dehydrogenase (ADH)

was reported in waterlogging-tolerant genotypes, which helps to
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meet the temporary demand of ATP with alcohol fermentation (Xu

et al., 2014; Luo et al., 2017; Zhang et al., 2017; Shen et al., 2021).

Further, overexpression of these genes also reported to be associated

with better performance of transgenic plants under waterlogging

conditions than wild-type plants (Komatsu et al., 2011; Tougou

et al., 2012; Zhang et al., 2016). Transcription factors are a critical

player in regulating gene expression in response to stress. Gene

regulation under the waterlogging or hypoxic condition depends on

group VII Ethylene Response Factors (ERFs). They act as master

inducers of several hypoxia-responsive genes (Gibbs et al., 2011;

Gasch et al., 2016). The aforementioned adaptive processes facilitate

acclimatization of the plant to the detrimental consequences of

waterlogging stress.

RNA-Seq technology is a powerful and cost-effective tool for

conducting the high-throughput plant transcriptome analysis and

thus identifying candidate genes associated with various stress-

responsive metabolic pathways. This technology has been efficiently

used for understanding the expression pattern of key genes and

transcription factors associated with waterlogging stress-responsive

metabolic pathways in crops such as potatoes and cassava (Park et al.,

2020; Cao et al., 2022). Although roots are the key part affected by

waterlogging, researchers have also investigated the waterlogging

stress response in the leaf tissues of soybean (Chen et al., 2016),

peanut (Zeng et al., 2021), and pigeon pea (Tyagi et al., 2022).

To date, no study has highlighted the molecular mechanism

governing waterlogging stress tolerance in onion crops. The present

study compared the waterlogging-tolerant onion genotype with the

sensitive one at the transcriptional level to identify waterlogging

tolerance-associated key genes and related pathways. Both

genotypes were selected based on previous findings of phenotypic

and biochemical responses under the waterlogging condition

(Gedam et al., 2022). To the best of our knowledge, this study is

the first to investigate the molecular mechanism underlying

waterlogging tolerance in onion.
Material and methods

Plant material

Two onion genotypes (Allium cepa L.) with contrasting

responses to waterlogging stress were used. The genotype Acc.

1666 exhibited a high tolerance to waterlogging stress, whereas W-

344 was highly sensitive (Gedam et al., 2022). The experiment was

conducted at the ICAR-Directorate of Onion and Garlic Research,

Pune, India (N 18˚84′, E 73˚88′, H 553.8 m). Seedlings of both

genotypes were raised in plastic pots (100 × 150 × 60 cm, height ×

length × width) filled with a 1:3 ratio of farm yard manure and clay

loam soil. The recommended fertilizer and plant protection

measures were followed to grow healthy seedlings. The

experiment was conducted in a completely randomized block

design with 10 replications per treatment for each genotype. The

seedlings were raised under ambient growth conditions and

irrigated after every 36 h until the 5–6 leaf stage.
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Waterlogging treatment

After 45 days of seedling transplantation, half of the pots for each

genotype were placed in a tankwhere the water level wasmaintained 4

cm above the soil surface to induce waterlogging stress (Figure S1).

Each pot contained 10 seedlings, and the waterlogged condition was

maintained for 72 h. The remaining half pots were maintained in

ambient growth conditions throughout the experiment under a rain-

out shelter. The leaf samples were collected from both control and

waterlogged plants before the stress was relieved, immediately frozen

in liquid nitrogen, and stored at −80°C.
Morphological and physiological traits

The phenotypic traits, namely plant height, leaf length, and the

number of leaves per plant, were recorded 72 h after the stress

treatment (control and waterlogging) in five replications from both

genotypes. The fourth fully expanded leaf was cut, and leaf area was

measured using the leaf area meter. The seedlings from both control

and waterlogged pots were carefully uprooted and washed after the

stress period, and their shoot and root lengthswere recorded. Leaf total

chlorophyll content was quantified using the method of Hiscox and

Israelstam (1979). Leaf tissue (0.05 g) was weighed and placed in a test

tube containing 10 mL dimethyl sulfoxide. The test tubes were

incubated at 60°C for 1 h in water bath and allowed to cool at room

temperature for 30 min. Absorbance was recorded at 645 and 663 nm

by using a UV–visible spectrophotometer (Thermo Fisher Scientific,

Waltham, MA, USA). The total chlorophyll content was calculated

using the following formula given by Arnon (1949):

Chlorophyll content

=
(20:2� OD645 + 8:02� OD663)� Volume of the extract

1000�Weight of the sample

where OD663 and OD645 are absorbances at 663 and 645

nm, respectively.

Lipid peroxidation in onion leaves was estimated using the

protocol of Heath and Packer (1968). The lipid peroxidation level

was measured in terms of thiobarbituric acid reactive substance

(TBARS) contents by reading absorbance at 532 nm by using a

spectrophotometer. The TBARS content level is expressed as mmol

g−1 FW. The hydrogen peroxide level was quantified using themethod

of Rao et al. (1997). The onion leaf sample (1 g) was pulverized using

liquid nitrogen, followed by the addition of 10 mL ice-cooled acetone.

The homogenate was filtered, and 4 mL of titanium reagent (This

reagent was prepared according to the method of Teranishi et al.,

1974); then, 5mLof ammoniumsolutionwas added to forma titanium

hydroperoxide complex. Themixturewas centrifugedat 10000 g for 10

min, and the precipitate obtained was dissolved in 10 mL of 2 M

sulphuric acid and recentrifuged. The absorbance of the supernatant

was read at 415 nm by using the UV–Visible spectrophotometer. The

H2O2 concentration was computed by referring to the standard curve

and is expressed as mmol H2O2 g
−1 FW.
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Antioxidant enzyme activity

Leaf samples were harvested at 72 h of waterlogging from both

control and stressed plants of both genotypes. Catalase (CAT),

ascorbate peroxidase (APX), superoxide dismutase (SOD), and

peroxidase (POD) were assayed. Enzyme extraction was

performed by grinding the leaf tissue in liquid nitrogen and

extracting it in phosphate buffer (0.1 M) of pH 7.2, as described

by Roylawar and Kamble (2017). Catalase activity was measured by

recording the change in absorbance at 240 nm (Volk and

Feierabend, 1989) due to H2O2 decomposition. For CAT activity

estimation, 3 mL of the reaction mixture was formed by adding 0.1

M potassium phosphate buffer (pH 7.0), 30 mMH2O2, and distilled

water to the enzyme extract. One unit of CAT activity was recorded

as the amount of enzyme that used 1 mmol H2O2 per minute. SOD

activity was determined according to the method of Beauchamp and

Fridovich (1971). SOD activity was measured by adding the enzyme

extract to a reaction mixture containing phosphate buffer (50 mM,

pH 7.8), riboflavin (60 mM), methionine (20 mM), EDTA (1 mM),

nitro-blue tetrazolium (1 mM), and distilled water. The absorbance

was recorded at 560 nm after illuminating the sample under light

for 20 min. One unit of SOD activity was considered as the amount

of enzyme that caused 50% inhibition of NBT reduction in light

compared with that in tubes without the enzyme. APX activity was

determined by adding the enzyme extract to the reaction mixture

containing Tris-HCL buffer (5 M, pH 7.6), Na2EDTA (0.1 mM),

ascorbic acid (0.5 mM) and distilled water. The reaction was

initiated by adding H2O2, and the activity was measured by

recording the reduction in ascorbate at 290 nm, as described by

Nakano and Asada, 1987. POD activity was estimated according to

the method of Castillo et al. (1984), wherein the enzyme extract was

added to the reaction mixture comprising phosphate buffer (50

mM, pH 6.1), guaiacol (16 mM), H2O2 (2 mM), and distilled water.

The POD activity involved the oxidation of guaiacol to tetra-

guaiacol and was determined by reading the absorbance at 470 nm.
RNA isolation and library preparation

Total RNA was isolated from the leaf tissues of control and

waterlogged plants of both genotypes by using the RNeasy Plant

Mini Kit (Qiagen, Germany). For each treatment, RNA was isolated

from the leaf samples of three plants that were considered as one

replicate. Three such independent biological replicates were used in

the present study. Total RNA from each replicate was quantified

and qualified using NanoDrop 1000 (Thermo Fisher Scientific,

Waltham, MA, USA) and through 1% agarose gel analysis.

Further, the RIN value of the isolated RNA was determined using

Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA,

USA). An equal amount of high-quality RNA from each replicate of

the control and stressed samples of each genotype was used for

library preparation. In total, 12 next-generation sequencing libraries

were prepared using the NEBNext®Ultra™ RNA Library

Preparation Kit for Illumina® (NEB, Ipswich, MA, USA) as per

the manufacturer’s protocol. The libraries were then sequenced in
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the paired-end mode with 150 × 2 read length by using the Illumina

Hi-Seq 2500 platform.
Transcriptome data analysis

The raw reads were filtered using the FastQC tool v0.12.1 with

Q > 30, and only qualifying paired-end reads were considered for

the analysis. The onion genome sequence v. 1.2 was downloaded

from https://www.oniongenome.wur.nl/ with annotation files. The

genome index was built using the STAR aligner with

runModegenomeGenerate. The filtered high-quality paired reads

were aligned to the reference genome and quantified using STAR

aligner v. 2.7.10 (https://github.com/alexdobin/STAR). DESeq2 in R

package was used for differential gene expression profiling between

the control and treated samples of both genotypes. Differentially

expressed transcripts were selected based on the following cut-offs:

log2 fold change = 2 and p = 0.05. In addition to the information

from the annotation file, the transcriptome was annotated using the

DIAMOND BLASTX v. 2.0.9.147 (https://ab.inf.uni-tuebingen.de/

software/diamond) tool against the UniProt/SwissProt database

(ht tps : / /www.uniprot .org/ ) and plant TFDB (ht tp : / /

planttfdb.cbi.pku.edu.cn/), with an e-value cut-off of ≤10−2.

UniProt/SwissProt ID mapping functionality was used to obtain

gene ontology (GO) and pathway annotation for the transcripts.
Validation of DEGs under waterlogging
stress through quantitative real-time
PCR analysis

The expression of the randomly selected differentially expressed

transcripts encoding waterlogging stress-responsive genes was

validated through qRT-PCR (Table 1). RNA was isolated from

the same samples that were employed for the transcriptome

analysis. For each sample, three replicates were used in the study.

RNA was treated with DNase-I (Fermentas, Lithuania) to eliminate

DNA contamination. First-strand cDNA was synthesized from 1 µg

RNA by using the RevertAid First Strand cDNA synthesis kit

(Fermentas, Lithuania) following the manufacturer’s protocol.

Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/)

was used to design primers for selected genes where AcActin was

used as a reference gene. The expression of selected genes was

analyzed in the Realflex2 Master Cycler (Eppendorf, Germany). The

reaction was carried out in 10 mL mixture containing 1× SYBR

Green I master mix (Roche, Germany), 1 mL cDNA, and 1 µM of

each primer. The relative gene expression and fold change were

calculated using the 2–DDCT method (Livak and Schmittgen, 2001).
Statistical analysis

One-way analysis of variance was performed to analyze data by

using SAS software (version 9.3; SAS Institute, Cary, NC, USA). The

results are presented as the mean ± standard error. The differences
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in the mean values were compared using Duncan’s multiple range

test where a p value of<0.05 represented statistical significance.
Results

Physiological and biochemical parameters
under waterlogging stress

To understand the waterlogging tolerance mechanism in onion,

physiological and biochemical analyses were conducted using

waterlogging-tolerant (Acc. 1666) and sensitive (W-344)

genotypes. Phenotypic traits such as plant height, leaf length,
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number of photosynthetically active leaves, and leaf area in the

tolerant genotype were significantly better than those in the

sensitive genotype under both water regimes (Figure S2). The

aforementioned traits markedly declined in W-344 during stress,

reflecting its poor growth performance under waterlogging stress.

However, Acc. 1666 could maintain its plant height and

photosynthetically active leaves to continue its growth in a

stressful environment. Acc. 1666 maintained its chlorophyll level,

whereas W-344 exhibited a significant reduction in the chlorophyll

level under waterlogging stress (Figure 1). The H2O2 level was

elevated in the sensitive genotype (W-344) but not in the tolerant

genotype, under waterlogging stress (Figure 2). Further, antioxidant

enzyme activities were induced due to waterlogging in both
FIGURE 1

Chlorophyll content in contrasting onion genotypes after waterlogging stress. The different letters indicate statistically significant differences at p< 0.05.
TABLE 1 Details of primers used for the validation of RNAseq data.

Transcript ID Transcript Name Primer sequence (5’-3’) Product size (bp)

g107775 ACC Oxidase GATCCTGCCCTGTTGACTTT 175

CCAACACCCTATGCTTCACA

g346683 Lipoxygenase CCATGTATGCTCGTCCTGTC 163

AGATGTCCAAATCGCTCGTC

g165028 Alcohol dehydrogenase GCCGGTCAGGTTATCAAGTG 134

CTGACCCTTAGCTTCCCAGA

g325946 Pyruvate decarboxylase ATGTTGTCGGGTGATACTGC 199

AGCTTCCATCACCAATGCAA

g125872 WRKY70 ACACCGTCCAAAGAGAACAC 120

CTCCCAATCTGTCATCCACC

g238720 MYB1R1 TGGAAAAGGAGATTGGCGAG 156

TCAGCAGTCGTTCCAACATC

g444194 Respiratory burst oxidase AGCGGTTCGTGAGAAAAAGT 142

GATAGCAGGGCATTTGACGA

Housekeeping gene AcActin GCACCAAGAGCAGTATTC 183

CCAAATCTTCTCCATGTCA
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genotypes. Significantly higher levels of SOD, CAT, POD, and APX

activities were observed in Acc. 1666 than in W-344 under

waterlogging (Figure 2). This increase in antioxidant enzyme

activity facilitated the tolerant genotype Acc. 1666 to withstand

waterlogging with minimum growth damage.
RNA-seq and de novo transcriptome
assembly

Paired-end RNA sequencing of control and waterlogged

samples of Acc.1666 and W-344 genotypes yielded 41194433 to

51240147 raw reads, respectively. The quality check analysis yielded

79%–85% high-quality reads for use in further analysis. The overall

alignment rate of these reads with the onion reference genome was

84%–90% (Table 2). The raw RNA sequencing data were submitted

to the NCBI (BioProject: PRJNA926808).
Differential gene expression

Differential gene expression (control vs. treatment) was analyzed

using aligned reads of the waterlogging-tolerant (Acc. 1666) and

sensitive (W-344) onion genotypes. In Acc. 1666, 1629 and 3271
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genes were upregulated and downregulated, respectively, under the

waterlogging condition. While in W-344, 2134 and 1909 genes were

upregulated and downregulated, respectively, in response to

waterlogging stress. The DEGs were further analyzed using the Venn

diagram. Among the upregulated and downregulated DEGs, 137 and

399 DEGs, respectively, were common in both genotypes. By contrast,

340 DEGs were common in both genotypes but were upregulated in

Acc. 1666 and downregulated in W344. Similarly, 350 DEGs were

common in both genotypes but were downregulated in Acc. 1666 and

upregulated in W344 (Figure 3A). Principal component analysis was

also performed based on the top 500most variable genes that grouped

the sample with respective treatments. PC1 and PC2 explained more

than 93% variation (Figure 3B). The top 1000 significant DEGs are

schematically represented using a heatmap (Figure S3). Details of

DEGs, such as gene count, fold change, and functional annotation, are

given in Excel S1.
Functional annotation of
transcripts expressed in onion
under waterlogging stress

The differentially expressed transcripts from both Acc. 1666 and

W-344 were grouped into three categories based on the GO
FIGURE 2

Effects of waterlogging stress on antioxidant enzyme activity in contrasting onion genotypes under waterlogging stress. Values are expressed as the average
of three replicates, each consisting of three plants pooled together. The different letters indicate statistically significant differences at p< 0.05).
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annotation as biological processes (BP), cellular components (CC),

and molecular functions (MF). In the waterlogging-tolerant

genotype Acc. 1666, GO terms such as ATP binding (153), metal

ion binding (79), and DNA binding (49), which belonged to the MF

category, and terms such as protein phosphorylation (54),

regulation of DNA-templated transcription (26), and RNA

modification (20), which belonged to the BP category, were

upregulated in response to waterlogging stress. Similarly, in the

waterlogging-sensitive genotype W-344, GO terms such as ATP

binding (143), metal ion binding (79), and DNA binding (62),

which belonged to the MF category; terms such as protein

phosphorylation (56), proteolysis (24), and phosphorylation (23),

which belonged to the BP category; and terms such as membrane

(214), nucleus (122), and cytoplasm (33), which belonged to the CC

category, were upregulated under waterlogging stress. Several DEGs

in the onion genotypes contributed to GO terms involved in the

plant waterlogging stress responses. The upregulated DEGs
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contributed majorly to GO terms belonging to the BP category,

such as hydrogen peroxide catabolic process [GO:0042744],

response to oxidative stress [GO:0006979], and carbohydrate

metabolic process [GO:0005975], and those belonging to the MF

category, such as heme binding [GO:0020037], peroxidase activity

[GO:0004601], ATP binding [GO:0005524], and calmodulin

binding [GO:0005516]. Downregulated DEGs majorly contributed

to the GO terms such as photosynthesis, light harvesting in

photosystem I [GO:0009768], fatty acid biosynthesis process

[GO:0006633], abscisic acid-activated signaling pathway

[GO:0009738], chlorophyll binding [GO:0016168], and heme

binding [GO:0020037], which belonged to the CC category in the

onion transcriptome in response to waterlogging stress. Figure 4

presents the top 10 upregulated and downregulated GO terms in

each category.

According to the analyses of distribution of clusters of

orthologous groups in DEGs from Acc. 1666 and W-344, majorly
TABLE 2 Summary of RNA-seq data and its alignment with reference onion genome.

Control/
Treatment

File Name Bio
Replicate

Total reads Total HQ reads Percentage HQ reads Overall alignment with
Onion ref genome

Control 1666_C1 BioRep1 93859624 76782844 81.81% 87.14%

1666_C2 BioRep2 82388866 67921678 82.44% 87.37%

1666_C3 BioRep3 76703980 60804856 79.27% 87.00%

Waterlogging 1666_WL BioRep1 96634572 77980830 80.70% 88.65%

1666_WL2 BioRep2 90456116 72938486 80.63% 89.21%

1666_WL3 BioRep3 102480294 91617856 89.40% 89.71%

Control 344_C1 BioRep1 98707754 80641202 81.70% 90.07%

344_C2 BioRep2 91684122 75300356 82.13% 90.05%

344_C3 BioRep3 92127778 76191504 82.70% 89.91%

Waterlogging 344_WL1 BioRep1 90564764 75667990 83.55% 85.88%

344_WL2 BioRep2 98237482 83470436 84.97% 85.28%

344_WL3 BioRep3 95782168 82197786 85.82% 84.76%
A B

FIGURE 3

Differential gene expression pattern shown by waterlogging tolerant (Acc. 1666) and sensitive (W-344) onion genotypes under waterlogging stress
using Venn diagram (A) and PCA (B).
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belonged pathways for DNA replication and repair, post-

translational modification signal transduction etc. (Figure S4).

The transcription factor distribution was also analyzed for DEGs

in contrasting onion genotypes under waterlogging stress (Figure

S5). DEG transcripts were blasted against the plant TFDB to

identify various transcription factors in the RNA-seq data. Of the

identified transcription factors in both genotypes, some such as

ERF, bHLH, NFY, NAC, and bZIP were found to be dominant in

both genotypes under waterlogging stress.
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DEG expression in response to
waterlogging stress

Phytohormone biosynthesis and signaling
pathway genes

Several transcripts for phytohormone biosynthesis and

signaling were differentially expressed in response to waterlogging

stress in both the waterlogging-tolerant (Acc. 1666) and sensitive

(W-344) genotypes (Table 3). Transcripts for phenylalanine
TABLE 3 DEGs for phytohormone in contrasting onion genotypes in response to waterlogging stress.

Transcript id Protein name Acc. 1666 W-344

Fold change Regulation Fold change Regulation

g11149 Phenylalanine ammonia-lyase – neutral -2.4 down

g278967 Phenylalanine ammonia-lyase – neutral -2.2 down

g346683 Lipoxygenase 2.3 up -2.3 down

g78441 Lipoxygenase 2 up -2 down

g125937 Lipoxygenase – – -4.3 down

g58476 Lipoxygenase -2 down – neutral

g174553 Lipoxygenase – neutral 4.9 up

g373200 9-cis-epoxycarotenoid dioxygenase 2.1 up – neutral

g239942 9-cis-epoxycarotenoid dioxygenase – neutral -2.4 down

g107775 1-aminocyclopropane-1-carboxylate oxidase 2.3 up – neutral
-, indicate the no fold change in the gene express, representing the neutral gene regulation.
A B

DC

FIGURE 4

Functional annotation of differentially expressed transcripts in response to waterlogging stress in onion genotypes using Gene Ontology (GO);
(A) Upregulated GO terms in W-344, (B) Downregulated GO terms in W-344, (C) Upregulated GO terms in Acc. 1666, (D) Downregulated GO terms
in Acc. 1666.
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ammonia lyase, a key enzyme involved in SA biosynthesis, was

neutral in Acc. 1666 and downregulated by −2.4-fold in W-344.

Similarly, the transcript for the enzyme involved in jasmonic acid

(JA) biosynthesis, such as lipoxygenase, also exhibited differential

expression in response to waterlogging stress. The transcript

(g346683) coding for lipoxygenase in Allium cepa was

upregulated by 2.3-fold in Acc. 1666 and downregulated in

W344. Another gene involved in JA biosynthesis (12-

oxophytodienoate reductase-1) was downregulated in both

genotypes. The key gene encoding an enzyme [i.e., 9-cis-

epoxycarotenoid dioxygenase (NCED)] involved in the ABA

biosynthesis pathway was upregulated (2.3-fold) in Acc. 1666 but

downregulated by 2.4-fold in W-344. One gene transcript for 1-

aminocyclopropane-1-carboxylate oxidase, which is involved in

ethylene biosynthesis, was upregulated. Another transcript was

downregulated in Acc. 1666, whereas it was neutral in the

sensitive genotype.
Energy production, carbon metabolism,
and photosynthesis

Gene encoding sucrose phosphate synthase was upregulated in

Acc. 1666, while that encoding sucrose synthase was upregulated

in W-344. Transcripts for invertase were upregulated by 4–6 fold in

both genotypes under waterlogging stress. In addition, several genes

involved in the carbohydrate catabolic pathway were found to be

differentially expressed in the present investigation. A key gene in

photosynthesis and carbon fixation, that is, PEP carboxylase, was

exclusively upregulated (up to 5-fold) in the tolerant genotype Acc.

1666 but downregulated in W-344 (up to 3-fold). Similarly, several

photosynthesis-related genes were differentially expressed in

response to waterlogging stress. The majority of the

photosynthesis-related genes were downregulated and a few were

upregulated in both genotypes. For example, transcripts (g539704,

g9297) for the photosystem II 10-kDa polypeptide were upregulated

in Acc. 1666 but downregulated in W-344. Expression of genes in

anaerobic fermentation like PDC and ADH were upregulated in

Acc. 1666 but their gene count was low.
PCD, aerenchyma, and cell
wall-related genes

Genes involved in PCD and aerenchyma development were

differentially expressed under waterlogging stress in onion.

Proteases such as ubiquitin-like protease, ubiquitin-specific

protease 17, and 26S protease regulatory subunit were

differentially expressed. Ubiquitin-like protease was upregulated

in both onion genotypes, and 26S protease regulatory subunit was

upregulated in Acc. 1666 but downregulated in W-344. Similarly,

several other serine, aspartate, and cysteine peptidases were

differentially expressed. Cell wall modification is among the

plants’ responses to stress. In the present study, several cell wall

modification-related genes were differentially expressed under the

waterlogging condition such as Expansins, Xyloglucan endotrans-
Frontiers in Plant Science 09122
glucosylase/hydrolase (XTH), Cellulase synthase, Extensin, and

Polygalacturonases. In Acc. 1666, nine transcripts for Expansin

were downregulated and none was upregulated, while in W-344,

four transcripts are upregulated and three were downregulated.

Similarly, XTH, another cell wall biosynthesis-related gene, was

mostly downregulated under waterlogging stress in both genotypes.

Only one XTH gene was upregulated in Acc. 1666. One transcript

for polygalacturonase was upregulated and five were downregulated

in Acc. 1666, while three transcripts were upregulated and two were

downregulated in W-344.
Transcription factors

Waterlogging stress induced the expression of several

transcription factors in the present study. WRKY 70, WRKY44,

WRKY22, and WRKY17 were upregulated by 10-, 3.8-, 2.8-, and

2.3-folds, respectively, whereas WRKY19 was downregulated in

Acc. 1666. In W-344, WRKY12 and WRKY40 were upregulated

by 2.5- and 2.1-folds, respectively, whereas WRKY70 was

downregulated by 9.1 fold. Transcripts for the NF-Y transcription

factor were upregulated by 4.6-fold in Acc. 1666 and downregulated

by 3.2-fold in W-344. Several MYB transcription factors were

differentially expressed in onion in response to waterlogging

stress. Among MYB transcription factors, MYB4 and MYB29

were differentially upregulated in Acc. 1666 but downregulated in

W-344. MYB1R1 was upregulated in Acc.1666 alone. ERFs are key

players in the response to various biotic and abiotic stresses in

plants. ERFs in onion also exhibited differential expression under

waterlogging. The majority of ERFs were downregulated in the

present study. ERF03, ERF34, ERF12, ERF39, ERF14, ERF12, ERF11,

etc. were downregulated, whereas ERF53 and AP2/ERF domain-

containing genes were upregulated.
ROS-scavenging genes

Under waterlogging or hypoxia stress, antioxidant enzymes

have a key role in alleviating oxidative stress induced due to ROS

overproduction. Several genes encoding antioxidant enzymes were

differentially regulated in onion in the present investigation. Six

transcripts in Acc. 1666 and 5 in W-344 for peroxidases were

upregulated, whereas 17 transcripts in Acc. 1666 and 5 in W-344

were downregulated. One transcript for CAT was upregulated in

Acc. 1666, whereas none exhibited upregulation in W-344.

Similarly, one transcript for CAT was downregulated in Acc.

1666, whereas three were downregulated in W-344. A transcript

for APX was downregulated by 2-fold in Acc. 1666, while that for

monodehydroascorbate reductase was downregulated by 2.9-fold in

W-344. Other important enzymes in stress response, such as

ubiquinol oxidase having alternative oxidase activity, methionine

sulfoxide reductase with antioxidative activity, and respiratory burst

oxidase D, were also upregulated in Acc. 1666 and downregulated in

W-344. SOD was also differentially expressed in the present

experiment. In both genotypes, one transcript of SOD was

upregulated and the other one was downregulated. Glutathione S-
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transferase (GST) genes were differentially expressed. GSTU1 and

GSTF1 were upregulated, whereas GSTU3, GSTF2, and GSTF3 were

downregulated in Acc. 1666. In W-344, GSTU3 and GSTU17 were

up r e gu l a t ed , whe r e a s GSTU7 , GSTF4 , a nd GSTT3

were downregulated.
Phenylalanine metabolic pathway

Genes related to the phenylalanine metabolic pathway were

downregulated in the susceptible genotype (W-344), such as PAL,

4-coumarate:CoA ligase, and caffeic acid 3-O-methyltransferase, by

2.4, 4.6, and 2.3-folds, respectively. By contrast, PAL was neutral

and 4-coumarate:CoA ligase was induced by 7.9-fold in the tolerant

genotype (Acc. 1666) under the waterlogging condition. Similarly,

some genes involved in flavonoid biosynthesis (such as Flavonol

synthase, Flavanone 3-hydroxylase, Isoflavone 2’-hydroxylase, and

CYP71BE30) were also downregulated in the susceptible genotype

(W-344).
Pathogenesis-related proteins

In this study, transcripts for the defense response and

pathogenesis-related proteins were also differentially expressed in

response to waterlogging stress. The putative disease-resistant

protein RGA3, RGA4, defensin, etc. were upregulated in both

genotypes. By contrast, protein TIFY (jasmonate ZIM domain-

containing protein), MLO-like protein, pathogenesis-related

protein 10c, etc. were downregulated in both genotypes under

waterlogging stress.
Validation of DEGs under waterlogging
stress through qRT-PCR

For validating the results of the transcriptome analysis through

qRT-PCR, seven DEGs belonging to the categories such as

antioxidant enzymes, anaerobic fermentation, phytohormones,

and transcription factors and involved in waterlogging stress
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responses were selected randomly (Table 1). The gene expression

level in qRT-PCR and RNA-seq exhibited a good correlation,

proving the reliability of RNA-seq data (Figure 5).
Discussion

Morpho-physiological responses to
waterlogging stress in onion

Onion being a shallow-rooted crop is highly sensitive to water

stresses, that is, both drought and waterlogging (Pelter et al., 2004).

Waterlogging is commonly caused by excess rainfall during

monsoons and hinders normal plant growth and survival (Ghodke

et al., 2018). Our previous study reported that during the

waterlogging condition, the growth of the sensitive genotype was

more severely affected than that of its tolerant counterpart.

Physiological and morphological alterations were also reported in

different onion genotypes in response to waterlogging stress (Gedam

et al., 2022). In the present study, the physiological and molecular

alterations in the leaves of the two contrasting onion genotypes

(waterlogging-tolerant: Acc. 1666; waterlogging-sensitive: W-344)

were investigated in response to waterlogging stress.

After 72 h of waterlogging treatment, W-344 exhibited a

sensitive phenotype with reduced plant height and leaf length,

whereas Acc. 1666 exhibited better plant growth with more

photosynthetically active leaves, higher chlorophyll content, and

good plant architecture. Leaf area and chlorophyll content are vital

physiological traits severely affected under a water stress

environment (Kozlowski, 1997). This may be due to a reduction

in leaf cell division and elongation in the sensitive genotype. By

contrast, the tolerant genotype maintained its higher leaf area and

chlorophyll content under stressful environments. At the onset of

waterlogging stress, photosynthesis, transpiration, and nutrient

mobilization in plants are disturbed along with the degradation of

photosynthetic pigments such as chlorophyll, which decreases the

net photosynthesis rate (Kaur et al., 2019; Zhang et al., 2023).

Consequently, the assimilate partitioning towards the leaves and

developing bulbs might be hampered, accelerating premature leaf

senescence. The higher photosynthesis ability, as reflected by a
FIGURE 5

Validation of selected DEGs by qPCR analysis in Acc. 1666 and W-344. Each reaction was performed in triplicate. A good correlation was observed
between RNA-Seq and qPCR data at of Acc. 1666 (R2 = 79 and W-344 (R2 = 0.86) after waterlogging stress in onion.
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higher chlorophyll content in the tolerant genotype (Acc. 1666), is

among the tolerance mechanisms that might help the plant to

withstand the waterlogging condition. Consistently, the low

chlorophyll content and poor plant phenotype with senesced

leaves reflected the higher sensitivity of W-344 to waterlogging

stress. The adverse effects of waterlogging stress with growth

inhibition, poor plant architecture, and reduced photosynthesis

and consequent low biomass and yield production have been

described in sesame (Wei et al., 2013; Keya et al., 2022).
Phytohormonal responses to waterlogging
stress in onion

SA is a well-known phytohormonewith a key role in various plant

developmental processes including plant response to biotic and abiotic

stresses. SA imparts tolerance to waterlogging stress by stimulating

antioxidant enzyme activity, PCD, aerenchyma formation,

adventitious root development, and improvement in the

photosynthetic efficiency in various plants (Koramutla et al., 2022).

Similarly, JA plays a protective role in the waterlogging condition

(Kamal and Komatsu, 2016). The genes involved in JA and SA

biosynthesis and signaling were more highly upregulated in the

tolerant genotype (Acc. 1666) than in the sensitive counterpart (W-

344). ABA is among the key plant hormones involved in plant water

stress response and such as stomatal closure and aerenchyma

formation. ABA promotes suberin deposition in cell wall to regulate

abiotic stress responses (Shimamura et al., 2014; Zhao et al., 2021).

NCED is a key enzyme in ABA biosynthesis, and its expression is

correlated with abiotic stress tolerance in several plants (Gong et al.,

2010). In the present study, NCED transcripts were significantly

upregulated in the leaves of the waterlogging-tolerant genotype (Acc.

1666),whereas theyweredownregulated in the sensitive genotype. The

very-long-chain fatty acids (VLFCAs) constitute the primary

components of suberin in plants, and they directly participate in

ethylene biosynthesis by stimulating production of 1-

aminocyclopropane-1-carboxylic acid (ACC), a precursor of

ethylene. The enhanced ethylene synthesis induces aerenchyma

formation in root cortical cells (Yamauchi et al., 2015). Therefore, it

is suggested that the ABA promoted suberin deposition in the cell wall

is utilized for ethylene biosynthesis, leading to the degradation of ABA

and the production of ethylene, which, in turn, induces aerenchyma

formation in root cortical cells under flooding condition. Along with

growth regulation, ethylene plays a major role in tolerance to abiotic

and biotic stresses in plants. ACC oxidase is an ethylene biosynthesis

enzyme that converts the precursorACC to ethylene. TheACCoxidase

genewas upregulated in the tolerant onion genotype. The genehas also

been reported to be upregulated in other species such as Arabidopsis

(Ramadoss et al., 2018), cotton (Christianson et al., 2010), and

cucumber (Qi et al., 2012) in response to waterlogging stress.
Energy production and carbon metabolism

The energy crisis is well-known in the waterlogging or hypoxia

condition. Thus, modulating the expression of energy and glycolysis-
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related genes might help plants to overcome these adversities. The low

oxygen level due to hypoxia leads to reduced ATP production

(Crawford and Brändle, 1996). Under such conditions, plants need

to maintain their energy level (ATP) through glycolysis and anaerobic

fermentation pathways to sustain their growth and other

developmental processes (Liu et al., 2020). Energy homeostasis and

metabolism-related gene regulation is important in combating the

adverse effect of waterlogging stress. During waterlogging, sucrose

metabolism is also affected, which then hampers the source–sink

relationship and ultimately leads to yield penalty (Zeng et al., 2021).

In Acc. 1666, along with sucrose breakdown genes, the sucrose

biosynthesis gene (SPS) was upregulated in the tolerant genotype,

while all sucrose-metabolizing genes were upregulated. SPS promotes

plant growth and confers abiotic stress tolerance to tomato plants

(Zhang et al., 2022). In the present experiment, due to waterlogging

conditions, only the roots were hypoxic, while the leaves remained in

aerobic conditions. However, it is possible that some sort of signaling

from the roots induced the expression of fermentation-related genes

such as PDC and ADH in the leaves. Similar findings have also been

reported in mungbean and cotton, where the induced expression of

PDC and ADH was observed in the leaves when the roots were

subjected to hypoxic conditions (Sreeratree et al., 2022; Christianson

et al., 2010). Photosynthesis is highly sensitive to waterlogging stress,

and several transcripts related to photosynthesis were differentially

expressed in onion due to waterlogging. PEP carboxylase is among the

key enzymes in C4 photosynthesis and was upregulated in Acc. 1666

but downregulated in W-344. This might have affected photosynthesis,

and ultimately, carbon fixation under the stressful condition (Zhang

et al., 2023). The findings thus proved that the tolerant genotype

accumulatesmore energy by activating the alternate energymetabolism

pathway under waterlogging stress, which might be responsible for its

better adaptability than the sensitive genotype.
PCD, aerenchyma, and cell
wall-related genes

Plants employ several strategies to overcome prolonged

waterlogging-induced oxygen deficiency. Here, the transcriptional

reprogramming in leaves, and not in roots, was studied, and several

genes involved in PCD and aerenchyma formation and encoding for

cell wall-related enzymes were found to be differentially expressed in

onion leaves in response to waterlogging stress. The study findings

are consistent with those of previous studies in soybean (Chen et al.,

2016), peanut (Zeng et al., 2021), and pigeon pea (Tyagi et al., 2022).

In these studies, leaf tissue was used for transcriptome profiling to

explore the molecular mechanism regulating the waterlogging

tolerance mechanism in these crops. In addition to ROS scavenging

and phytohormone biosynthesis and signaling genes, PCD-regulating

genes were differentially expressed in the present study. PCD is

involved in aerenchyma development under waterlogging stress in

several plants (Yamauchi et al., 2018; Ni et al., 2019). In the present

study, several genes, such as those encoding for ubiquitin-like

protease and 26S protease regulatory subunit, and a few genes for

proteases and peptidases were differentially expressed. Along with

PCD, cell wall modification is crucial for aerenchyma development in
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roots and stems (Arora et al., 2017). Transcripts for xyloglucan-endo-

trans-glucosylase/hydrolase, expansin, poly-galacturonase, etc. were

differentially expressed in the onion genotype in response to

waterlogging stress. Thus, this might be the factor responsible for

waterlogging tolerance in Acc. 1666. Previous findings have

supported these results, which indicate that anatomical adaptations

such as adventitious roots and aerenchyma formation help the plants,

such as rice, to withstand submergence or waterlogging (Justin and

Armstrong, 1991).
ROS scavenging and antioxidant enzyme
activity under waterlogging stress in onion

Hypoxia during waterlogging leads to ROS production in plant

roots aswell as in leaf tissue (Baxter et al., 2014). The excessive amount

of ROS is deleterious to plants, and antioxidant enzymes such as POD,

CAT, SOD, and APX have a critical role in regulating ROS levels to

avoid oxidative stress (Bansal and Srivastava, 2012). In the present

study, significantly higher ROS (H2O2) accumulation in the sensitive

genotype (W-344) indicates that this genotype experienced higher

cellularmembrane damage and leaf senescence. By contrast, the H2O2

level was comparatively low in the tolerant genotype, indicating less

oxidative stress-induced damage and higher membrane stability and

functionality under the stress condition. Consistent with low oxidative

stress, the activities of various antioxidant enzymes, including SOD,

CAT, POD, and APX, were significantly higher in Acc. 1666 as they

might be directly involved in ROS scavenging and improving plant

survival and growth under the stressful environment. In this study, the

tolerance of Acc. 1666 and the sensitivity of W-344 to waterlogging

stresswas observed.However,waterlogging tolerance is a complex and

quantitative trait and needs to be studied in detail by highlighting the

adaptive mechanism regulating genes in the tolerant genotype.

Information available on the molecular response of onion crops to

waterlogging stress is limited. The current study was conducted to

highlight the waterlogging tolerance mechanism in onion crops at the

transcriptional level by using the RNA-seq approach.

The transcript level of these antioxidant enzyme-encoding genes is

usually upregulated in response to abiotic stresses including

waterlogging stress. Genes encoding antioxidant enzymes, such as

SOD, APX, glutathione peroxidase, CAT, andGST, were differentially

expressed in the present analysis. Similarly, the activities of antioxidant

enzymes were also increased in response to waterlogging stress. The

increased antioxidant enzyme activities underwaterlogging stresshave

been reported in several crops such as wheat (Ma et al., 2022), onion

(Dubey et al., 2020), barley (Borrego-Benjumea et al., 2020), and

sesame (Sathi et al., 2022). The activities of these enzymes were

higher in the tolerant genotypes of pigeon pea, maize, and sorghum

(Bansal and Srivastava, 2012; Li et al., 2018; Zhang R. et al., 2019; ;

Zhang Y. et al., 2019). The RNA-seq analysis revealed differential

expression of antioxidant genes in tomato roots under hypoxia. These

antioxidant genes were reported to be associated with aerenchyma

development under waterlogging stress in tomato (Safavi-Rizi et al.,

2020). In the present study,Ubiquinol oxidasehaving alternate oxidase

(AOX) activity was upregulated in the tolerant genotype in response to

waterlogging. AOX upregulation in hypoxia has been reported earlier
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(Wany et al., 2019; Jayawardhane et al., 2020). The peptidemethionine

sulfoxide reductase gene was upregulated in Acc. 1666. This enzyme

has been reported to be involved in H2O2-induced oxidative stress

response, ABA treatment, and photooxidative stress (Dai and Wang,

2010; Vieira Dos Santos et al., 2005). The respiratory burst oxidase

homolog D (RbohD) gene was upregulated in the tolerant onion

genotype. AtRboh D is involved in waterlogging response and induces

the expression of ethylene biosynthesis genes as well as ERFs, ADH1,

and PDC1 under the waterlogging condition (Yang and Hong, 2015;

Liu et al., 2017). Thus, the RbohDmight be involved in plant response

to waterlogging stress.

A higher transcript level and more enzyme activities during

waterlogging indicate a translational correlation between gene

expression and protein-level actions. In the present study, some

transcripts for a particular enzyme were upregulated, whereas some

were downregulated. However, the enzyme activity was higher

under the stress condition. Glanemann et al. (2003) also found a

similar disparity between the mRNA abundance and enzyme

activity. They stated that predicting enzyme activity from

transcriptome data is difficult. The variation in the transcript level

at different time points and in tissue types, and resources of

translation significantly influence this correlation. Thus, in many

scenarios, determining only the mRNA level is not sufficient for

predicting the gene product (protein) level. Alternative splicing and

post-transcriptional modifications also affect the mRNA–protein

correlation (Brar et al., 2012; Liu et al., 2016). This report thus

suggests that the high antioxidant enzyme activity confers stress

tolerance to the tolerant onion genotype Acc. 1666.
Transcription factor expression under
waterlogging stress

Transcription factors act as key regulators of the waterlogging

stress response (Valliyodan et al., 2014). In the present study,

several transcription factors were differentially expressed in

response to waterlogging stress. Members of transcription factor

families such as ERF, WRKY, MYB, NAC, and bHLH are known to

be involved in regulating various biotic and abiotic stress responses

in onion (Ghodke et al., 2020; Khandagale et al., 2022). These

transcription factors are also involved in response to a hypoxic

condition caused by waterlogging stress in plants. WRKY22 was

involved in submergence tolerance by positively regulating

ethylene-mediated signaling (Hsu et al., 2013). WRKY40 has also

been reported to be upregulated under waterlogging stress in

Arabidopsis and Kiwifruit (Meng et al., 2020; Wurms et al., 2023).

WRKY70 is known to regulate SA and JA signaling in response to

stress and acts as a negative regulator of senescence (Besseau et al.,

2012). NF-Y regulates ABA synthesis by binding to the NCED gene

promoter (Bi et al., 2017). In addition to ABA regulation, NF-Y

improves photosynthesis, activity of antioxidant enzymes

(Manimaran et al., 2017), and root length (Han et al., 2013).

MYB transcription factors are crucial players in anthocyanin and

phenylpropanoid biosynthesis and plant resistance to biotic and

abiotic stress. MYB1R1 expression was induced in hot pepper under

waterlogging stress (Zhang R. et al., 2019; Zhang Y. et al., 2019).
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Further, MYBs are involved in response to the hypoxia and

waterlogging stresses (Lee et al., 2007; Fukushima et al., 2016).

Ethylene is a gaseous hormone having a vital role in controlling

plants’ waterlogging responses (Khan et al., 2020). The ERF family is

aplant-specific transcription factor groupregulatingplant responses to

several abiotic stresses (Muller and Munne-Bosch, 2015). The

differential expression of these transcription factors indicates their

importance in transcriptional reprogramming during adaptation to

the waterlogging condition.
Phenylalanine metabolic pathway

Lignin biosynthesis genes, such as 4-coumarate:CoA ligase and

caffeic acid 3-O-methyltransferase, were associated with the

waterlogging response in wheat (Nguyen et al., 2016). Arabidopsis

mutants for these genes accumulated a low amount of lignin than

the wild-type plants (Vanholme et al., 2012). Induced expression of

4-coumarate:CoA ligase was also reported in Sesbania cannabina

under waterlogging stress (Ren et al., 2017). Similarly, flavonoid

biosynthesis-related genes were downregulated in the susceptible

onion genotype, whereas these were neutral in the tolerant

genotype. RNA-Seq of Pterocarya stenoptera and Brassica napus

leaves revealed that flavonoid synthesis-related genes were

associated with the waterlogging stress response (Li et al., 2021;

Hong et al., 2023). Thus, upregulation of these genes of the

phenylalanine metabolic pathway in the tolerant onion genotype

might play some role in conferring waterlogging stress tolerance.
Conclusions

In this study, two contrasting onion genotypes with varying

degrees of waterlogging tolerance capacities were subjected to 72 h of

waterlogging stress. Morphological and physiological stress indicators

revealed that Acc. 1666 exhibited a stronger tolerance to waterlogging

than the sensitive genotype W-344. Genes coding for proteins

regulating several key biological processes involved in combating

waterlogging stress, such as phytohormone production, antioxidant

enzymes, PCD, anaerobic fermentation, and energy production, were

differentially expressed. Genes such as ADH, PDC, WRKY22, and

RbohDwere upregulated in the tolerant genotype andmight have been

involved in conferring stress tolerance to Acc. 1666. This study

provides valuable information about key regulatory genes that can be

used in onion breeding programmes aimed at developing

waterlogging-tolerant varieties.
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A glossy mutant in onion
(Allium cepa L.) shows
decreased expression of
wax biosynthesis genes
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Yogesh P. Khade1, Viswanathan Satheesh2

and Sivalingam Anandhan 1*

1Crop Improvement Section, Indian Council of Agricultural Research (ICAR)-Directorate of Onion and
Garlic Research, Pune, Maharashtra, India, 2Genome Informatics Facility, Office of Biotechnology,
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Cuticular wax is a characteristic feature of land plants that provides protection against

both biotic and abiotic stresses. In this study, a glossy mutant lacking an epicuticular

wax layer was identified in the g-irradiated M2 mutant population of the onion cultivar

Bhima Super. The inheritance of themutant’s glossy phenotypewas determined to be

recessive and single locus. Scanning electron microscopy analysis showed poor

accumulation of wax crystals in the glossy mutant, concentrated near the stomata.

The plant height, number of leaves per plant, and stomatal parameters of the mutant

were similar to the wild-type. RNA-seq was used to comprehend the expression

variations of waxy cuticle-related genes in the glossy mutant and its wild-type waxy

cultivars. Differential gene expression analysis of the RNA-seq data revealed that the

genes involved inwax biosynthesis, such asAcCER1, AcCER26, AcMAH1, andAcWSD1,

were downregulated by 2.72, 1.74, 2.59 and 2.12-fold, respectively, in the glossy

mutant respectively. The expression patterns of these four unigenes were validated

using semi-quantitative RT-PCR. The glossy mutant displayed a substantial 3.5-fold

reduction in cuticular wax load compared to the wild-type due to the significant

downregulation of these wax biosynthesis genes. These findings represent early

advancements in understanding the molecular mechanisms of wax biosynthesis in

onions. Furthermore, they provide a foundation for utilizing the glossy mutant trait in

breeding programmes to enhance stress and pest resilience.

KEYWORDS

cuticular wax, glossy, mutant, wax biosynthesis, RNA-seq
Introduction

Onion is an important vegetable crop and is preferred for its flavor profile. India is the

second-largest contributor to onion production in the world, with a substantial output of

26,738,000 metric tons. Moreover, India ranks among the top consumers and exporters of

onions on a global scale (FAOSTAT, 2021). The leaves of onions display characteristic

white wax deposits on their surfaces.
frontiersin.org01129

https://www.frontiersin.org/articles/10.3389/fpls.2023.1245308/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1245308/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1245308/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1245308/full
https://orcid.org/0000-0002-1310-0807
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2023.1245308&domain=pdf&date_stamp=2023-08-23
mailto:anandhans@gmail.com
https://doi.org/10.3389/fpls.2023.1245308
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2023.1245308
https://www.frontiersin.org/journals/plant-science


Manape et al. 10.3389/fpls.2023.1245308
Cuticular wax is an important adaptation of terrestrial plants,

forming a protective outer layer on plant surfaces (Edwards et al.,

1996; Yeats and Rose, 2013). This layer helps to maintain the water

balance of plants by regulating non-stomatal water loss and

provides a barrier against a range of biotic and abiotic stresses,

including drought, cold, UV radiation, pests and pathogens. The

composition of cuticular wax varies between species, as well as

within a species between different organs, developmental stages and

tissue types (Yeats and Rose, 2013). In addition, environmental

factors such as light, drought, humidity temperature can also

influence the distribution of cuticular wax within a species. The

distribution and chemical composition of cuticular wax can affect a

plant’s ability to tolerate biotic and abiotic stress (Yeats and Rose,

2013; Serrano et al., 2014; Singh et al., 2018), making it an important

trait for breeders to consider when developing crops with improved

stress tolerance. The crystal structure of cuticular wax also varies

based on its composition and can impact the survival, feeding and

oviposition of insects. The wax composition or wax load on the leaf

surface has been shown to be important in determining plant

tolerance to thrips in onion. Leaf wax composition analysis shows

that Hentriacontanone-16 is a major component of cuticular wax

that determines the total wax load in leek and onion leaves (Rhee

et al., 1998; Munaiz et al., 2020). The wax related phenotype is

mainly determined by the quantitative variation in accumulation of

hentriacontanone-16 in visually different phenotypes of onion such

as waxy, semi-glossy and glossy (Munaiz et al., 2020). Genetic

analysis of naturally occurring mutants exhibiting a glossy

phenotype in BianGan Welsh onion (Yang et al., 2017) and in the

onion varieties ‘Australian Brown’ and ‘White Persian’ (Jones et al.,

1944; Munaiz and Havey, 2020) has shown that this trait is

controlled by a recessive allele and is determined by different loci.

Cuticular wax is composed of a complex mixture of very long

chain of fatty acids (VLCFAs) and their derivatives, such as

aldehydes, alkanes, ketones, fatty alcohol and even cyclic

compounds (Yeats and Rose, 2013). The fatty acids are synthesized

in the chloroplast and exported to the endoplasmic reticulum for

elongation (Block and Jouhet, 2015). Further, the cuticular wax are

synthesized in epidermal cells and deposited on the surface. The

biosynthesis of cuticular wax is a complex process that involves the

coordination of several genes. These cuticular wax biosynthesis genes

have been identified in several plants, including maize, rapeseed,

tomato and model plants such as Arabidopsis and rice. Eceriferum 6

(CER6), Eceriferum 10 (CER10), Glossy 8A (GL8A), Glossy 8B (GL8B),

Formate dehydrogenase (FDH), Fatty Acid Elongation1 (FAE1), 3-

ketoacyl-CoA synthase1 (KCS1) and Protein-tyrosine phosphatase 2

(PAS2) genes then elongate these C16 and C18 CoA esters to form

VLCFAs precursors mediated through long-chain acyl-CoA

synthetase (LACS) enzymes. KCS, KCR, HACD, and CER26,

which are endoplasmic reticulum-associated fatty acid elongases,

work sequentially to synthesize fully saturated long chains acyl-

CoA. These acyl-CoAs then enter either the decarbonylation

pathway or the acyl reduction pathway. The decarbonylation

pathway involves the conversion of long chain fatty acyl-CoAs into

aldehydes, alkanes, secondary alcohols and ketones through the

action of FAR, CER1, CER4, and MAH1 genes. The acyl reduction
Frontiers in Plant Science 02130
pathway, which includes FAR, CER4, andWSD1 genes, converts fully

saturated long chain acyl-CoAs into primary alcohols and wax esters.

These waxes are transported to plasma membrane by an unknown

mechanism and subsequently into the cell wall by ABC transporters

(CER5 and ABCG). Further, transport of wax compounds across the

cell wall is facilitated by lipid transfer proteins to the final destination

at the cuticle (Li-Beisson et al., 2013).

In this study, we report a glossy mutant in onion developed

through g-irradiation mutagenesis. A comparative transcriptome

analysis between the glossy mutant and its wild-type counterpart

revealed significant differences in the wax biosynthesis pathway

genes between the glossy mutant and the wild-type. These

observations highlight the importance of comprehending the

molecular mechanisms involved in wax biosynthesis in onions, as

it holds great potential for enhancing crop quality and resilience

to stress.
Materials and methods

Plant material

The present study was conducted during 2019-2022 at the Indian

Council of Agricultural Research - Directorate of Onion and Garlic

Research (ICAR-DOGR), situated at the latitude (27°19’00.2 N) and

longitude (82°25’00.1E) Pune, Maharashtra, India 553.8 meters above

sea level. Onion being a biennial crop, its seed production was done

during rabi season and the subsequent generations were grown in

kharif during 2019-2021. The glossy mutant phenotype was observed

in the seed-germinated M2 population of g-irradiation-treated Indian
short-day onion cv. Bhima Super (B. Super) mutant line (IR-300-53).

Bulbs of the M2 generation g-irradiated onion (glossy type) and its

non-mutagenized counterpart [wild-type (WT)/waxy], were planted

in a greenhouse under a 16/8-h light/dark photoperiod at 25°C. The

phenotypic data, including plant height and number of leaves per

plant were recorded at 75 days after transplanting (DAT). The glossy

mutants were both selfed and outcrossed with the wild-type. Seeds

from the subsequent F1 and M3 generations were sown in the

greenhouse. The F1 plants were backcrossed with the glossy mutant

and the number of glossy and waxy phenotypes were recorded in the

M3, F1 and BC1F1 generations. All plant studies were carried out in

accordance with relevant institutional, national, and international

guidelines and legislation.
Scanning electron microscopy

Onion leaves are isobilateral, having equal stomatal density on

both sides of the leaf. The third leaf from the center of both the WT

waxy and M3 mutant glossy plants were torn into 3×3 mm2 pieces

using tweezers and mounted on aluminium stubs. The leaf

specimens were then sputter-coated with gold and examined for

the micro-structure analysis using an Environmental Scanning

Electron Microscope (ESEM) (FEI, Quanta 200 and ESEM Mode)

at Sophisticated Analytical Instrument Facility (SAIF) of Indian
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Institute of technology (Bombay, India). Electron micrographs of

leaf surfaces from three replicate plants were taken for each line and

used to visually estimate the shape of the epicuticular waxes and

cuticular striation. The stomatal count was measured using the

IMAGEJ software v. 1.43u. Stomatal index was calculated using

the formula, Stomatal index (%) = (S/S+E) × 100; where, S and E are

the number of stomata and epidermal cells, respectively; in the

microscopic field of view (FOV).
Epicuticular wax coverage

The epicuticular wax content was extracted using the colorimetric

method as described by Ebercon et al. (1977). Intact onion leaves were

immersed in 15 ml distilled chloroform for 10 s and kept in a boiling

water bath until the smell of chloroformwas no longer detected. A 5ml

wax reagent (K2Cr2O7 prepared in conc. H2SO4) was added to each

tube andkept at 60°C in awater bath for 30min. After cooling, 12ml of

deionized water was added to each tube, and the solution was filtered

through a filter paper. The absorbance was measured at a wavelength

of 590 nm using SPECTROstar Nano microplate reader. The wax

content was calculated using standard Polyethylene Glycol-3000 and

expressed as mg per cm2.
RNA sequencing, de novo assembly and
sequence clustering

Total RNA was isolated from 6-weeks-old leaves of wild-type

and M3 generation glossy mutant plants in 2 biological replicates

using TRIzol reagent. The mRNAwas then isolated and subjected to

quality control (QC) before being used for paired-end (PE) library

preparation. The libraries were sequenced on the Illumina NovaSeq

6000 platform using 2×150 bp chemistry at Eurofins India Pvt. Ltd.

(Bangalore, India). The generated raw sequence datasets were

deposited in the NCBI in the Short Read Archive (SRA) database

with Bioproject accession number PRJNA943431. The sequenced

raw paired-end reads of all samples were processed to obtain clean

and high-quality concordant reads using Trimmomatic v0.38

(Bolger et al., 2014) to remove adapters, ambiguous reads (reads

with unknown nucleotides “N” larger than 5%), and low-quality

sequences (reads with more than 10% quality threshold (QV) < 20

phred score. The resulting high-quality (QV>20) paired-end reads

were used for de novo assembly using Trinity v2.8.4 (Henschel et al.,

2012) with a kmer of 25, and the mapped high quality reads of all

samples were pooled together for assembly into transcripts.
CDS prediction, functional annotation and
gene ontology analysis

The assembled transcripts were then further clustered together

using CD-HIT-EST-4.6 to get unigenes. Only those unigenes which
Frontiers in Plant Science 03131
were found to have >90% coverage at 3X read depth were

considered for downstream analysis. To identify sample-wise CDS

from the pooled set of CDS, reads from each of the samples were

mapped onto the final set of pooled CDS sequences using Bowtie

mapper v2.4.4 (Langmead and Salzberg, 2012). TransDecoder

v5.3.0 was used to predict coding sequences from the unigenes.

Functional annotation of the CDS was performed using the

DIAMOND program (Buchfink et al., 2015) with BLASTX

alignment mode to find the homologous sequences for the genes

against non-redundant protein database (NR) from NCBI. Gene

ontology (GO) analyses of identified CDS of each sample were

carried out using Blast2GO program (Conesa et al., 2005). GO

assignments were used to classify the functions of the predicted

CDS. GO mapping was used to group identified genes into three

main domains: Biological Process (BP), Molecular Function (MF)

and Cellular Component (CC). To identify the potential

involvement of the predicted CDS in biological pathways, all the

identified CDS for each of the samples were mapped to reference

canonical pathways in KEGG (Eudicots database) using KEGG

automated annotation server, KAAS (Moriya et al., 2007).
Differentially expressed gene analysis

The unigenes were used as the transcriptome reference for

quantifying transcript abundance using Salmon version 1.8.0. A

reference transcriptome index was created using the salmon “index”

command. Transcript quantification was performed using the

salmon “quant” command. The read counts generated was used

for differential expression analysis with DESeq2 version 1.36.0

(Love et al., 2014). Genes that with absolute log fold change > 1

and adjusted p-value < 0.05 were determined to be differentially

expressed geneS (Love et al., 2014; Patro et al., 2017).
Semi-quantitative RT-PCR analysis

Total RNA was isolated from 100 mg shoot tissues of M3 glossy

mutant and wild-type B. Super plants (with 2 biological replicates of

each) using RNeasy® Plant Mini kit (Qiagen). The RNA was

quantified using Nanodrop (UV/Vis Nano spectrophotometer,

Nabi, Metler Toledo). Total RNA (1 µg) was treated with DNase

I, RNase free kit (Thermo Scientific) to remove any remaining

DNA. First-strand cDNA synthesis was prepared using

SuperScript™ IV Reverse Transcriptase kit (Invitrogen) as per

manufacturer’s instructions and quantified using Nanodrop. First-

strand cDNA (30 ng) was used for semi-quantitative RT-PCR

analysis to validate the differentially expressed genes involved in

the wax-biosynthesis pathway. Gene-specific primer sets were used,

and the PCR reactions were performed according to the conditions

described in Table S1. PCR products were run on 3% agarose gel

and the image was captured with a digital camera under a UV light

(Vilber Lourmat, ECX20.W). The band area was calculated using
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the ImageJ analyser tool and the band area of the wild-type was

compared with the glossy mutant in terms of log2 fold change.
Statistical analysis

To evaluate the variation in physical parameters between the

glossy mutant and wild-type (WT) plants, a one-way analysis of

variance (ANOVA) was employed using Statistical Analysis

Software, Version 9.2 (Sas Institute, 2009). Mean comparisons

were performed using the least significant difference (LSD)

approach at a significance level of P=0.05. Chi-square analysis

was performed in the segregating populations to understand the

segregation pattern of the glossy mutant.
Results

Identification, phenotypic variance and
segregation of glossy mutants

Four glossy green mutant phenotypes were observed in the M2

population of g-irradiation-treated onion mutant line (B. Super-IR-

300-53) (Figure S1). Bulbs from the M2 glossy mutant phenotype were
Frontiers in Plant Science 04132
harvested and planted separately under greenhouse conditions. The

average plant height was 49.5 ± 2.2 cm and 57.5 ± 4.8 cm, and the

number of leaves per plant was 6.5 ± 0.6 and 6.75 + 0.9 in M2 glossy

mutant and WT; respectively. No significant differences were found

between the glossy mutant and wild-type plants, with respect to plant

height and number of leaves per plant. M2 plants were selfed and the

subsequent M3 generation was found to be glossy. F1 plants derived

from the cross between M2 and WT exhibited the waxy phenotype.

However, when F1 plants were backcrossed with M3 glossy mutant, the

subsequent BC1F1 population segregated in a 1:1 ratio (waxy: glossy).
Leaf surface microstructure
and morphology

The bright green leaf of glossy mutant was in stark contrast to

the glaucous leaf of WT in the experimental field. The color

variation of the onion foliage is directly correlated with the

amount and type of epicuticular wax deposits. SEM micrographs

(Figure 1A) revealed large quantities of spiky, needle-like

microscopic wax crystals uniformly covering the leaf surface of

waxy WT onion, while in the glossy type, relatively few wax crystals

were scattered around the stomatal region alone (Figure 1B). The

bright green leaf of glossy mutant (Figure 1D) was distinguishable
FIGURE 1

Leaf surface microstructure and morphology of WT and glossy mutant. Comparative scanning electron micrographs of leaf surface at magnification
of 6000x of (A) WT waxy, (B) mutant glossy. Large quantities of spiky, needle-like crystals microscopic wax crystals were uniformly covered on the
leaf surface of waxy WT onion, whereas in glossy type, relatively few wax crystals were scattered around the stomatal region alone. (C) Greenish gray
(glaucous) phenotype of WT waxy, (D) Shiny glossy green phenotype of mutant glossy. (E) WT waxy onion leaf surface showing water droplets due
to its hydrophobic nature, (F) water droplets were easily adhered and coalesced on to the leaf surface of mutant glossy.
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from the waxy leaf of the wild-type onion (Figure 1C). The foliage of

the mutant onion appears shiny green, and water droplets easily

form and adhere to leaf surfaces after the leaves are sprayed with

water (Figure 1F). In contrast, the leaves of wild-type are greenish-

grey, due to higher wax deposits (Figure 1E). The glossy leaves of

mutant onion showed a wet phenotype (hydrophilic) as water

droplets easily adhered onto the surface and coalesced. However,

wild-type onion was more hydrophobic as water droplets formed

beads due to a dense layer of epicuticular wax. The number of

stomata and stomatal index were measured in the glossy mutant

and wild-type onions. The results revealed a significant difference

between the two genotypes: the mutant had 247 stomata with a

stomatal index of 49, while the wild-type had 225 stomata with a

stomatal index of 45 (Figure 2).
RNA-seq assembly and analysis

RNA sequencing of 6-week-old leaves of wild-type onion (C1 and

C2) and its glossy mutant (G1 and G2) was performed in duplicate

using the Illumina platform (NovaSeq6000) with 2 × 150 bp

chemistry. After stringent quality assessment and data filtering, a

total of 104.33 million paired-end were generated, corresponding to

30.26 Gb of sequence data. Details of high-quality reads, transcripts

generated, unigenes identified, predicted CDSs, functional annotation

and classification of predicted CDSs, identification of differentially
Frontiers in Plant Science 05133
expressed genes (DEGs) and pathway enrichment analysis are

summarized in Supplement S1. Before identification of DEGs, the

annotated CDs from two biological replicates of each glossy M3

mutant and wild-type were pooled together independently and

expression of unigenes were normalized. A total of 596 annotated

unigenes were found to be differentially expressed between wild-type

and glossy mutant, with 295 upregulated and 301 downregulated

genes in the mutant (Supplementary Sheet S2).
Profiling cuticular wax biosynthesis
pathway genes

Out of 301 downregulated unigenes, 4 critical genes related to

wax biosynthesis pathway i.e. AcMAH1, AcWSD1, AcCER1 and

AcCER26 were significantly downregulated in the glossy mutant

(Figure 3A). There was 1.74, 2.72, 2.12 and 2.59-fold decrease in the

transcripts level of ECR26, ECR1, WSD1 and MAH1 genes,

respectively (Table 1). To validate the RNA-seq results,

expression levels of these genes were evaluated by semi-

quantitative PCR, which also showed down-regulation of these

genes in the glossy mutant (Figure 3B; Figure S2). Semi-

quantitative PCR analysis had shown 1.17, 2.19, 1.61 and 1.95-

fold down-regulation of ECR26, ECR1, WSD1 and MAH1 genes,

respectively. The results of the semi-quantitative PCR were

consistent with those of the RNA-seq analysis (Table 1).
FIGURE 2

Leaf stomatal parameters in WT and glossy mutant. Comparative scanning electron micrographs of leaf surface at magnification of 800x of (A) WT
waxy, (B) mutant glossy, (C) Number of stomata in 200 µm length in WT waxy and mutant glossy lines. (D) Stomatal index of WT waxy and mutant
glossy lines. Stomatal index was calculated in percentage using formula, SI= (S/S+E) x 100 where, S and E are the number of stomata and epidermal
cells respectively in 200 µm length microscopic view field. The bars indicate mean ± SE of 3 replicates. The lowercase letters "a and b" indicates the
significant difference.
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Discussion

Segregation pattern of glossy mutant

The F1 plants derived from the cross between M2 and WT

exhibited a waxy phenotype, revealing no segregation and thereby

indicating the possibility of a recessive mutation. When F1 lines

were back-crossed with M3 glossy mutant lines, BC1F1 lines showed

an equal mixture of waxy and glossy mutants (Table 2), which

confirmed the single-locus recessive gene inheritance of the glossy

mutant phenotype. In consistent with our results, several studies

had also shown that glossy mutant trait is controlled by single

recessive gene/locus in maize (Bianchi et al., 1979), cabbage (Zeng
Frontiers in Plant Science 06134
et al., 2017; Liu et al., 2018), Welsh onion (Yang et al., 2017), Barely

(Luan et al., 2017) and onion (Munaiz and Havey, 2020).
Epiculticular wax coverage and
morphology of glossy mutant

The glossy mutant onion from the present study exhibited a

distinct bright green phenotype compared to the WT waxy onion.

The type and quantity of epicuticular wax deposits influences leaf

color and leaf wettability. Damon and Havey, 2014, had visually

classified onions as ‘‘glossy’’ or ‘‘semi-glossy,’’ on the basis of low to

intermediate amounts of epicuticular waxes. Glossy mutant plants
TABLE 1 Differentially expressed unigenes associated with cuticular wax biosynthesis.

Sl. No. Unigene ID SwissProt annotation COG class annotation Log2 fold change

Semi-qRT PCR RNA-seq

Waxy WT Glossy mutant Waxy WT Glossy mutant

1 g304621 Protein ECERIFERUM 26 Lipid transport and
metabolism

1 -1.17 1 -1.74

2 g367838 Protein ECERIFERUM 1 Lipid transport and
metabolism

1 -2.19 1 -2.72

3 g50966 O-acyltransferase WSD1 Lipid transport and
metabolism

1 -1.61 1 -2.12

4 g259833 alkane hydroxylase MAH1 Lipid transport and
metabolism

1 -1.95 1 -2.59
B

C

A

FIGURE 3

Downregulation of cuticular wax biosynthetic genes in the onion glossy mutant. (A) Basic cuticular wax biosynthetic pathway. (B) Oval highlighted
genes were downregulated genes in glossy mutant onion lines by RNA-seq analysis. Question marks and dotted lines indicate unidentified enzymes
and processes, respectively, (B) Validation of 4 downregulated genes of cuticular wax biosynthesis pathway by semi-quantitative RT-PCR. W1 and
W2 indicates 2 biological replicates of WT waxy, whereas M1 and M2 indicates 2 biological replicates of mutant glossy. Total RNA was extracted from
6-week-old shoot tissues and the transcript levels were examined using semiquantitative RT-PCR. (C) Epicuticular wax content in WT waxy and
mutant glossy lines. The bars indicate mean ± SE of 3 replicates. The lowercase letters "a and b" indicates the significant difference.
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showed significantly fewer wax crystals, mainly concentrated

around the stomatal region, giving it a greenish-grey color in

contrast to WT. The shape of these wax crystals may vary based

on self-assembly as sheet, filiform, tubular, and granular. According

to descriptions of epicuticular wax crystals by Jeffree (1986), the

spiky crystals on onion foliage are likely formed by a ketone. Studies

by Gülz et al. (1992) and Gülz et al. (1993) concluded that

characteristic lipid crystals can be observed on leaves if one lipid

class comprises at least 40% of the total profile. Therefore, the spiky,

needle-like microscopic wax crystals that predominate onion foliage

can possibly be ketone(s). The leaves of the glossy mutant exhibit a

hydrophilic property, facilitating the easy adhesion and coalescence

of water droplets on their surface. In contrast, the wild-type onion

has a dense layer of epicuticular wax, rendering it more

hydrophobic and causing water droplets to form beads on its

surface. These findings are consistent with previous studies

conducted on rice and Welsh onion, highlighting the role of

epicuticular wax in influencing leaf color, hydrophobicity, and

water droplet behavior (Qin et al., 2011; Yang et al., 2017). Our

results are in accordance with Yang et al. (2017), where the glossy

mutant and wild-type of Welsh onion showed no significant

differences in stomatal density.
Cuticular wax biosynthesis genes

The cuticular wax biosynthesis and secretion pathway affects its

content and composition. Studies on plant epicuticular wax

biosynthesis have revealed ketones, including hentriacontanone-16,

derived from the decarbonylation pathway involving aldehydes and

alkanes as intermediates (Kunst and Samuels, 2003). Previous studies

have provided a strong evidence that hentriacontanone-16 is the

predominant epicuticular wax on onion (Damon et al., 2014) and

leek (Rhee et al., 1998) foliage. The proteins MAH1 and CER1 are

involved in the decarbonylation pathway, where CER1 converts long

chain aldehydes to alkanes andMAH1 converts alkanes into secondary

alcohols and ketones (Aarts et al., 1995; Greer et al., 2007). According

to Jeffree (1986), the spikey wax crystals deposited on onion foliage is

likely to be ketone which is in accordance with our results.

Mutations in the cer1 gene result in glossy green stems with

decreased wax deposition in Arabidopsis, while mutations in the

mah1 gene lead to glaucous inflorescence stems without affecting

epicuticular wax crystals (Aarts et al., 1995; Greer et al., 2007).
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WSD1 participates in the acyl reduction pathway, and involved in

synthesis of wax esters, a component of wax. Arabidopsis wsd1mutant

had significantly reduced wax ester levels in the stem wax (Li et al.,

2008). Leaf surface wax biosynthesis was broadly affected in glossy

mutant of B. napus due to suppression of CER1 and other wax-related

genes (MAH1, WSD1, CAC3, FATB, ABCG28, etc.). Previous research

has shown that upregulation of CER1, WSD1 and MAH1 genes

triggered biosynthesis and deposition of cuticular wax on the leaves

of EMS-mutagenizedDianthus spiculifolius plants in theM2 generation

(Zhou et al., 2018). CER26 is involved in the elongation of the very long

chain fatty acids of 30 carbons or more, and its mutation substantially

decreased the amount of these very long chain fatty acids (Pascal et al.,

2013). The mutation, however, did not affect the wax load on leaf or

stem. In our study, we observed a significant difference in leaf cuticular

wax content between the WT waxy and M3 glossy mutant lines. The

wax load in theWTwaxy was 3.5 ± 0.17 mg cm-2, whereas it was 1.0 ±

0.06 mg cm-2 in the glossy mutant lines (Figure 3C). Significant

suppression of the four 4 critical wax biosynthesis genes (AcCER1,

AcMAH1, AcWSD1 and AcCER26) in our glossy mutant may have

disrupted or slowed down the acyl reduction and decarbonylation

pathways of wax biosynthesis, resulting in 3.5 times lower cuticular wax

load in the glossy mutant than the WT waxy.

Our research findings indicated that within the wax

biosynthesis pathway, CER1 displayed the highest significant

downregulation among the four downregulated genes. These

results are consistent with the earlier study by Pu et al. (2013),

which showed notable downregulation of CER1 (4.13-fold) and

mild downregulation of other wax biosynthesis-related genes,

including MAH1, WSD1, CAC3, FATB, ABCG28, and FAR

(ranging from 1.38 to 1.80-fold), in the glossy mutant of Brassica

napus. Another study conducted by Liu et al. (2014) also revealed

downregulation of four wax biosynthesis pathway genes, namely

LACS2, ECR3 (WAX2 isoform 1), ECR3 (Fatty acid hydroxylase

superfamily), and ABCG12 (1.3 to 1.55-fold), with LACS2

exhibiting the most substantial downregulation (5-fold) in glossy

mutant of Welsh onion. The variation in downregulated genes and

their expression levels in glossy mutants might be influenced by the

specific genotype and the regulatory gene that was prabably

mutated. The glossy mutant has potential applications in

breeding. For instance, the male sterile parent could act as a

reliable indicator for eliminating rogue plants in hybrid seed

production, as well as in genetic studies focused on wax

biosynthesis and export. Compared to the waxy-type, the glossy

phenotype of onion has been associated with significantly less

epicuticular wax and has been found resistant to thrips infestation

(Damon et al., 2014). The quantity of epicuticular wax deposition is

directly to insect resistance in various crops such as Sorghum bicolor

(Starks and Weibel, 1981), Triticum aestivum (Lowe et al., 1985),

Brassica oleracea var. capitata (Voorrips et al., 2008) and Allium

cepa (Damon et al., 2014). Additionally, novel genes associated with

cuticular wax biosynthesis potentially serve as valuable genetic

resources for enhancing drought resistance in crops (Xue et al.,

2017). Considering these factors, we anticipate that our glossy

mutant phenotype could offer a potential advantage in onion

breeding, contributing to the development of lines with increased

resistance to biotic and abiotic stressors.
TABLE 2 Segregation pattern of glossy mutant lines in different populations.

Population
Total no. of plants

Phenotype

Waxy WT Glossy mutant

M2 4 0 4

M3 15 0 15

F1 17 17 0

BC1F1 21 11 10*

WT 34 34 0
*Chi square analysis was performed in BC1F1 population. Calculated p value is 0.83.
The difference was statistically non-significant.
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Conclusion

The wax layer on the epidermal surface provides protection to

terrestrial plants from UV radiation, water loss and gas exchange,

and biotic stresses. In this study, we isolated a glossy mutant from

the M2 population of g-irradiated onion mutant lines in variety B.

Super. The glossy trait is controlled by a recessive locus. The mutant

accumulates wax poorly on the leaf surface, and we show that there

is a concomitant downregulation of four structural genes in the wax

biosynthesis pathway, namely AcCER1, AcCER26, AcWSD1, and

AcMAH1, which potentially explains the reduction in wax

accumulation. Single gene inheritance indicates that the mutation

could be within a regulatory gene that controls these structural

genes. Therefore, it would be worthwhile to map this regulatory

locus using markers identified around this locus. Additionally, the

glossy mutant can be a valuable addition to studies on both abiotic

and biotic stress in plant breeding. We will conduct further

investigation to determine the influence of cuticle thickness and

the epicuticular waxes in conferring resistance to onion plants

against various environmental stressors and pests.
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Physiological response and
molecular regulatory mechanism
reveal a positive role of nitric
oxide and hydrogen sulfide
applications in salt tolerance
of Cyclocarya paliurus

Lei Zhang1, Yang Liu1, Zijie Zhang1 and Shengzuo Fang1,2*

1College of Forestry, Nanjing Forestry University, Nanjing, China, 2Co-Innovation Centre for
Sustainable Forestry in Southern China, Nanjing Forestry University, Nanjing, China
As a multifunctional tree species, Cyclocarya paliurus leaves are rich in bioactive

substances with precious healthy values. To meet the huge requirement of C.

paliurus leaf production, sites with some environmental stresses would be

potential land for developing its plantations due to the limitation of land

resources in China. Nitric oxide (NO) and hydrogen sulfide (H2S) are common

gas messengers used to alleviate abiotic stress damage, whereas the mechanism

of these messengers in regulating salt resistance of C. paliurus still remains

unclear. We performed a comprehensive study to reveal the physiological

response and molecular regulatory mechanism of C. paliurus seedlings to the

application of exogenous NO and H2S under salt stress. The results showed that

the application of sodium hydrosulfide (NaHS) and sodium nitroprusside (SNP)

not only maintained the photosynthetic capacity and reduced the loss of leaf

biomass, but also promoted endogenous NO synthesis and reduced oxidative

damage by activating antioxidant enzyme activity and increasing the content of

soluble protein and flavonoids. Moreover, transcriptome and metabolome

analysis indicated the expression of genes encoding phenylalanine ammonia

lyase (PAL), cytochromeP450 (CYP), chalcone synthase (CHS), dihydroflavonol

4-reductase (DFR) and flavonol synthase (FLS) in flavonoid biosynthesis pathway

was all up-regulated by the application of NO and H2S. Meanwhile, 15

transcriptional factors (TFs) such as WRKY, ERF, bHLH and HY5 induced by NO

were found to regulated the activities of several key enzymes in flavonoid

biosynthesis pathway under salt stress, via the constructed co-expression

network. Our findings revealed the underlying mechanism of NO and H2S to

alleviate salt stress and regulate flavonoid biosynthesis, which provides a

theoretical basis for establishing C. paliurus plantations in the salt stress areas.

KEYWORDS

Cyclocarya paliurus, exogenous substance, photosynthetic parameter, antioxidant
system, salt stress, transcription factors
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1 Introduction

Salinity is a major environmental factor affecting plant growth

and productivity (Guo et al., 2022a). Excessive salt concentration in

soil disturbs the osmotic balance, ion transport and metabolic

response of plants (Genisel et al., 2015; Mostofa et al., 2015). Salt

stress which causes the high concentration of sodium ions in plant

cells, not only hinders the absorption of other ions but also

interferes with the catalysis of enzyme activity and destroys the

nutritional balance (Manishankar et al., 2018). The accumulation of

reactive oxygen species such as hydrogen peroxide and superoxide

anion in plant cells can seriously damage the structure of various

organelles and the biosynthesis of macromolecules (Hazman et al.,

2015; Li C. et al., 2017; Ghalati et al., 2020). At present, the area of

saline soil in the world has exceeded 800 million hectares and is still

expanding (Munns and Tester, 2008). In order to deal with this

situation, it is particularly important to reveal the mechanism in

response to salt stress and improve the salt tolerance of plants.

Application of exogenous substances on plants is one of the

effective methods to alleviate salt stress (Zhang et al., 2019). As

important gaseous signal molecules in plants, nitric oxide (NO) and

hydrogen sulfide (H2S) not only have antioxidant properties, but

also widely participate in the whole physiological process from seed

germination to plant apoptosis (Singh et al., 2015; Mukherjee,

2019). Moreover, the mechanism of NO and H2S in plant cells

has also been widely discussed, including their interaction with

related active nitrogen substances, modifying target proteins, and

regulating intracellular signal transduction (Khurana et al., 2011;

Shen et al., 2018). Importantly, many studies have shown that NO

and H2S are involved in regulating various physiological

mechanisms of plants in response to environmental stresses

(Begara-Morales et al., 2018; Corpas, 2019; Zhang et al., 2019).

For example, NO and H2S have been reported to regulate plant

response strategies to abiotic stresses such as salinization, drought

and cold (Shen et al., 2018; Liu et al., 2020; Zhou et al., 2020).

Meanwhile, some studies also indicated that H2S increases the

content of S-nitrosothiol and then possibly affects the storage

abundance of NO (Singh et al., 2015; Mukherjee, 2019) and the

crosstalk relationship between NO and H2S in cells has become a

research hotspot (Singh et al., 2020). For instance, H2S has been

reported to alleviate salt stress of barley seedling via NO-mediated

ion homeostasis (Chen et al., 2015). Another finding showed that

NO and H2S enhance the resistance of tomato seedlings to heavy

metal stress through sulfur assimilation (Alamri et al., 2020). Thus,

the application of exogenous NO and H2S would be an important

way to alleviate abiotic stress of plants, whereas less related

information is available in tree species.

Cyclocarya paliurus, as a multifunctional tree species in walnut

family, is widely distributed in subtropical areas of China (Fang

et al., 2006). Especially its leaves are traditionally used for the

production of nutraceutical tea and ingredient of functional foods in

China because of its unique taste and rich in bioactive substances

with hypoglycemic and hypotensive functions (Fang, 2011).

Flavonoids is not only an important bioactive substance but also

a key antioxidant in plants in response to abiotic stresses (Li X. et al.,

2017). Previous studies have showed that salinity increased the
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flavonoid content of C. paliurus leaves (Zhang et al., 2021).

Moreover, exogenous H2S application has been suggested to

induce endogenous NO production, and improve salt tolerance of

C. paliurus by maintaining fluorescence and enhancing antioxidant

activity (Chen et al., 2021). However, the molecular regulation

mechanisms of NO and H2S applications on C. paliurus under salt

stress still remain unknown.

To meet the huge requirement of C. paliurus leaf production,

sites with some environmental stresses would be potential land for

developing C. paliurus plantations due to the limitation of land

resources in China, while the coastal saline land has been regarded

as a potential area for developing C. paliurus resources. Therefore,

how to improve the salt tolerance of C. paliurus has become

particularly urgent in the practices. Moreover, flavonoid is

considered not only to be important bioactive substances but also

to resist environmental stresses (Maurya and Yadav, 2005; Guo

et al., 2022b), so revealing how exogenous substances affect

flavonoid biosynthesis in leaves is also important under the

salinity condition. The objectives of this research were: (1) to

identify the role of NO and H2S on photosynthetic process and

antioxidant capacity of C. paliurus under salt stress; (2) to explore

the regulatory function of NO and H2S on C. paliurus seedlings in

response to salt stress from the perspective of transcriptome and

metabolome; (3) to clarify the molecular mechanism of the above

signaling molecules acting on the flavonoid pathway. Results from

this study may provide new insights into the molecular mechanism

of NO and H2S on alleviating abiotic stress of woody plants.
2 Materials and methods

2.1 Plant materials and treatments

C. paliurus seeds were collected from Yanling county (26° 30′N,
113° 41′ E) in Hunan province, China, in October 2018. Based on

the method of Fang et al. (2006), seeds were treated with exogenous

gibberellin A3 and stratification measures to break seed dormancy.

In April of 2019, the germinated seeds were sown in nonwoven

receptacles (10.0 cm depth and 8.5 cm diameter) and then

transferred to the greenhouse at Baima Experimental Base of

Nanjing Forestry University (31° 35′ N, 119° 09′ E). The

nonwoven receptacles were filled with mixed substrates of peat:

soil: perlite: rotting poultry manure = 4: 2: 2: 2 (v/v/v/v). The

contents of total N, total P, total K, and organic matter in the

substrates were 72.35, 2.19, 9.55, and 73.3 g/kg, respectively.

Salt treatments were performed in July 2019, and a completely

random block design was adopted with three replicates for each

treatment, and six plants for each replicate. Referring to previous

research (Ma et al., 2019), six treatments were set up, including CK

(no salt addition and only irrigation with distilled water), SNP (no

salt addition, spraying with 0.25mM sodium nitroprusside (a NO

donor), and irrigation with distilled water), NaHS (no salt addition,

spraying with 0.5mM sodium hydrosulfide (a H2S donor), and

irrigation with distilled water), NaCl (0.4% NaCl treatment and

irrigation with 0.4% NaCl solution), SNP+NaCl (0.4% NaCl

treatment, spraying with 0.25mM SNP and irrigation with 0.4%
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NaCl solution), and NaHS+NaCl (0.4% NaCl treatment, spraying

with 0.5mM NaHS and irrigation with 0.4% NaCl solution). To

avoid osmotic shock, NaCl solution was gradually added into soil in

five times within two days to reach the expected concentrations,

while the concentration was calculated based on soil weight.

However, the solutions of SNP and NaHS were evenly sprayed on

the adaxial and abaxial surfaces of leaves before one day of the salt

treatment until completely wetting the leaves. The nonwoven

receptacles were placed in plastic pot and trays to prevent salt

loss, and irrigation was performed twice a week to keep the field

water capacity at 70% - 75%.

Leaf samples were collected for the determination of related

indexes 30 days after the salt treatments, in that the phenotypic

differences were observed among different treatments (Figure 1).

Three plants of each treatment were selected as samples and six

expanded mature leaves were collected from the upper position of

each sample. These leaves were quickly frozen by liquid nitrogen

and kept at -80°C for total RNA extraction and enzyme activity

determination. The rest leaves were dried at 70°C and pulverized for

the quantitative analysis of flavonoid content.
2.2 Determination of leaf biomass and
physiological parameters

2.2.1 Leaf biomass and
photosynthetic parameters

Based on the seedling height and ground diameter, three

seedlings with uniform growth in each treatment were selected as

sample plants for physiological parameters determination. The total

leaf biomass was measured by drying the leaves at 70°C for 72 h.

The fourth fully expanded compound leaf of each sample plant

was selected to measure photosynthetic parameters by the LI-

6400XT photosynthetic system (LI-COR, Inc., Lincoln NE, USA).

Photosynthetic parameters including net photosynthetic rate (Pn),

transpiration rate (Tr), stomatal conductance (Gs), intercellular CO2

concentration (Ci) and water use efficiency (WUE) were measured
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between 8:30–11:00 am 30 days after salt treatments. The operating

ambient of the photosynthetic apparatus was set according to the

method of Zhang et al. (2022).

2.2.2 Fluorescence parameters and
chlorophyll content

Fluorescence parameters of the selected leaves were determined

by an FMS-2 portable pulse-modulated fluorometer (Hansatech

Instruments Ltd., Norfolk, United Kingdom). After 15 minutes of

dark adaptation, the selected leaves were used for the determination

of maximal quantum yield of PS II (Fv/Fm), non-photochemical

quenching coefficient (NPQ), and electron transfer rate (ETR).

After determining the photosynthetic and fluorescence

parameters, fresh leaves were collected from the same part of the

seedlings, washed and dried, and extracted with 80% acetone

solution to determine the chlorophyll content following the

method of Asghar et al. (2016).

2.2.3 NO and soluble protein content
0.3 g fresh leaf powder was ground with 8 ml double distilled

water, and then centrifuged for 20 minutes (4°C, 1,2000×g). The

contents of endogenous NO and soluble protein in C. paliurus

leaves were determined according to the instruction of NO oxide

determination kit and soluble protein kit (Jiancheng Bioengineering

Institute, Nanjing, China) (Usuda et al., 1984; Cantrel et al., 2010).
2.3 Measurement of antioxidant enzyme
activity and leaf flavonoid content

2.3.1 Antioxidant enzyme activity
0.3 g fresh leaf samples were homogenized in 50 mM phosphate

buffer solution (4.5 ml, containing 0.1 mM ethylene diamine tetra

acetic acid and 2 mM dithiothreitol, PH 7.0-7.4). Homogenate was

centrifuged at 1,0000×g for 20 min at 4°C, and the supernatant was

used for activity analysis of antioxidant enzymes. Antioxidant

enzyme activity of C. paliurus leaves was detected by a superoxide
FIGURE 1

Phenotypes of C. paliurus seedlings after 30 days of the treatments. Code annotation: CK (no salt addition and only irrigation with distilled water),
SNP (no salt addition, spraying with 0.25mM sodium nitroprusside (a NO donor), and irrigation with distilled water), NaHS (no salt addition, spraying
with 0.5mM sodium hydrosulfide (a H2S donor), and irrigation with distilled water), NaCl (0.4% NaCl treatment and irrigation with 0.4% NaCl
solution), SNP+NaCl (0.4% NaCl treatment, spraying with 0.25mM SNP and irrigation with 0.4% NaCl solution), and NaHS+NaCl (0.4% NaCl
treatment, spraying with 0.5mM NaHS and irrigation with 0.4% NaCl solution), the same below.
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dismutase (SOD) kit, peroxidase (POD) kit, catalase (CAT) kit, and

malondialdehyde (MDA) kit (Jiancheng Bioengineering Institute,

Nanj ing, China) (Meloni et al . , 2003; Rahnama and

Ebrahimzadeh, 2005).

2.3.2 Leaf flavonoid content
Alcohol extraction method was adopted to extract leaf samples

for the determination of flavonoid content (Cao et al., 2017). In

short, 10 mL 70% (v/v) ethanol mixed with 0.8 g dry leaf powder

was ultrasonicated 45 min at 70°C for the preparation of extracting

solution. The solution was centrifuged at 10,000 rpm for 10 min

when cooling to room temperature, and then separated on C18

solid phase extraction column and filtered through a 0.22 µm

polytetrafluoroethylene (PTFE) filter. The total flavonoid content

was measured by optimized colorimetry (Bao et al., 2005) and the

individual flavonoid content was detected by a high-performance

liquid chromatography (HPLC) (Waters Crop., Milford, MA, USA)

(Cao et al., 2017).
2.4 Transcriptomic and
metabolomic analysis

2.4.1 Transcriptomic analysis and weighted gene
co-expression network construction

Transcriptome sequencing was executed by the method of Guo

et al. (2020). In brief, the extraction of total RNA from C. paliurus

leaves was performed using Trizol reagent kit (Invitrogen, Carlsbad,

CA, USA). The cDNA fragments were purified with QiaQuick PCR

extraction kit (Qiagen, Venlo, The Netherlands). A total of 18 cDNA

libraries (six treatments, and three biological replicates for each

treatment) were constructed using Illumina HiSeqTM 4000 by

Gene Denovo Biotechnology Co. (Guangzhou, China). High-

quality clean reads were acquired with filtering the raw reads by

Fastp (Version 0.18.0) (Chen et al., 2018), and the mapped reads of

each sample were assembled by StringTie v1.3.1 (Pertea et al., 2015;

Pertea et al., 2016). The value of FPKM was calculated by StringTie

software (max_memory, 30G; seqType, fq ; CPU, 10;

KMER_SIZE, 31; min_kmer_cov, 11; normalize_reads;

normalize_max_read_cov, 50).

In order to expound the interaction between transcription

factors and key structural genes in flavonoid biosynthesis

pathway, a weighted gene co-expression network analysis was

executed by R packages including WGCNA and DESeq2 software

(threshold power = 8, min module size = 50). The Pearson

correlations between the eigengenes of each module and the

abundance of flavonoids were performed using R package ggplot2.

The gene regulatory networks between transcription factors and

structural genes were constructed with Cytoscape software (Version

3.7.1) (Shannon et al., 2003).

2.4.2 Metabolomics analysis
The extraction of metabolites for leaf samples was performed by

UHPLC-QE-MS (Guo et al., 2020). LC-MS/MS analyses were

executed by an UHPLC system (1290, Agilent Technologies) with

a UPLC HSS T3 column coupled to Q Exactive (Orbitrap MS,
Frontiers in Plant Science 04141
Thermo). The mobile phase proportioning and the elution gradient

setting were performed by the method of Zhang et al. (2021). The

full scan resolution of ESI source was 70000, and MS/MS used a

resolution of 17500. The MS raw data was formatted by

ProteoWizard and the conversion results were processed by R

package XCMS software (version 3.2). The peak annotation was

implemented by OSI-SMMS (version 1.0, Dalian Chem Data

Solution Information Technology Co. Ltd.) with in-house MS/MS

database. Principal component analysis was performed by R

package models for the exposition of relevance among samples.

And the metabolites were annotated and classified according to the

Kyoto Encyclopedia of Genes and Genomics (KEGG) database.
2.5 Statistical analysis

All the statistical analyses were performed using R package

models and TBtools software (Version 1.068) (Chen et al., 2020).

Differences between samples were determined by one-way analysis

of variance (ANOVA) and significant differences were calculated by

the least significant difference (LSD) test at P < 0.05.
3 Results

3.1 Effects of exogenous NO and H2S on
leaf biomass and physiological parameters
under salt stress

Exogenous NO and H2S applications significantly promoted the

accumulation of leaf biomass and photosynthetic capacity

(Figure 2). Compared with the control, NaHS treatment increased

leaf dry weight, Tr, Pn, and WUE by 25%, 33%, 147%, and 63%,

respectively. Moreover, salt treatment caused a significant reduction

in leaf biomass and photosynthetic parameters of C. paliurus

seedlings, whereas the application of exogenous NO and H2S

alleviated this reduction (P < 0.05) (Figure 2). In comparison with

NaCl treatment, SNP + NaCl treatment increased leaf biomass, Pn,

and WUE of the seedlings by 18%, 47%, and 59%, respectively.

NPQ represents the proportion of light energy dissipated in the

form of heat. The value of NPQ significantly enhanced under NaCl

treatment in comparison with CK, indicating that the light energy

conversion of C. paliurus leaves were inhibited by salt, while

exogenous NO and H2S reduced the NPQ value (P < 0.05)

(Table 1). Compared with salt-treated plants, applications of

NaHS and SNP resulted in an increase in ETR (24%-35%) and

Fv/Fm (17%-22%) in C. paliurus leaves under salinity. Similarly, the

contents of chlorophyll a and b increased significantly with the

application of exogenous NO and H2S (P < 0.05) (Table 1).

Exogenous NO and H2S also significantly affected the content of

NO and soluble protein in C. paliurus leaves (P < 0.05) (Figure 3).

Compared with NaCl treatment, the NO content of C. paliurus

under NaHS+NaCl and SNP+NaCl treatments showed an increase

by 35% and 21%, respectively (Figure 3A). Moreover, the NaHS and

SNP application significantly promoted soluble protein content

under salt stress (Figure 3B).
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3.2 NO and H2S applications promote
antioxidant enzyme activities and flavonoid
contents under salt stress

Salt treatments significantly affected the activities of antioxidant

enzymes in C. paliurus leaves (Table 2). Compared with the control,

the activities of POD, SOD, and CAT in the leaves under salt

treatment decreased 15%, 48% and 60% respectively, whereas the

content of MDA increased significantly under salt stress. However,

the activities of antioxidant enzymes in leaves were enhanced by

exogenous NO and H2S applications (Table 2). For example,

compared with salt-treated plants, SNP+NaCl treatment
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significantly promoted the activities of POD (70%), SOD (59%),

and CAT (129%) in C. paliurus leaves. Besides, the content of MDA

under NaHS+NaCl and SNP+NaCl treatments significantly

decreased in comparison with NaCl treatment (P < 0.05). These

results suggested that NO and H2S applications can alleviate

oxidative stress response under salinity at a certain extent.

As shown in Table 3, the contents of total flavonoids and seven

individual compounds in the leaves under NaHS and SNP

treatments showed an overall upward trend when compared with

the control. Although the salt stress treatment significantly

increased the content of total flavonoids in comparison with CK

(P < 0.05), compared with salt stress treatment, the treatments of
B C

D E F

A

FIGURE 2

Leaf biomass (A) and photosynthetic parameters (B–F) in C. paliurus seedlings of different treatments. Different small letters indicate a significant
difference (P < 0.05) among the treatments.
TABLE 1 Variations in fluorescence parameters and chlorophyll content of C. paliurus leaves among different treatments.

Treatments NPQ ETR Fv/Fm Chl a content (mg g-1) Chl b content (mg g-1)

CK 2.17 ± 0.12 c 0.72 ± 0.09 a 0.70 ± 0.06 ab 0.81 ± 0.05 b 0.38 ± 0.04 b

NaHS 1.96 ± 0.14 c 0.68 ± 0.05 a 0.78 ± 0.02 a 1.12 ± 0.06 a 0.41 ± 0.02 ab

SNP 2.17 ± 0.30 c 0.66 ± 0.08 a 0.76 ± 0.02 a 1.21 ± 0.17 a 0.44 ± 0.02 a

NaCl 3.93 ± 0.44 a 0.37 ± 0.04 c 0.54 ± 0.04 c 0.44 ± 0.01 d 0.20 ± 0.02 c

NaHS+NaCl 3.12 ± 0.47 b 0.46 ± 0.05 bc 0.63 ± 0.09 bc 0.61 ± 0.01 c 0.24 ± 0.03 c

SNP+NaCl 3.31 ± 0.22 b 0.50 ± 0.03 b 0.66 ± 0.05 b 0.66 ± 0.06 bc 0.21 ± 0.01 c
Different small letters indicate a significant difference (P < 0.05) among the treatments. Code annotation: CK (no salt addition and only irrigation with distilled water), SNP (no salt addition,
spraying with 0.25mM sodium nitroprusside (a NO donor), and irrigation with distilled water), NaHS (no salt addition, spraying with 0.5mM sodium hydrosulfide (a H2S donor), and irrigation
with distilled water), NaCl (0.4% NaCl treatment and irrigation with 0.4% NaCl solution), SNP+NaCl (0.4% NaCl treatment, spraying with 0.25mM SNP and irrigation with 0.4% NaCl solution),
and NaHS+NaCl (0.4% NaCl treatment, spraying with 0.5mM NaHS and irrigation with 0.4% NaCl solution), the same below.
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SNP + NaCl and NaHS + NaCl enhanced the total flavonoid

content by 27% and 6% respectively. Similarly, the contents of

several individual flavonoid compounds, such as quercetin-3-O-

glucuronide, kaempferol-3-O-glucuronide, and kaempferol-3-O-

glucoside, were also observed to increase significantly (P < 0.05).

Thus, our results suggested exogenous NO and H2S can enhance

flavonoid contents in the leaves under salt stress to alleviate the

oxidative damage.
3.3 Transcriptomic response to NO and
H2S applications under salt stress

The sequencing quality of 18 cDNA libraries of C. paliurus

leaves were summarized in Table S1, and a total of 0.8 billion clean

reads were acquired. The proportions of reads mapped to gene of

each library ranged from 78.40% to 80.40% (Table S1). Through

principal component analysis, an obvious separation between

samples under different treatments was shown on the plot

(Figure 4A), indicating that salt treatment and the application of

exogenous NO and H2S caused intense recombination at

transcriptional level. PC1 and PC2 reflected 52.9% and 32.6%

information of gene expression among C. paliurus samples,

respectively. In addition, Pearson product-moment correlation
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coefficients showed a close correlation between samples under the

same treatment (Figure 4B).

By analyzing the transcriptional profile, a large number of

differentially expressed genes (DEGs) were identified from the

samples between different treatments (Figure 5A). Combined with

the results of the five comparison groups, 1248 DEGs were found in

all groups, indicating that these genes were susceptible to the factors

of salt, NO and H2S. However, the largest number of specific DEGs

(2967 genes) were identified between CK and salt treatments. After

further exploring the differences at transcriptional levels among

different treatments, it was found that compared with the CK, a

total of 9399 genes were up-regulated and 6447 genes were down-

regulated under salt treatment (Figure 5B). And the pretreatments

of SNP and NaHS before salt treatment resulted in the up-

regulation of 4656 and 6493 genes and down-regulation of 8835

and 5262 genes, respectively. According to the enrichment analysis

at KEGG pathways, the DEGs between CK and SNP (or NaHS)

treatments were found to be enriched in phenylpropanoid

biosynthesis, sesquiterpenoid and triterpenoid biosynthesis

pathway, and MAPK signaling pathways; and the DEGs between

NaCl and SNP + NaCl (or NaHS + NaCl) treatments were enriched

at isoquinoline alkaloid biosynthesis, nitrogen metabolism, and

flavonoid biosynthesis pathways. In addition, the DEGs among

different treatments were collectively enriched in the pathways of
BA

FIGURE 3

NO content (A) and soluble protein content (B) in C. paliurus leaves of different treatments. Different small letters indicate a significant difference
(P < 0.05) among treatments.
TABLE 2 Variations in antioxidant enzyme activity of C. paliurus leaves among different treatments.

Treatments POD activity
(U min-1 g-1)

SOD activity
(U g-1)

CAT activity
(U min-1 g-1)

MDA content
(mmol g-1)

CK 25.21 ± 1.02 bc 385.88 ± 9.08 a 6.44 ± 0.27 c 25.03 ± 2.93 c

NaHS 28.89 ± 2.59 b 417.16 ± 5.87 a 8.08 ± 0.43 b 24.39 ± 1.10 c

SNP 34.08 ± 2.55 a 416.39 ± 10.41 a 9.16 ± 0.73 a 27.86 ± 2.55 c

NaCl 21.49 ± 1.22 c 201.20 ± 27.39 c 2.55 ± 0.53 e 74.75 ± 3.11 a

NaHS+NaCl 27.04 ± 1.54 b 349.30 ± 32.83 b 5.08 ± 0.33 d 63.21 ± 3.62 b

SNP+NaCl 36.63 ± 3.69 a 319.13 ± 14.26 b 5.85 ± 0.19 cd 62.33 ± 1.35 b
Different small letters indicate a significant difference (P < 0.05) among the treatments.
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ribosome, fatty acid elongation, pyruvate metabolism, citrate cycle

and plant hormone signal transduction.
3.4 Metabolomic response to NO and H2S
applications under salt stress

As shown in Figure 6A, the distribution of samples from

different treatments on the PCA diagram of metabolomic data

presented a clear separation, which was consistent with the result of

the transcriptional analysis. Among the differentially accumulated

metabolites between the treatments of NaCl and SNP + NaCl, the

number of up-regulation and down-regulation were 749 and 2382,

respectively (Figure 6B). Similarly, the number of up-regulation was

much lower than that of down-regulation of differentially
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accumulated metabolites between the treatments of NaCl and

NaHS + NaCl (Figure 6B).

In order to further understand the enrichment information of

these metabolites, the top 20 KEGG pathways were shown by bar

diagrams (Figures S1A, B). Both two diagrams contained the

pathways of flavonoid biosynthesis, flavone and flavonol

biosynthesis, and anthocyanin biosynthesis.
3.5 Metabolite accumulation and
gene expression in flavonoid
biosynthesis pathway

To explore the regulatory effects of NO and H2S on flavonoid

biosynthesis, a schematic diagram was used to clarify the synthesis
BA

FIGURE 4

PCA score plot and correlation heat map in transcriptomic profile of C. paliurus leaf samples. (A) Each point in PCA score plot representing an
independent biological replicate; (B) Pearson product-moment correlation coefficients of the gene expression profile. The blue rectangles represent
the positive correlation between the samples, whereas the red rectangles represent the negative correlation.
TABLE 3 Variations in flavonoid content among C. paliurus leaf samples of different treatments.

Treatments Flavonoid contents (mg/g)

Total
flavonoid

Quercetin-
3-O-glucu-
ronide

Quercetin-
3-O-galac-
toside

Isoquercitrin Kaempferol-
3-O-glucuro-

nide

Kaempferol-
3-O-gluco-

side

Quercetin-
3-O-

rhamnoside

Kaempferol-
3-O-

rhamnoside

CK 39.42 ± 2.21
e

0.21 ± 0.01 d 0.06 ± 0.01 d 0.06 ± 0.01 c 0.45 ± 0.04 d 0.17 ± 0.02 d 0.05 ± 2.81E-03
b

0.13 ± 0.01 c

NaHS 48.82 ± 3.41
d

0.46 ± 0.06 c 0.17 ± 0.02 c 0.15 ± 0.01 b 2.11 ± 0.05 b 0.46 ± 0.02 b 0.06 ± 9.02E-04
b

0.22 ± 0.02 b

SNP 49.32 ± 2.55
d

0.54 ± 0.06 c 0.14 ± 0.03 c 0.14 ± 0.02 b 1.65 ± 0.15 c 0.28 ± 0.03 c 0.05 ± 1.22E-03
b

0.09 ± 0.01 d

NaCl 52.82 ± 4.02
c

0.19 ± 0.01 d 0.06 ± 0.01 d 0.07 ± 0.01 c 0.4 ± 0.04 d 0.16 ± 0.01 d 0.04 ± 2.15E-03
b

0.06 ± 0.01 d

NaHS+NaCl 67.23 ± 3.22
a

0.71 ± 0.05 b 0.44 ± 0.05 a 0.19 ± 0.02 b 2.16 ± 0.29 b 0.31 ± 0.03 c 0.10 ± 9.82E-03
a

0.35 ± 0.01 a

SNP+NaCl 55.94 ± 1.19
b

0.81 ± 0.06 a 0.31 ± 0.04 b 0.54 ± 0.04 a 2.84 ± 0.16 a 0.6 ± 0.04 a 0.08 ± 8.36E-03
a

0.27 ± 0.03 b
Different small letters indicate a significant difference (P < 0.05) among treatments.
frontiersin.org

https://doi.org/10.3389/fpls.2023.1211162
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Zhang et al. 10.3389/fpls.2023.1211162
relationship from phenylalanine in the upstream to flavonoids in

the downstream (Figure 7A). A total of 40 DEGs and 17 metabolites

with significant differences in abundance between different

treatments were screen from the flavonoid biosynthesis pathway

(Tables S2, S3), and the expression levels of these genes and

metabolites were presented by heatmaps (Figures 7B, C).

Compared with the CK, the treatment of NaHS significantly up-

regulated the expression of related genes encoding PAL

(phenylalanine ammonia lyase), CYP (cytochromeP450) and 4CL

(4-coumarate: coenzyme A ligase). Moreover, when compared with

NaCl, the up-regulated genes under the treatment of NaHS + NaCl

ran through the entire pathway, whereas the SNP + NaCl treatment

only up-regulated the expression of some downstream genes

encoding FLS (flavonol synthase), DFR (dihydroflavonol 4-

reductase), and F3H (flavonoid 3-hydroxylase) (Figure 7B).

Similar to the trend of gene expression, the application of NaHS

significantly increased the abundance of a large number of

metabolites compared with CK (Figure 7C). Notably, the
Frontiers in Plant Science 08145
abundance of metabolites under the treatments of SNP + NaCl

and NaHS + NaCl decreased when compared with NaCl treatment,

suggesting that the large amount of these metabolites may be

used for the synthesis of stress resistant substances in the

downstream pathways.
3.6 Gene correlation networks related to
flavonoid biosynthesis

The weighted gene co-expression network analysis (WGCNA)

indicated that the genes in transcriptional profile of C. paliurus

samples were divided into 18 modules based on similar expression

patterns (Figure 8A). Among them, skyblue module comprised the

most genes and brown4 module comprised the least genes, with the

number of genes being 6282 and 52 respectively (Figure 8B).

Pearson correlation analysis showed that orange module was

closely correlated with the seven flavonoid compounds
B

C D

E F

A

FIGURE 5

The analysis of DEGs in transcriptomic profile of C. paliurus samples and the annotation of KEGG enrichment pathway. Venn diagram (A) and the
number (B) of DEGs between different treatments; Top 15 of KEGG enrichment pathway of DEGs between treatments of CK and SNP (C), CK and
NaHS (D), Salt and SNP + NaCl (E), and Salt and NaHS + NaCl (F).
frontiersin.org

https://doi.org/10.3389/fpls.2023.1211162
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Zhang et al. 10.3389/fpls.2023.1211162
(Figure 8C), indicating that the eigengenes of this module were

related to the accumulation of flavonoids in C. paliurus leaves under

different treatments. To screen the key regulatory transcription

factors (TFs) that may regulate the abundance of flavonoids, a co-

expression network based on structural genes and TFs from orange

module was constructed (Figure 8D). The results showed that four

structural genes FLS (Unigene0041673), CHS (Unigene0033841),

PAL (Unigene0040065) and 4CL (Unigene0040344) in the

flavonoid pathway were regulated by multiple TFs (Table S4). In

the orange module, the four structural genes were positively

correlated with 11 TFs, including ERFs, WRKYs, HY5, and so on.

Furthermore, the gene encoding 4CL was negatively correlated with
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REF12, bHLH144, GTE7 and bHLH121, indicating that the

expression of 4CL was inhibited by these four TFs.
4 Discussion

Salt stress, a common abiotic stress in nature, affects agricultural

yields significantly, as it can severely inhibit plant growth and

development (Ryu and Cho, 2015). Salinity causes osmotic

and oxidative stress, interfering with plant photosynthesis (Yang

and Guo, 2018). This study indicated that salt stress decreased the

net photosynthetic rate, electron transfer rate, chlorophyll content
BA

FIGURE 6

PCA score plot and the number of differentially accumulated metabolites in metabolomic profile of C. paliurus leaf samples. (A) Each point in PCA
score plot representing an independent biological replicate; (B) The red and blue columns represent the up-regulation and down-regulation of
metabolite abundance, respectively.
B

C

A

FIGURE 7

Differential expressions of structural genes and metabolites in flavonoid biosynthesis pathway of C. paliurus leaf samples. (A) Schematic diagram of
metabolic relationship and related genes in flavonoid pathway; (B) Blue and yellow blocks represent high and low expression of genes, respectively.
Enzyme annotation: 4CL, 4-coumarate: coenzyme A ligase; ANR, Anthocyanidin reductase; ANS, Anthocyanidin synthase; CHI, Chalcone isomerase;
CHS, Chalcone synthase; CYP, CytochromeP450; DFR, Dihydroflavonol 4-reductase; F3H, Flavonoid 3-hydroxylase; FLS, Flavonol synthase; PAL,
Phenylalanine ammonia lyase; UGT, UDP-glycosyltransferase. (C) Heat map representing the abundance of metabolites in the flavonoid pathway.
And the shade of red in the blocks represents the abundance of metabolites.
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and leaf biomass production of C. paliurus (Table 1 and Figure 2).

However, the values of Pn, WUE, ETR, and Fv/Fm of the plants were

significantly increased under NaHS+NaCl and SNP+NaCl

treatments compared with those under the sole NaCl treatment,

suggesting that NO and H2S applications play a positive role in

regulating photosynthetic rate and light energy conversion

efficiency, thus reduce the loss of leaf biomass in salt-treated

plants. These results are consistent with previous reports on

Brassica juncea (Khan et al., 2012), Glycine max (Egbichi et al.,
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2014), and Matricaria recutita (Fazelian et al., 2012). Meanwhile,

the leaf dry weight, photosynthetic rate and chlorophyll content of

the plants under NaHS+NaCl and SNP+NaCl treatments were

obviously lower than those in the control (Table 1 and Figure 2),

indicating that NO and H2S application cannot completely

eliminate the negative effects caused by salt stress. Chen et al.

(2021) showed that H2S application improved biomass

accumulation by maintaining photosynthesis, but we did not

study the effect of applying concentration on plants under salt
B

C

D

A

FIGURE 8

Results of the gene co-expression network analysis. (A) Cluster dendrogram showing identified modules and the cluster tree of eigengenes in each
module; (B) The number of genes in each module; (C) The heatmap of correlation coefficient between flavonoid contents and module eigengenes
"*", "**" and "***" indicate correlations of 0.5-0.6, 0.6-0.7 and 0.7-1, respectively; with the red and green blocks representing positive and negative
correlations, respectively; (D) Network constructed by selected TFs (white circles) and structural genes (yellow circles) related to flavonoid
biosynthesis pathway from orange module. The red line and blue line represent positive correlation and negative correlation, respectively.
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stress. Therefore, further research is needed to investigate the

regulatory ability of different doses of NO and H2S on the salt

tolerance of C. paliurus

NO and H2S are important messengers among plant cells, and

can effectively regulate the physiological response under abiotic

stress (Jiang et al., 2020; Goyal et al., 2021). The results from this

study showed that the application of SNP and NaHS significantly

increased the contents of NO and soluble protein in leaves of C.

paliurus (Figure 3), inferring a positive regulatory relationship

between nitric oxide and protein content. Similarly, previous

studies (Chen et al., 2015; Ma et al., 2019) have shown that H2S-

induced NO has a positive regulatory effect on plant protein

production and ion homeostasis. Antioxidant enzyme system is

activated under salt stress to reduce the accumulation of reactive

oxygen species (ROS), while the activities of antioxidant enzymes

reflect the ability of plants to cope with the stress (Jin et al., 2013).

Our results also showed that the activities of POD, SOD, and CAT

under 0.4% NaCl treatment were significantly lower than those in

the control group (Table 2), indicating that excessive salinity stress

may destroy the normal physiological process and then decrease

enzyme activity (Zhang et al., 2021). However, our results showed

that the activities of POD, SOD, and CAT were significantly

improved with the application of NO and H2S donors (Table 2).

The results from this study also confirm the hypotheses that

exogenous NO and H2S can induce the increase of endogenous

NO content and ameliorate salt tolerance of plants (Chen et al.,

2021). In addition, NO and H2S were assumed to mediate

antioxidant enzyme activity through persulfidation or S-

nitrosation, respectively (Singh et al., 2017; Alamri et al., 2020),

however, the translational modifications in these potential ways are

need to be further investigated in C. paliurus.

Flavonoids are a kind of antioxidants and stress resistant

substances in plants (Fini et al., 2011). A large number of studies

have shown that plants can promote the production of phenolic

metabolites to alleviate salt damage (Hejazi-Mehrizi et al., 2012;

Oliveira et al., 2020), which is consistent with our results (Table 2).

Here, our result suggested that the contents of total flavonoid and

several individual compounds such as kaempferol-3-O-glucoside,

quercetin-3-O-rhamnoside and kaempferol-3-O-rhamnoside were

the highest under the treatments of SNP + NaCl and NaHS + NaCl

(Table 2). These findings indicate that exogenous NO and H2S may

regulate the quantity and composition of flavonoid substances to

improve the tolerance to salt stress. Some recent reports have

indicated that application of SNP and NaHS to stressed plants

resulted in an increase of flavonoid content (Li X. et al., 2017; Chen

et al., 2021). Therefore, exogenous NO and H2S applications may

not only be a good way to alleviate abiotic stress, but also contribute

to the accumulation of flavonoids in C. paliurus leaves.

As a small gas signaling molecular, NO plays a key role in

alleviating abiotic stress such as drought, low temperature and salt

(Zhao et al., 2004; Abat and Deswal, 2009; Yu et al., 2014). Due to

the important functions of NO in plant physiological processes,

researches on its regulation mechanism at the molecular level have

attracted extensive attention (Imran et al., 2018). In the present

study, both salt stress and exogenous NO and H2S application all led
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to obviously transcriptional reprogramming in C. paliurus leaves

(Figures 4A, B), whereas a lots of identified DEGs were enriched in

the metabolite pathways such as phenylpropanoid biosynthesis,

diterpenoid biosynthesis and flavonoid biosynthesis (Figures 5C–

F). It has also been reported that NO mediates the up-regulation of

genes related to the metabolism of isoflavonoid, terpenoid and

cyanoamino acid in Medicago sativa under abiotic stress (Zhao

et al., 2019). Furthermore, our results showed the application of

SNP and NaHS promoted the activation of plant hormone signal

transduction pathway and MAPK signaling pathway (Figures 5C–

F). This indicated that NO and H2S could effectively regulate the

expression of genes related to pathways of hormone signaling and

flavonoid biosynthesis, thereby improving the content of related

hormones and flavonoids. In consistent with previous reports (Yu

et al., 2014), exogenous NO and H2S applications enhance plant

tolerance to abiotic stress by mediating a series of physiological and

metabolic processes.

As reported, the biosynthesis of various flavonoid metabolites is

regulated by PAL, CYP, 4CL and other key enzymes, while the

activities of these enzymes are activated or inhibited by a variety of

TFs when subjected to diverse stress or environmental factors (Ren

et al., 2019; Xu et al., 2020; Qi et al., 2022). Our study found that

exogenous NO and H2S applications enhanced the activities of

several enzymes in the flavonoid pathway (Figure 7B), and four

genes encoding PAL, 4CL, CHS and FLS were identified to be close

correlated with 15 TFs (Figure 8D). Interestingly, most of these TFs,

including ERF, MYB, WRKY, bHLH, and HY5, have been reported

to be induced by NO and to be involved in stress responses to

various adversity (Imran et al., 2018; Wen et al., 2021).

Overexpression of WRKY has been reported to enhance salt

tolerance, up-regulate the expression of FLS, DFR, and F3H, and

increase accumulation of flavonoid and anthocyanins (Wang et al.,

2017; Wang N. et al., 2018). In this research, WRKY TF, one of the

factors contributing to increasing flavonoid content, was also

observed to promote the up-regulation of genes encoding PAL,

4CL and FLS (Figure 8D). Meanwhile, HY5 is often described to

react to light signal and regulate the biosynthesis of flavonoids such

as anthocyanins (An et al., 2019), and has recently been suggested to

respond to abiotic stresses such as cold and salt (Wang F. et al.,

2018; Kovács et al., 2019). In addition, ERF, bHLH, and NAC have

also been reported to regulate the expression of structural genes in

the flavonoid pathway (Guo et al., 2020; Premathilake et al., 2020)

and our results support the viewpoints mentioned above. Notably,

GTE was observed to inhibit the expression of 4CL in the present

study, whereas less information on its related researches is available

and more studies on its internal regulatory mechanism on abiotic

stress are required. Moreover, it should be aware that both

NO and H2S are dose-dependent signal molecules, and the

single concentration applied in this study may lead to a deviation in

the summary of regulatory roles. Therefore, further detailed studies

are needed to reveal the signaling pathways and molecular

mechanisms of these two gas molecules in mediating plant

growth and development under salt stress. However, the effects of

NO and H2S on soil physicochemical properties and soil microbial

communities were not explored in this experiment. SNP treatment
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has been reported to reduce phytophagous nematode density and

soil pH (Gao et al., 2011), while the effects of these factors on the salt

tolerance of C. paliurus need to be further studied.
5 Conclusion
To sum up, applications of exogenous NO and H2S under salt

stress can promote endogenous NO synthesis, reduce oxidative

damage via activating antioxidant enzyme activities and increasing

the contents of soluble protein and flavonoids, and thus maintain

the photosynthetic capacity of C. paliurus seedlings. With the

application of the gas messengers (NO and H2S) under salt stress,

the physiological activities and metabolic reactions of the seedlings

underwent obvious reprogramming at the molecular level. The

messengers activated or inhibited the activity of key enzymes in

flavonoid pathway by inducing the expression of TFs such as

WRKY, and then affect the accumulation of flavonoid

compounds. From the views of physiological response and

integrative analysis of metabolome and transcriptome, our study

suggests that NO and H2S applications show a positive role in salt

tolerance of C. paliurus, even if more researches are required to

reveal insight into its molecular mechanism and be verified in the

field trial.
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(2019). Light control of salt-induced proline accumulation is mediated by
ELONGATED HYPOCOTYL 5 in Arabidopsis. Front. Plant Sci. 10. doi: 10.3389/
fpls.2019.01584

Li, C., Lu, H., Li, W., Yuan, M., and Fu, Y. (2017). A ROP2-RIC1 pathway fine tunes
microtubule reorganisation for salt tolerance in Arabidopsis. Plant Cell Environ. 40,
1127–1142. doi: 10.1111/pce.12905
Frontiers in Plant Science 13150
Li, X., Zhang, L., Ahammed, G. J., Li, Z. X., Wei, J. P., Shen, C., et al. (2017). Nitric
oxide mediates brassinosteroid-induced flavonoid biosynthesis in Camellia sinensis L. J.
Plant Physiol. 214, 145–151. doi: 10.1016/j.jplph.2017.04.005

Liu, F., Zhang, X., Cai, B., Pan, D., Fu, X., Bi, H., et al. (2020). Physiological response
and transcription profiling analysis reveal the role of glutathione in H2S-induced
chilling stress tolerance of cucumber seedlings. Plant Sci. 291, 110363. doi: 10.1016/
j.plantsci.2019.110363

Ma, K., Jiang, Y., Yu, Z. Y., Huang, Y. T., Zhan, Y. G., and Fan, G. Z. (2019). H2S-
induced NO/SNO positively promotes betulin production in Betula platyphylla. Ind.
Crops Prod. 140, 111608. doi: 10.1016/j.indcrop.2019.111608

Manishankar, P., Wang, N., Köster, P., Alatar, A. A., and Kudla, J. (2018). Calcium
signaling during salt stress and in the regulation of ion homeostasis. J. Exp. Bot. 69,
4215–4226. doi: 10.1093/jxb/ery201

Maurya, R., and Yadav, P. P. (2005). Furanoflavonoids: an overview. Nat. Prod. Rep.
22, 400–424. doi: 10.1039/B505071P

Meloni, D. A., Oliva, M. A., Martinez, C. A., and Cambraia, J. (2003). Photosynthesis
and activity of superoxide dismutase, peroxidase and glutathione reductase in cotton
under salt stress. Environ. Exp. Bot. 49, 69–76. doi: 10.1016/S0098-8472(02)00058-8

Mostofa, M., Saegusa, D., Fujita, M., and Tran, L. S. (2015). Hydrogen sulfide
regulates salt tolerance in rice by maintaining Na+/K+ balance, mineral homeostasis
and oxidative metabolism under excessive salt stress. Front. Plant Sci. 6. doi: 10.3389/
fpls.2015.01055

Mukherjee, S. (2019). Recent advancements in the mechanism of nitric oxide
signaling associated with hydrogen sulfide and melatonin crosstalk during ethylene-
induced fruit ripening in plants. Nitric. Oxide 82, 25–34. doi: 10.1016/
j.niox.2018.11.003

Munns, R., and Tester, M. (2008). Mechanisms of salinity tolerance. Annu. Rev.
Plant Biol. 59, 651–681. doi: 10.1146/annurev.arplant.59.032607.092911

Oliveira, D., Mota, T., Salatta, F., Sinzker, R., Koncitikova, R., Kopecný, D., et al.
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Gynostemma pentaphyllum an important medicinal herb, can absorb high

amounts of cadmium (Cd) which can lead to excessive Cd contamination

during the production of medicines and tea. Hence, it is crucial to investigate

the responsemechanism ofG. pentaphyllum under Cd stress to develop varieties

with low Cd accumulation and high tolerance. Physiological response analysis,

transcriptomics and metabolomics were performed on G. pentaphyllum

seedlings exposed to Cd stress. Herein, G. pentaphyllum seedlings could

significantly enhance antioxidant enzyme activities (POD, CAT and APX),

proline and polysaccharide content subject to Cd stress. Transcriptomics

analysis identified the secondary metabolites, carbohydrate metabolism, amino

acid metabolism, lipid metabolism, and signal transduction pathways associated

with Cd stress, which mainly involved the XTH, EXP and GST genes.

Metabolomics analysis identified 126 differentially expressed metabolites,

including citric acid, flavonoid and amino acids metabolites, which were

accumulated under Cd stress. Multi-omics integrative analysis unraveled that

the phenylpropanoid biosynthesis, starch, and sucrose metabolism, alpha-

linolenic acid metabolism, and ABC transporter were significantly enriched at

the gene and metabolic levels in response to Cd stress in G. pentaphyllum. In

conclusion, the genetic regulatory network sheds light on Cd response

mechanisms in G. pentaphyllum.

KEYWORDS

Gynostemma pentaphyllum, cadmium tolerance, physiological analysis, gene
expression, metabolic level
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1 Introduction

Cadmium (Cd) is a naturally occurring heavy metal, and it is a

non-essential element for plant growth. In recent years, the

increasingly serious Cd contamination in soil has become an

important factor restricting sustainable agricultural development

and food health and safety in many regions around the world. Cd

can readily be absorbed and transported, and it will accumulate in

plant tissues. Plants suffer irreversible damage due to the high

toxicity and poor degradability of Cd at elevated concentrations. Cd

toxicity causes excessive production of reactive oxygen species

(ROS), which affects photosynthesis, water balance, gas exchange,

and mineral intake, as well as inhibiting plant growth and organ

development (Kumar et al., 2023). Various strategies to detoxify Cd

have arisen in plants when they are exposed to Cd stress. As a

physical barrier, the plant’s cell wall can adsorb and fix Cd by the

use of negatively charged substances, and this partially prevents

Cd from entering the protoplasts (Meyer et al., 2015; Shi et al.,

2015). Some small organic molecules such as phytochelatin,

metallothionein and glutahtione in protoplasts are induced to

bind and chelate with Cd (Li et al., 2023c). After entering cells,

compartmentalization in the plant’s transport mechanism will

channel the heavy metals to vacuoles (Shi et al., 2015; Xu et al.,

2017). In these organelles, the antioxidant enzymes such as POD,

SOD, APX and CAT as well as non-enzymatic antioxidants

(including proline, soluble sugars and proteins), are activated to

remove excess ROS accumulation (Yuan et al., 2013; Shahid et al.,

2017). The plant’s response to Cd stress has been well studied,

clearly understanding the physiology of detoxification strategies.

Furthermore, a complicated regulatory network involving

numerous genes in Cd tolerance has been identified.

Consequently, there is an urgent need to unravel the molecular

and metabolic regulatory mechanisms underlying the plant’s

response to Cd stress.

Recently, there has been significant research on the Cd

detoxification molecular mechanisms in plants. The genes

involved in the S-adenosylmethionine cycle, metal transport, and

vacuolar sequestration were found to be regulated differently under

Cd stress conditions in maize (Lin et al., 2022). This was also the

case for the genes encoding the antioxidant system in rice (Yang

et al., 2022). Moreover, the cell wall biosynthesis genes (Casparian

strip membrane domain protein (CASP)-like proteins (CSPLs), cell

wall protein (CWP), and classical arabinogalactan protein 9-like

(CAP9) were identified to play a critical role in Cd detoxification in

Solanum nigrum (Wang et al., 2022). In addition, some crucial

metabolisms that directly protect cells from Cd stress were

highlighted. For example, the metabolism of galactose, lipid, and

glutathione in buckwheat (Huo et al., 2023), and the ABC

transporter, phenylpropanoid biosynthesis and flavonoid

biosynthesis pathway in sorghum (Jiao et al., 2023); the

unsaturated fatty acids, amino acids (including phenylalanine),

nucleotides, sulfur compounds, flavonoids, glutathione and lignin

biosynthetic metabolism in Pistia stratiotes were also implicated

(Wei et al., 2023). The metal-transport genes related to Cd uptake,

transport, and detoxification have also been extensively

investigated. Such as natural resistance-associated macrophage
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protein (NRAMP) (Chen et al., 2021), zinc (Zn)-/iron-regulated

transporter-like protein (ZIP) (Liu et al., 2019), heavy metal ATPase

(HMA) (Qiao et al., 2018) and plant Cd resistance protein (PCR)

(Lin et al., 2020). Transcription factors (TFs) have crucial roles in

regulating transcription and are important for plants to respond to

Cd stress. Recent studies in Tamarix hispida have revealed multi-

layered transcriptional networks comprising 53 TFs and 54

structural genes, with 341 regulatory relationships predicted, as

well as ThDRE1A, ThMYC1 and ThFEZ, and modulation of the

SOD, CAT and POD activities to scavenge ROS after Cd treatment

(Xie et al., 2023). PvERF15 and GmWRKY142 were specifically

demonstrated to decrease Cd uptake and enhance plant Cd

tolerance (Lin et al., 2017; Cai et al., 2020). Hence, it is crucial to

construct an accurate molecular regulatory model to identify

potential hub genes and metabolites, which is especially

important to comprehend the stress response mechanisms

in plants.

Gynostemma pentaphyllum (Thunb.) Makino, a well-known

economically valuable medicinal plant functioning in health care

and disease treatment, belongs to the Gynostemma genus of the

Cueurbitaeeae family and is widely distributed in subtropical

regions of East and Southeast Asia (e.g. China, Vietnam, Laos and

Malaysia) (Zhang et al., 2019). The leaves of this medicinal plant

contain several saponins, polysaccharides, flavonoids, phytosterols

and other bioactive ingredients that effectively act as anti-cancer

and anti-atherogenic agents as well as affording neuroprotective and

hepatoprotective properties (Su et al., 2021). Apart from its use in

traditional Chinese medicine, G. pentaphyllum leaves are also

utilized in tea production (Long et al., 2023). Due to its diverse

range of applications, G. pentaphyllum has been praised as

“southern ginseng” in China. Moreover, G. pentaphyllum has a

wide range of ecological adaptations and it has a rapid growth rate.

These growth advantages make G. pentaphyllum highly capable of

accumulating heavy metals in contaminated soil, leading to

excessive Cd contamination when it is used for tea (Suntararuks

et al., 2008). Research has demonstrated that G. pentaphyllum

plants possess a high ability to absorb Cd, and its Cd

concentration is positively correlated with the concentration of

the metal in the soil (Nookabkaew et al., 2016). Currently, the Cd

tolerance and accumulation characteristics have been studied in

Gynostemma plants, and it was found that when they are grown in

the presence of high Cd concentrations, this reduced the growth,

biomass, and chlorophyll content of three different Gynostemma

species (Li et al., 2022b). These studies indicated that Gynostemma

plants have specific tolerance and accumulation characteristics for

Cd. Nevertheless, there is still a lack of accurate understanding

regarding the Cd tolerance and accumulation characteristics in G.

pentaphyllum. Currently, there is limited knowledge regarding the

molecular mechanisms underlying the response of G. pentaphyllum

to Cd. In the current study, G. pentaphyllum seedlings were chosen

and their physiological, genetic and metabolic responses were

investigated when subjected to various levels of Cd treatment.

This study aimed to investigate the main genes, metabolites and

key metabolic pathways associated with G. pentaphyllum in

response to different levels of Cd stress. This study uncovers how

G. pentaphyllum responds to Cd stress at both the physiological and
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molecular levels. It provides insights into the G. pentaphyllum

Cd response mechanisms, which can potentially guide the

future selection and cultivation of plant varieties with low Cd

accumulation and high tolerance varieties.
2 Materials and methods

2.1 Plant material

G. pentaphyllum was obtained from the Guangxi Botanical

Garden of Medicinal Plants (Nanning, Guangxi, China). The

seeds were germinated on moist perlite, after which seedlings of

3~5 leaf stage were selected and cultivated in hydroponic boxes with

the Japanese Yamzaki formula solution (pH 6.0) (Li et al., 2023b).

All plants were cultivated at a constant temperature of 25 ± 2°C,

with a photoperiod of 14 h/10 h (day/night) and light intensity of

100 mmol m-2 s-1). After 7 days of culture, the seedlings were

subjected to a hydroponic medium containing different

concentrations of CdCl2 (0, 25, 50, 100, 150 and 200 mM) for 7

days, and seedlings grown in Cd-free hydroponic medium were

used as controls (Li et al., 2022b). The G. pentaphyllum plants were

then collected and assessed for height and root length. Fresh leaf

samples were acquired for the assessment of physiological indexes

as well as transcriptomics and metabolomics analysis. All samples

were ground in liquid nitrogen by using a JXFSTPRP-64L grinding

instrument (Shanghai, China) and stored at -80°C.
2.2 Determination of physiological indexes

The enzyme activities of superoxide dismutase (SOD),

peroxidase (POD), catalase (CAT), L-ascorbate peroxidase (APX),

as well as the contents of malondialdehyde (MDA) and proline were

assessed and analyzed utilizing the methods as previously described

(Pan et al., 2023). Dithizone (DTZ) staining was employed to

evaluate Cd localization at the cellular levels as previously

described (He et al., 2013). Periodic acid-Schiff (PAS) staining

was employed using the Periodic Acid Schiff (PAS) Stain Kit

(Beijing Solarbio Technology) by following the manufacturer’s

instructions. A Zeiss Axioscope 5 microscopy (Zeiss, Germany)

was utilized to capture the images. Each experiment utilized three

replicates of each treatment regimen.
2.3 High throughput
transcriptomics analysis

Fresh leaf samples of Cd0 (CK), Cd25 (LC) and Cd100 (HC)

were used in transcriptomics profiling analysis. The total RNA of

nine samples from the three conditions was extracted using a Trizol

reagent kit (Invitrogen, Carlsbad, CA, USA) according to the

manufacturer’s instructions. The purity, concentration and

integrity of the RNA samples were assessed. The cDNA libraries
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were prepared using the NEBNext Ultra RNA Library Prep Kit for

Illumina (NEB #7530, New England Biolabs, Ipswich, MA, USA).

Finally, the cDNA library was sequenced using the Illumina

Novaseq 6000 platform in the paired-end mode by Gene Denovo

Biotechnology Co., Ltd (Guangzhou, China).

Following the sequencing process, the raw sequence data

underwent filtration in order to eliminate low-quality reads (reads

with a mass value below 10 and constituting more than 50% of the

total bases) by FASTP v0.18.0. The short reads alignment tool

Bowtie2 v2.2.8 was used for mapping reads to ribosome RNA

(rRNA) database, and the rRNA mapped reads were removed.

Then, the clean reads were mapped to the G. pentaphyllum

reference genome (PRJNA720501, https://www.ncbi.nlm.nih.gov/

search/all/?term=PRJNA720501) with HISAT2 v2.2.4. The

fragments per kilobase of transcript per million mapped reads

(FPKM) for all transcripts were quantified using Trapnell’s

method (Trapnell et al., 2010). The differential expressed genes

(DEGs) were calculated by using the NOISeq method, employing a

|log2 (fold change) |>2 and a false discovery rate (FDR)

<0.05 (Tarazona et al., 2011). Gene ontology (GO) enrichment

analysis was conducted with the GO database (http://

www.geneontology.org/), while KEGG pathway enrichment

analysis was conducted using the KEGG database (http://

www.kegg.jp/).
2.4 Metabonomics profiling analysis

The fresh leaf samples of Cd0 (CK), Cd25 (LC), and Cd100 (HC)

were incubated overnight at 4 °C, using 1.0 mL 70% aqueous methanol.

The extracts were absorbed and filtered through an SPE cartridge and

microporous membrane (0.22 mm pore size) before LC-MS analysis.

The metabolomic analysis was conducted utilizing an ultra-

performance liquid chromatography-tandem mass spectrometry

(UPLC-MS) system. The chromatographic separation was achieved

using a Waters C18 column, employing mobile phase A (0.04% acetic

acid in water) and mobile phase B (0.05% acetic acid in acetonitrile)

and operating at 40°C. Solvent gradient changes were linear for all the

steps and these were: 95:5 Phase A/Phase B at 0 min, 5:95 Phase A/

Phase B at 11.0 min, 5:95 Phase A/Phase B at 12.0 min, 95:5 Phase A/

Phase B at 12.1 min and 95:5 Phase A/Phase B at 15.0 min. The flow

rate was 0.4 mL/min, and the injection volume was 2 mL. An
electrospray ionization (ESI) mode was employed to acquire the

high-resolution mass spectra (HRMS), while operating in the positive

ion mode. Further data processing was performed using Analyst 1.6.1

software. Metabolite information was identified by conducting searches

in both internal and public databases (MassBank, KNApSAcK,

HMDB, MoTo DB, and METLIN). PCA and OPLS-DA were

utilized to identify significantly different metabolite levels (p-value <

0.05). Differentially altered metabolites (DAMs) were designated as a

log2 fold change (FC) ≥ 2 and FC ≤ 0.5, along with variable importance

in projection (VIP) scores > 1. The identified metabolites underwent

metabolic pathways analysis using the KEGG database and

MetaboAnalyst 4.0 (http://www.metaboanalyst.ca).
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2.5 Correlation network analysis of
transcriptomics and metabolomics data

Correlation network analysis was utilized to generate and

analyze the association characteristics between metabolites and

genes. The correlation characteristics between genes and

metabolites were obtained using the KEGG pathway shared with

genes and metabolites. Bidirectional orthogonal projections to

latent structures (O2PLS) were employed to analyze both gene

expression and metabolite abundance, and the best models derived

from this analysis were derived from integration analysis. Gene-

metabolite pairs were ranked by absolute correlation coefficients,

which were calculated for gene expression and metabolite

abundance. The resulting networks were visualized using the

Cytoscape version 3.7.2 software package.
2.6 Quantitative real-time PCR
(qRT-PCR) analysis

Fourteen DEGs were selected for qRT-PCR analysis and actin

was used as an internal reference gene. The primers used were based

on the transcript sequences using Primer 5.0 (Table S6). The qRT-

PCR was performed using the LightCycler 96 instrument (Roche,

Basel, Switzerland). The 2–DDCt method was employed to calculate

the relative expression levels of the genes (Livak and Schmittgen,

2001). When the transcriptomic and qRT-PCR data were

combined, the candidate genes appeared to show similar

expression patterns (Figure S7).
2.7 Statistical analysis

Statistical analyses were conducted by using SPSS v 26.0

software. All values were expressed as the means ± standard

deviations. All the data were tested using one-way ANOVA with

Duncan’s multiple-range test. The p < 0.05 was considered to be

statistically significant. The graphs were drawn using GraphPad

Prism 8.
3 Results

3.1 Effect of Cd on the growth changes in
Gynostemma pentaphyllum

With increasing the Cd concentrations, the average root lengths

of the Cd treatment groups were significantly reduced by 10.33%

~40.96% compared to that of the control group, except for the Cd5

group (Figure S1A). In addition, with the increase of Cd

concentrations, the height of plants also exhibited a notable

reduction (Figure S1B). The growth of seedlings displayed visible

poisoning symptoms and withered in the Cd200 (200 mM) group.

The seedlings treated with Cd25 and Cd100 showed the minimum

reduction and significant inhibitory in root length and height,

respectively (Figure S1). These also exhibited different growth
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behavior (Figure 1A), and therefore these two concentrations

were chosen for further analysis.

The activities of POD and APX, as well as the concentrations of

MDA and proline content, showed a gradual trend with increased

Cd stress (Figure 1B). In contrast, there was a notable and

consistent decline in SOD activity when compared to the Cd0

group. In addition, the activity CAT was reduced by 24.53% in the

Cd 50 group and increased by 22.64% compared with that of the

Cd0 group (Figure 1B). Cd-dithizone precipitates were observed in

the roots, stems and leaves (Figure 1C). Obvious Cd-dithizone

precipitates were also observed in the root tips. Cross-section

analysis of the stems showed Cd was mainly located in

parenchymatous cells of the cortex. In the leaves, Cd-dithizone

precipitates were observed mainly in parenchymatous cells as well

as the phloems and xylems of the main veins. However, in the

Cd100 group, bright pink polysaccharide staining was seen in the

stems and leaves when they were compared with the Cd0 group

(Figure 1D). All these results indicated that the G. pentaphyllum

seedlings could efficiently activate the oxidative enzymes, proline

content, Cd transport, and polysaccharides when response to

Cd stress.
3.2 Transcriptomics analysis

On average, a total of 42160383 clean reads were obtained from

each of the samples (Table S1). The GC content, Q20, and Q30

values of all clear reads were above 45.55%, 97.55%, and 93.16%,

respectively, confirming the high reliability of the sequencing

outcomes. The clean reads from all samples had a mapping rate

of 85.16~86.67% when compared to the reference genome

sequence, resulting in the discovery of 25,656 genes. The Pearson

correlation coefficient analysis provided evidence of the biological

consistency (Figure 2A). In addition, the PCA analysis

demonstrated discernible differences in the expression of gene

clusters between the control group (Cd0, CK) and the different

Cd treatments (Cd25, LC and Cd100, HC) were distinguishable

(Figure 2B). 2091 (1018 up- and 1073 down-regulated), 3985 (2010

up- and 1975 down-regulated), and 1811 (1163 up- and 648 down-

regulated) DEGs were identified by comparing CK vs LC, CK vs

HC, and LC vs HC, respectively (Figure 2C). In all comparison

groups, a comprehensive set of 4921 DEGs were screened

(Figure 2D and Table S2). Among these, 225 genes were screened

that were commonly expressed across all groups (Figure 2D),

manifesting that G. pentaphyllum activated the expression levels

of these genes to cope with varying levels of Cd stress.
3.3 GO and KEGG pathway analysis
of DEGs

The GO enrichment analysis confirmed the impact of Cd stress

on specific biological functions with the top 20 GO enriched terms

(Figure S2 and Table S3). The oxidoreductase activity

(GO:0016491), tetrapyrrole binding (GO:0046906) and

photosystem (GO:0009521) with enriched GO terms were found
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FIGURE 1

Effects of Cd stress in G. pentaphyllum seedlings with different concentrations. (A) Typical images of the seedlings. (B) Antioxidant enzymes (POD,
SOD, APX, CAT) activity and MDA, proline content. (C) Cd location in the root, stem and leaf. Arrows show the Cd-dithizone precipitates. (D) Cell
polysaccharides micrographs of stem and leaf. The bars with different lowercase letters represent significant differences based on one-way ANOVA
with Duncan’s multiple range test (p < 0.05).
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FIGURE 2

Transcriptome data of Cd stress in G. pentaphyllum seedlings among the different treatment groups. (A) The Pearson correlation coefficient analysis.
(B) The PCA analysis. (C) Analysis of DEGs number. (D) Venn graph of DEGs.
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mainly in CK vs LC. The protein kinase activity (GO:0004672),

protein phosphorylation (GO:0006468) and photosystem

(GO:0009521) with enriched GO terms were found mainly in CK

vs HC. The DEGs were notably enriched in protein kinase activity

(GO:0004672), protein phosphorylation (GO:0006468), and

response to chitin (GO:0010200) with LC vs HC comparison. GO

analysis indicated that GO terms such as oxidoreductase activity,

protein kinase activity and protein phosphorylation could

effectively enhance the Cd tolerance of G. pentaphyllum.

The KEGG pathway enrichment analysis confirmed the impact

of Cd stress on specific biological pathways. A higher number of

DEGs were significantly assigned to enrich the metabolic pathways

and biosynthesis of secondary metabolites in CK vs LC, CK vs HC,

and LC vs HC pairwise groups (Figure S3). In the CK vs LC

comparison, several pathways, including phenylpropanoid

biosynthesis, plant hormone signal transduction, photosynthesis,

starch and sucrose metabolism, alpha-linolenic acid metabolism

and flavonoid biosynthesis, showed significant enrichment. The

significant enrichment pathways in the comparison between CK

and HC included phenylpropanoid biosynthesis, photosynthesis,

porphyrin metabolism, starch and sucrose metabolism, MAPK

signaling pathway and biosynthesis of various alkaloids. The

phenylpropanoid biosynthesis, plant-pathogen interaction,

biosynthesis of various alkaloids, MAPK signaling pathway,

phenylalanine metabolism and flavonoid biosynthesis were

significantly enriched pathways in LC vs HC. According to the

KEGG analysis, the response of G. pentaphyllum to Cd resulted in

the regulation of various pathways, including the biosynthesis of

other secondary metabolites, carbohydrate metabolism, amino acid

metabolism, lipid metabolism, and signal transduction.

In addition, the detailed functions of the common 225 genes

from the three comparison groups were investigated. The

xyloglucosyl transferase activity, hydrolase activity, extracellular

region, cell wall, oxidoreductase activity and phenylpropanoid

metabolic process were mainly enriched in GO terms (Figure 3A).

Additionally, these DEGs were categorized based on their

involvement in KEGG pathways analysis. The photosynthesis,

phenylalanine metabolism, plant hormone signal transduction,

indole alkaloid biosynthesis, betalain biosynthesis and MAPK

signaling pathway were the most enriched pathways (Figure 3B).

These findings indicated that Cd stress had a substantial impact on

multiple physiological processes, notably affecting amino acid
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metabolism, carbon metabolism, signal transduction, and

secondary metabolic systems.
3.4 Analysis of genes involved
in Cd response

To further elucidate the role of Cd response for 225 genes, the

ABC transporters, cell wall, phenylpropanoid biosynthesis,

glutathione metabolism, photosynthesis and TFs were selected for

analysis (Table 1). There were two genes related to ABC

transporters that appeared to be important. ABCG23 (ABC

transporter G family member 23) was up-regulated in CK vs HC

and LC vs HC, and ABCG8 (ABC transporter family member 8)

was down-regulated in all three comparison groups. Three down-

regulated xyloglucan endotransglucosylase/hydrolase (XTH31,

XTH7 and XTH9) and one down-regulated expansin (EXPA10)

involved in the cell wall in the three comparison groups, and two

up-regulated XTH23 and XTH2 in CK vs HC and LC vs HC,

respectively. Notably, two genes associated with glutathione S-

transferase (GST) and related to glutathione metabolism were up-

regulated, while six chlorophyll a-b binding protein genes involved

in photosynthesis were down-regulated. As many as 12 TFs were

also found, underscoring their importance in mediating the Cd

response and transportation processes. NAC, ERF4, MYB39,

CPRF1 and HSFC1 genes were up-regulated, and bHLH70,

COL16, and RL1 genes were down-regulated in three comparison

groups. All these G. pentaphyllum genes were likely linked to the

ability of this species to withstand the response to Cd stress.
3.5 Metabonomics analysis

To explore the response of G. pentaphyllum under different Cd

stresses, metabolomics analysis was performed using data obtained

from UPLC-MS/MS. The control (Cd0, CK) and Cd-treated groups

(Cd25, LC and Cd100, HC) were distinguished by PCA and OPLS-

DA score plots (Figure S4). In total, 643 metabolites were screened

(Figure 4A and Table S4), of which 126 DAMs were identified in all

groups (Figure 4B and Table S5). In the CK vs LC, CK vs HC, and

LC vs HC comparisons, there were 84, 90 and 81 DAMs,

respectively (Figure 4B). The number of DAMs was notably
BA

FIGURE 3

The enrichment analysis of GO (A) and KEGG (B) functional pathways of Cd stress in G. pentaphyllum.
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TABLE 1 List of DEGs possibly involved in Cd response of G. pentaphyllum.

Unigene ID Gene annotation Gene name

Log2 of fold change

CK-vs-
LC

CK-vs-
HC

LC-vs-
HC

ABC transporters

mikado.CM035879.1G2866 ABC transporter G family member 23 ABCG23 -1.20 1.27 2.48

mikado.CM035879.1G3181 ABC transporter G family member 8 ABCG8 -1.08 -2.13 -1.05

cell wall

mikado.CM035879.1G2690
xyloglucan endotransglucosylase/hydrolase protein 31-

like XTH31 -1.34 -2.51 -1.17

mikado.CM035884.1G2617 xyloglucan endotransglucosylase/hydrolase protein 23 XTH23 -1.98 1.66 3.64

mikado.CM035889.1G1856 xyloglucan endotransglucosylase/hydrolase protein 7 XTH7 -1.68 -2.93 -1.25

mikado.CM035889.1G278 xyloglucan endotransglucosylase/hydrolase protein 9-like XTH9 -1.03 -2.21 -1.18

mikado.CM035889.1G70 xyloglucan endotransglucosylase/hydrolase 2-like XTH2 -1.04 2.78 3.82

mikado.CM035882.1G905 expansin-A10-like EXPA10 -1.73 -2.92 -1.19

Phenylpropanoid biosynthesis

mikado.CM035879.1G2678 phenylalanine ammonia-lyase-like PAL -2.08 -3.99 -1.91

mikado.CM035882.1G2411 phenylalanine ammonia-lyase-like PAL -1.52 1.31 2.83

mikado.CM035879.1G2959 peroxidase 2-like PER2 -4.08 -2.46 1.62

mikado.JAHXMR010000013.1G34 peroxidase 40-like PER40 -1.31 -2.37 -1.06

Glutathione metabolism

mikado.CM035881.1G108 glutathione S-transferase U9-like GSTU9 1.10 3.08 1.98

mikado.CM035883.1G1246 glutathione S-transferase GST 2.54 4.24 1.70

Photosynthesis

mikado.CM035881.1G136 chlorophyll a-b binding protein P4 LHCA-P4 -1.87 -2.91 -1.05

mikado.CM035881.1G1201 chlorophyll a-b binding protein of LHCII type 1-like CAB -3.58 -5.41 -1.83

mikado.CM035881.1G1203 chlorophyll a-b binding protein of LHCII type 1-like CAB -3.81 -5.01 -1.20

mikado.CM035881.1G1204 chlorophyll a-b binding protein of LHCII type 1-like CAB -3.82 -5.16 -1.34

mikado.CM035881.1G1189 chlorophyll a-b binding protein 3 LHCB3 -2.90 -4.09 -1.19

mikado.CM035883.1G565 chlorophyll a-b binding protein 3 LHCB3 -1.41 -2.58 -1.17

Transcription factor

mikado.CM035879.1G1883 NAC transcription factor 29-like NAC 1.03 2.63 1.61

mikado.CM035889.1G563 NAC domain-containing protein 35-like NAC 1.32 3.76 2.44

mikado.CM035881.1G1043 ethylene-responsive transcription factor 4 ERF4 1.02 2.30 1.28

mikado.CM035882.1G1403 zinc finger protein ZAT12-like ZAT12 -1.09 1.35 2.44

mikado.CM035882.1G3397 transcription factor MYB39 MYB39 1.53 2.94 1.41

mikado.CM035885.1G2092 transcription factor MYB44-like MYB44 -1.26 1.21 2.47

mikado.CM035887.1G539 transcription factor MYB44-like MYB44 -1.49 1.19 2.68

mikado.CM035885.1G1089 transcription factor bHLH67 bHLH70 -1.67 -3.20 -1.54

mikado.CM035885.1G894 transcriptional activator TAF-1-like CPRF1 2.08 3.10 1.02

mikado.CM035886.1G1570 heat stress transcription factor C-1-like HSFC1 1.03 2.07 1.03

(Continued)
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higher in CK vs HC than in other combinations, indicating that

there was a specific impact on the stimulation of certain metabolites

by a high concentration of Cd. By performing KEGG enrichment

analysis (Figure S5), it was observed that pathways involved with

pyruvate metabolism, citrate cycle (TCA cycle), glyoxylate and

dicarboxylate metabolism were significantly enriched due to

DAMs in pairwise CK vs LC. Arginine and proline metabolism,

and the TCA cycle were significantly enriched in pairwise CK vs

HC. Flavone and flavonol biosynthesis, valine, leucine and

isoleucine biosynthesis were significantly enriched in pairwise LC

vs HC. The results strongly implied that these metabolites were

essential for G. pentaphyllum response to Cd stress.
3.6 Analysis of metabolites involved
in Cd response

The Venn diagram analysis showed that 29 DAMs were found

to be affected by different Cd concentration treatments (Figure 4C

and Table S4). These metabolites showed significant induction with

increasing Cd intensity in CK vs LC, CK vs HC, and LC vs HC,

including 10 lipids, 7 flavonoids, 3 nucleotides and derivatives, 3

organic acids, 2 amino acids and derivatives, 2 phenolic acids and 2

alkaloids (Figure 4D). Based on the log2 fold change values, it was
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evident that 15 DAMs were up-regulated in CK vs LC and CK vs

HC, and these included L-isoleucine, L-arginine, 5-aminoimidazole

ribonucleotide, and kaempferol-3-O-robinobioside (biorobin). The

down-regulated DAMs in CK vs HC and LC vs HC were

protocatechuic acid-4-O-glucoside, adenine, guanosine and

kaempferol-3-O-(6’’-malonyl) galactoside. Therefore, these DAMs

can serve as potential candidate markers for the response of G.

pentaphyllum to Cd stress and act as stimuli for distinguishing

exposure to various Cd concentrations.
3.7 Integrated transcriptomics and
metabolomics analysis

The histogram depicted the degree of KEGG pathway

enrichment when considering both DEGs and DAMs

simultaneously (Figure 5). 205 DEGs and 87 DAMs were

enriched to 38 metabolic pathways in CK vs LC, 532 DEGs, and

128 DAMs were enriched to 50 metabolic pathways in CK vs HC,

and 203 DEGs, and 82 DAMs were enriched to 42 metabolic

pathways in LC vs HC. Interestingly, it was intriguing to observe

that DEGs and DAMs in CK vs LC were simultaneously

significantly enriched in the phenylpropanoid biosynthesis

pathway, which was stimulated by low concentrations of Cd. The
TABLE 1 Continued

Unigene ID Gene annotation Gene name

Log2 of fold change

CK-vs-
LC

CK-vs-
HC

LC-vs-
HC

mikado.CM035888.1G2676 zinc finger protein CONSTANS-LIKE 16-like COL16 -1.66 -2.78 -1.12

mikado.CM035889.1G766 protein RADIALIS-like 1 RL1 -4.09 -13.54 -9.45
B C

D

A

FIGURE 4

Merabolites analysis of G. pentaphyllum responding to Cd stress. (A) The number of different metabolites types. (B) Analysis of DAMs number. (C)
Venn graph of DAMs. (D) Heatmaps of DAMs compared between different groups.
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phenylpropanoid biosynthesis pathway, starch and sucrose

metabolism, alpha-linolenic acid metabolism and ABC

transporters were found significantly enriched for DEGs and

DAMs simultaneously in CK vs HC. The results suggested that

even under high Cd stress, these metabolic pathways were still

active and they were stimulated simultaneously to the ABC

transporter. The phenylpropanoid biosynthesis pathway,

phenylalanine metabolism, beta-alanine metabolism and starch

and sucrose metabolism were significantly enriched by DEGs and

DAMs simultaneously in LC vs HC, and this showed that these

pathways were promoted simultaneously by Cd stress. The
Frontiers in Plant Science 09160
phenylpropanoid biosynthesis pathway, starch and sucrose

metabolism, alpha-linolenic acid metabolism and ABC

transporter were the vital pathways for Cd response of

G. pentaphyllum.

3.7.1 Potential candidate DEGs and DAMs
involved in alpha-linolenic acid metabolism

The 17 genes with significant differences in linolenic acid

metabolism were: one PLA2G (secretory phospholipase A2), nine

LOX (lipoxygenase), three OPR (12-oxophytodienoic acid

reductase), four ACX (acyl-CoA oxidase) genes; and the four
FIGURE 5

KEGG pathway enrichment analysis of DEGs and DAMs in transcriptomic and metabolomics. The abscissa represents metabolic pathways, and the
ordinate represents the enriched P-value of DEGs (white) and DAMs (blue), which is represented by -log (p-value) using a threshold of p < 0.01 and
p < 0.05.
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metabolites, a-linolenic acid, 9(S)-HpOTrE, 9(S)-HOTrE and 12-

OPDA (Figure 6A). Four ACX, three LOX, three OPR genes, and

two metabolites (a-linolenic acid, 9(S)-HOTrE) were up-regulated,

while six LOX, one PLA2G gene and two metabolites (9(S)-

HpOTrE, 12-OPDA) were down-regulated in Cd treatment,

compared to the CK. These findings highlighted ACX, LOX,

OPR, and PLA2G as pivotal genes in the alpha-linolenic acid

metabolism pathway, which crucially responded to Cd stress.

Changes in their expression levels facilitated the synthesis of the

crucial metabolites, especially the biosynthesis of jasmonic acid

(JA), which is involved in numerous stress responses in plants

(Wasternack and Strnad, 2018).

3.7.2 Potential candidate DEGs and DAMs
involved in starch and sucrose metabolism

By integrating the analysis of genes and metabolites, 15 DEGs

and 5 DAMs were found to be related to starch and sucrose

metabolism (Figure 6B). Of these, three SPS (sucrose-phosphate

synthase), three SUS (sucrose synthase), two TPS (alpha, alpha-

trehalose-phosphate synthase), two AMY (alpha-amylase), one

WAXY (granule-bound starch synthase) genes and three

metabolites (glucose, alpha-D-glucose-1-phosphate[a-D-Glucose-
1P], uridine 5’-diphospho-D-glucose[UDP-glucose]) were up-

regulated, while one SUS, one TPS, one TRE (trehalase) genes

and two metabolite (D-fructose-6P and trehalose 6-P) were down-

regulated in Cd treatment, when compared to the CK. SPS, SUS,

TPS, AMY, WAXY, and TRE were identified as key genes in the

starch and sucrose metabolism pathway, which significantly

responded to Cd stress. The synthesis of the glucose metabolite

was triggered by their changes in expression levels.

3.7.3 Potential candidate DEGs and DAMs
involved in phenylpropanoid biosynthesis

The 22 genes with significant differences in phenylpropanoid

biosynthesis were: thirteen PAL (phenylalanine ammonia-lyase),

two C4H (trans-cinnamate 4-monooxygenase), three 4CL (4-
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coumarate-CoA ligase), three HCT (shikimate O-hydroxy

cinnamoyl transferase), one C3H (p-coumaroyl shikimate 3-

hydroxylase) genes . There were also six metabol i tes

(phenylalanine, p-coumaric acid, p-coumaroyl-shikimic acid, p-

coumaroyl-quinic acid, caffeoylquinic acid and chlorogenic acid)

with significant differences (Figure 6C). Nine PAL, two C4H, one

4CL, one HCT gene and three metabolites (p-Coumaric acid, 5-O-

p-coumaroylquinic acid, and chlorogenic acid) were up-regulated,

while three PAL, two C4H, five 4CL, three HCT, one C3H genes and

two metabolites (phenylalanine and p-coumaroyl-shikimic acid)

were down-regulated after Cd treatment, when compared to the

CK. These results remarkably suggested that Cd stress exerted a

substantial influence on the regulation of gene expression and

metabolite accumulation in phenylpropanoid biosynthetic

pathways of G. pentaphyllum.

3.7.4 Potential candidate DEGs and DAMs
involved in ABC transporters

A total of 10 ABC transporter family member genes and 5

DAMs were involved in the ABC transporter (Figure 7A). Eight

genes and five metabolites were considerably up-regulated, while

two genes were significantly down-regulated after Cd treatment,

when compared to the CK (Figures 7B, C). These results suggested

that the ABC transporter family member gene expression and the

accumulation of amino acids within the ABC transporter played

important roles in G. pentaphyllum response to Cd stress.

3.7.5 Potential candidate TFs involved
in Cd response

A network was created depicting the TFs interactions with the

key pathway genes to understand the detailed molecular

mechanism in response to Cd stress (Figure 8). Five TF families

interacted with the phenylpropanoid biosynthesis genes. The ERF

and bZIP TFsinteracted with one HCT gene, and three MYB, two

MYB_related, and two G2-like TFs interacted with four

phenylpropanoid biosynthesis genes (C4H and 4CL), respectively.
B CA

FIGURE 6

Changes of DEGs and DAMs involved in main metabolic pathways in G. pentaphyllum with Cd stress. (A) Alpha-linolenic acid metabolism. (B) Starch
and sucrose metabolism. (C) Phenylpropanoid biosynthesis pathway.
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Two AMY, one WAXY, one TPS and three SUS genes, which have

been demonstrated as hub genes for starch and sucrose metabolism,

were also found to be regulated by 10 TF families such as

MYB_related, bZIP, BES1 and ERF. Eight TF families interacted

with alpha-linolenic acid genes. Four ERF, three bHLH, oneWRKY,

one GRAS and one AP2 TF interacted with the LOX gene, the FAR

TF interacted with four ACX genes, and GATA and MYB TF

interacted with the OPR gene, respectively. There were 12 TF
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families related to MYB, MYB_related, ERF, GRAS, bZIP, WRKY

and bHLH which showed significantly different expression levels

after Cd treatment (Figure S6). The network analysis indicated that

TFs such as MYB, MYB_related, ERF, GRAS, bZIP, WRKY, and

bHLH can effec t ive ly impact genes assoc ia ted wi th

phenylpropanoid biosynthesis, starch and sucrose metabolism

and alpha-linolenic acid metabolism and improve the Cd

response of G. pentaphyllum.
FIGURE 8

The correlation network of TFs and DEGs involved in phenylpropanoid biosynthesis, starch and sucrose metabolism, and alpha-linolenic acid
metabolism. The purple rectangle represents TFs, the green circle represents DEGs; the blue rectangle represents metabolic pathway; the line
represents interaction with correlation.
B

C

A

FIGURE 7

Changes of DEGs and DAMs involved in the pathway of ABC transporter in G. pentaphyllum with Cd stress. (A) The network analysis of DEGs and
DAMs. (B) Heatmaps of DAMs. (C) Heatmaps of DEGs.
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4 Discussion

4.1 The effects of Cd on the
progression and physiology of
Gynostemma pentaphyllum

Cd, which is classified as a non-essential heavy metal, can

inhibitplant growth which is demonstrated by both physiological

and biochemical indicators (Rizwan et al., 2017; Gul et al., 2021). In

this study, Cd treatment showed a dwarf phenotype on G.

pentaphyllum, underscoring the detrimental effects of Cd, and was

consistent with previous studies (Li et al., 2022b). Prior research had

demonstrated that treatment with Cd in sorghum and wheat

seedlings had toxic effects and this was concentration-dependent

(Jiao et al., 2023; Zhang et al., 2023). Cd treatment with low

concentrations (1.6 mg/L-1) manifested the best stimulatory growth

when compared to high concentrations (6.5 mg/L-1) in young

peppermint plants (Wang et al., 2023). In this study, G.

pentaphyllum root growth responds to Cd with stimulation at low

doses and inhibition at high doses, as evidenced by the more

pronounced growth inhibition in seedlings treated with higher Cd

concentrations compared to those treated with lower concentrations

(Figures 1A, S1). Previous studies have verified that the Cd

accumulation of leaves is higher than that in roots of Calotropis

gigantean in Cd-polluted environments (Yang et al., 2022). Our

results show that Cd mainly accumulates in the root tips, as well as

in different structural tissues such as the stems and leaves (Figure 1).

Biomass of G. pentaphyllum in the aboveground parts is far greater

than that of underground portions, and Cd is suggested to be mainly

accumulated in the former.

To cope with the cytotoxicity of Cd, plants have developed

multiple tolerance mechanisms. The plant’s antioxidant defense

system, which includes a variety of antioxidant enzymes (POD,

SOD, APX and CAT), as well as non-enzymatic antioxidants

(proline, soluble sugars and proteins), plays a critical role in

scavenging ROS stress generated due to Cd (Rizwan et al., 2016;

Rizwan et al., 2017; Li et al., 2023c). Cellulosic polysaccharides, such

as pectin, cellulose and hemicellulose, have significant functions in

the binding and accumulation of Cd under Cd stress conditions

(Wan and Zhang, 2012; Meyer et al., 2015). The activities of POD,

CAT, APX, and proline content exhibited a consistent increase with

rising concentrations of Cd (Figure 1B). Furthermore, the main

components of the cell wall, which are the polysaccharides, were

seen to accumulate under Cd stress (Figure 1D). This suggests that

activation of antioxidant system and e stimulation of metal binding-

related cell wall polysaccharides are the important physiological

characteristics of G. pentaphyllum in response to Cd exposure.
4.2 The effects of Cd on the transcriptomic
and metabolic profiles of
Gynostemma pentaphyllum

Based on the transcriptomics data, 4921 DEGs were detected

across the treatment groups (Figure 2 and Table S2). Analysis of
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DEGs found that they were associated with specific biological

pathways, oxidoreductase activity, protein kinase activity and

protein phosphorylation, indicating that the G. pentaphyllum

seedlings could efficiently activate its defense system and induce

the expression of stress-related genes to counter act the Cd toxicity

it encountered (Figure S2 and Table S3). In prior studies, it was

demonstrated that Cd stress exerted a substantial impact on the

expression levels of DEGs which were related to amino acid,

carbohydrate, and nucleotide biosynthetic pathways in sorghum

and S. nigrum (Wang et al., 2022; Jiao et al., 2023). These DEGs

exhibited marked induction in the biosynthesis of other secondary

metabolites, carbohydrate, amino acid and lipid metabolism, as well

as signal transduction pathway, which were stimulated in response

of G. pentaphyllum to Cd stress (Figure S3). Earlier studies had

demonstrated that the XTH gene family was implicated in the

production of hemicellulose in the primary cell walls, potentially

serving as an essential mechanism for alleviating Cd toxicity in

tobacco and A. thaliana (Zhu et al., 2013; Han et al., 2014). Studies

have also documented that overexpression of PtoEXPA12 and

TaEXPA2 in tobacco plants increased the resistance to Cd

accumulation (Ren et al., 2018; Zhang et al., 2018). XTHs and

EXPAs were significantly expressed after Cd treatment to respond

to Cd stress (Table 1). In addition, another study showed that XTHs

and EXPAs might be candidate genes to regulate cell wall Cd

fixation by polysaccharides (Xiao et al., 2020). A greater amount

of polysaccharide accumulation was observed in the Cd treatment

group (Figure 1D). Therefore, we hypothesized that XTHs and

EXPAs could potentially play a role in Cd tolerance by fixation of

Cd with cell wall polysaccharides. Nevertheless, further

investigations are essential to verify this hypothesis. GST is a

crucial enzyme involved in enzymatic detoxification, and it plays

a vital role in the ROS-scavenging system by catalyzing the

interaction of GST with hydrogen peroxide (Strange et al., 2001).

Here we also found that two GST genes were significantly up-

regulated after Cd treatment (Table 1), suggesting that high

expression of GST genes in the G. pentaphyllum may be involved

in Cd detoxification, thereby promoting ROS-scavenging. The LHC

family gene LHCB3 was found to be specifically expressed after Pb

treatment, and it was able to improve the photosynthesis efficiency

of Trifolium pratense grown under Pb stress (Meng et al., 2022).

Notably, the six LHC family genes were down-regulated under Cd

stress, and more specifically so at high Cd concentrations (Table 1),

when the leaves showed an apparent chlorosis phenotype

(Figure 1A), which may regulate the photosynthesis of

G. pentaphyllum.

From the metabolomics data, 126 DAMs were detected across

the treatment groups (Figure 4 and Table S5). These DAMs were

involved in pyruvate metabolism, TCA cycle, glyoxylate and

dicarboxylate metabolism, arginine and proline metabolism,

flavone and flavonol biosynthesis pathway, valine, leucine and

isoleucine biosynthesis pathway (Figure S5), indicating that the G.

pentaphyllum seedlings could efficiently activate these metabolites

as a response mechanism to enhancing the tolerance of Cd. The

TCA cycle can enhance energy supplies and elevate the Cd stress-

related protein levels by increasing the intracellular carbohydrate
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content, which ultimately ameliorates Cd toxicity in the roots of

S.nigrum (Wang et al., 2022). The TCA cycle-related metabolites,

citric acid, such as a-ketoglutaric acid, L-(-)-malic acid, succinic

acid and fumaric acid, were significantly accumulated after Cd

treatment (Tables S3, S4 and Figure 4D), implying that they may

play a vital role in maintaining energy support balance during Cd

stress. Flavonoids, as secondary metabolites, are mainly used to

reduce Cd poisoning through chelation and passivation in plants

and these can help to confer Cd resistance (Li et al., 2015; Zhu et al.,

2020; Jiao et al., 2023). Flavonoids, including luteolin-7-O-(6’’-

malonyl) glucoside-5-O-rhamnoside, quercetin-3-O-glucoside

(isoquercitrin), quercetin-3-O-galactoside (hyperin), kaempferol-

3-O-robinobioside (biorobin) and quercetin-7-O-glucoside were

found to be accumulated during Cd treatment (Figure 4D), and

there must be is involved in the Cd response of G. pentaphyllum.

Amino acids can effectively chelate metal ions and reduce the toxic

effects of Cd on the rice plant, Noccaea caerulescens and N. praecox

(Zemanová et al., 2017; Xue et al., 2022; Kocaman, 2023). The

findings of this study suggest that Cd treatment resulted in

significant elevations in the levels of L-isoleucine and L-arginine

(Figure 4D), implying that Cd exposure could stimulate the

biosynthesis of these amino acids in G. pentaphyllum, potentially

enhancing stress resistance.
4.3 The effects of Cd on the key metabolic
pathways of Gynostemma pentaphyllum

Transcriptomics and metabonomics studies have demonstrated

that alpha-linolenic acid metabolism plays an important role in

tolerance and detoxification to Cd stresses of cotton, rice and fescue,

and have identified a significant number of its metabolites and

genes that are either induced or inhibited under Cd treatments (Zhu

et al., 2018; Zeng et al., 2021; Li et al., 2022a). In this study, a

substantial number of DEGs and DAMs were identified that were

associated with alpha-linolenic acid metabolism, starch and sucrose

metabolism, phenylpropanoid biosynthesis, and ABC transporters

as crucial pathways in Cd stress responses in G. pentaphyllum

seedlings (Figures 5–7). Moreover, alpha-linolenic acid and 12-

OPDA metabolites, as well as ACX, LOX, OPR, and PLA2G genes

were identified as the key metabolites and genes in this study

(Figure 6A), which were related to the production of JA (Ghorbel

et al., 2021). JA alleviates Cd toxicity via suppression of Cd uptake

and either translocation or reduction of the accumulation of ROS in

plants (Lei et al., 2020; Ahmad et al., 2021; Kaushik et al., 2022; Li

et al., 2022c). These results suggest that alpha-linolenic acid

metabolism was significantly affected by Cd stress, which may

have contributed to the impacted key metabolite accumulation

and gene expression, thereby promoting JA biosynthesis to

alleviate Cd toxicity. Glucose can also alleviate Cd toxicity by

enhancing Cd fixation in the cell walls of Arabidopsis roots and

sequestering Cd into the vacuoles (Shi et al., 2015). Increased levels

of chlorogenic acid in Kandelia obovata can reduce Cd and Zn

poisoning through its hydroxyl radical scavenging capacity (Chen

et al., 2020). It can be speculated that the upregulation of genes

involved in the phenylpropanoid biosynthesis pathway together
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with the increase in chlorogenic acid metabolites is closely related to

G. pentaphyllum response to Cd stress. The ABC transporter-

associated TaABCC1 and OsABCC9 genes have been shown to

promote Cd compartmentalization in the vacuoles which can

enhance Cd tolerance in Cd-tolerant wheat and rice (Yang et al.,

2021; Zhang et al., 2023). Our results provide evidence that these

key metabolic pathways were significantly responsible for Cd stress,

which may have contributed to the impacted key metabolite

accumulation and gene expression observed in these conditions.

As crucial transcriptional regulators, WRKY, MYB, and bZIP

must play a significant role in the Cd response of plants (Yuan et al.,

2018; Li et al., 2023a). Overexpression of ThDRE1A, ThMYC1, and

ThFEZ in T. hispida decreased the ROS content after Cd treatment by

changes in the enzymatic activities of SOD, CAT, and POD (Xie et al.,

2023). Overexpression of PyWRKY75 promoted the absorption and

accumulation of Cd, and activated the antioxidant enzymes under Cd

stress in poplar (Wu et al., 2022). PvERF15 positively regulated Cd

tolerance by binging to metal response element-binding TF (PvMTF-

1) (Lin et al., 2017). These findings indicated that TFs are crucial in

Cd stress signal transduction, as they interact with various genes

associated with Cd uptake, transport, and tolerance, functioning

either as transcriptional activators or repressors. Moreover,

AtMYB12 can increase the phenylpropanoid content by activating

PAL, C4H, 4CL, and CHS gene expression (Xu et al., 2022).MeERF72

was found to exert a negative regulatory effect on the expression levels

ofMeSuS1 in cassava (Liu et al., 2018). PuERF12 and PuMYB44 were

identified as candidate TFs that may regulate the expression of

PuLOX2S in Nanguo pears (Zhang et al., 2022). In this study,

MYB, MYB_related, ERF, GRAS, bZIP, WRKY and bHLH could

effectively interact with phenylpropanoid biosynthesis, starch and

sucrose metabolism and alpha-linolenic acid metabolism pathway

genes (Figure 8), suggesting these TFs impact on the accumulation of

these metabolites, thereby contributing to the G. pentaphyllum

response to Cd stress.

A possible model of transcription- and metabolism-driven Cd

response mechanisms in G. pentaphyllum is shown in Figure 9. Cd

could either activate or repress the expression of TFs, including

MYB, MYB_related, ERF, GRAS, bZIP, WRKY and bHLH. In

addition, phenylpropanoid biosynthesis, starch, and sucrose

metabolism, and alpha-linolenic acid metabolism pathway genes

were activated and these increased the levels of alpha-linolenic acid,

glucose, and chlorogenic acid metabolites. The up-regulated genes

such as ABCCs and ABCGs upon Cd application highly activated

the synthesis or transport of ABC transporter-related metabolites

(L-isoleucine, L-histidine, L-arginine, L-valine, and L-leucine).

Taken together, the TFs, ABC transporter genes, and metabolites

(i.e. JA, glucose and phenylpropanoid) might all play important

roles in G. pentaphyllum response to Cd by regulating the activities

of antioxidant enzymes and the production of non-enzymatic

antioxidants. These would work together to transport, fix, and

sequester Cd, thereby inducing the defensive metabolite response

for G. pentaphyllum to adapt better to the Cd stress. These results

provide groundwork for comprehending the Cd response

mechanisms in G. pentaphyllum. Nevertheless, the functions as

well as the biochemical mechanisms of how these TFs, genes, and

metabolites perform their tasks require further study.
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5 Conclusion

Omics analysis was used to explore the Cd stress response and

tolerance mechanism of G. pentaphyllum. This study suggests that

G. pentaphyllum seedlings could significantly activate the POD,

CAT and APX enzymatic activities as well as increase the proline

and polysaccharide content in response to Cd stress.

Transcriptomics analysis revealed that 4921 DEGs responded to

Cd stress, and these involved secondary metabolites, carbohydrate

metabolism, amino acid metabolism, lipid metabolism, and signal

transduction pathways. By using metabolomics analysis, a total of

126 DAMs were identified, and citric acid, flavonoid (diosmetin-7-

O-rutinoside, diosmetin-7-O-galactoside and 6-C-methyl

kaempferol-3-glucoside) and the amino acids, L-isoleucine and L-

arginine were significantly increased after Cd treatment. A large

number of candidate genes and metabolites were also identified in

alpha-linolenic acid metabolism, starch and sucrose metabolism,

phenylpropanoid biosynthesis, and ABC transporters. In addition,

MYB, MYB_related, ERF, GRAS, bZIP, WRKY and bHLH TFs may

regulate the expression of genes and metabolites accumulation, and

all these processes appeared to contribute to G. pentaphyllum

response to Cd stress.
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regulation of grain yield in maize
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Haiying Zhang1,2,3, Haixu Zhong1,2,3, Binyang Li1,2,3,
Hongmei Hu1,2,3, Yikai Wang1,2,3, Asif Ali 1, Asad Riaz4,
Javed Hussain Sahito2,5, Muhammad Zafar Iqbal2,
Xiao Zhang1,2,3, Dan Liu1,2,3, Ling Wu1,2,3, Duojiang Gao2,
Shiqiang Gao2, Shunzong Su3 and Shibin Gao1,2,3*

1State Key Laboratory of Crop Gene Exploration and Utilization in Southwest China, Sichuan
Agricultural University, Chengdu, Sichuan, China, 2Maize Research Institute, Sichuan Agricultural
University, Chengdu, Sichuan, China, 3Key Laboratory of Biology and Genetic Improvement of Maize
in Southwest Region, Ministry of Agriculture, Chengdu, Sichuan, China, 4Centre of Excellence for
Plant Success in Nature and Agriculture, The Queensland Alliance for Agriculture and Food
Innovation (QAAFI), The University of Queensland, St. Lucia, Brisbane, QLD, Australia, 5Key Laboratory
of Wheat and Maize Crops Science, College of Agronomy, Henan Agricultural University,
Zhengzhou, China
A previous metabolomic and genome-wide association analysis of maize

screened a glucose-6-phosphate 1-epimerase (ZmG6PE) gene, which

responds to low-phosphorus (LP) stress and regulates yield in maize’s

recombinant inbred lines (RILs). However, the relationship of ZmG6PE with

phosphorus and yield remained elusive. This study aimed to elucidate the

underlying response mechanism of the ZmG6PE gene to LP stress and its

consequential impact on maize yield. The analysis indicated that ZmG6PE

required the Aldose_epim conserved domain to maintain enzyme activity and

localized in the nucleus and cell membrane. The zmg6pe mutants showed

decreased biomass and sugar contents but had increased starch content in

leaves under LP stress conditions. Combined transcriptome and metabolome

analysis showed that LP stress activated plant immune regulation in response to

the LP stress through carbon metabolism, amino acid metabolism, and fatty acid

metabolism. Notably, LP stress significantly reduced the synthesis of glucose-1-

phosphate, mannose-6-phosphate, and b-alanine-related metabolites and

changed the expression of related genes. ZmG6PE regulates LP stress by

mediating the expression of ZmSPX6 and ZmPHT1.13. Overall, this study

revealed that ZmG6PE affected the number of grains per ear, ear thickness,

and ear weight under LP stress, indicating that ZmG6PE participates in the

phosphate signaling pathway and affects maize yield-related traits through

balancing carbohydrates homeostasis.
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1 Introduction

Maize (Zea mays ssp. mays) is a globally imperative food, feed,

and industrial feedstock crop (Niu et al., 2020). Growth of maize

requires a substantial amount of phosphorus-based fertilizer, but it

is a finite and non-renewable resource. It is concerning that

phosphate rock is projected to be depleted within the next 100

years (Kochian, 2012). Roots absorb the phosphorus mainly in the

form of inorganic phosphate (Pi), but microorganisms and metal

cations quickly convert it into unavailable forms by precipitation

and fixation (Liu et al., 2005; Chiou and Lin, 2011; Ham et al., 2018).

Therefore, determining how to reduce the amount of phosphorus

fertilizer while maintaining a high crop yield is an important

problem deserving further research.

Plants have evolved complex and sophisticated regulatory systems

to adjust to a varying soil phosphate environment to maintain growth.

Phosphate starvation-induced (PSI) genes are mainly regulated by

Phosphate Starvation Response-SYG1/PH081/XPRI (PHR-SPX)

modules that play key roles in this network (Puga et al., 2014; Wang

et al., 2018). Phosphate Starvation Response (PHR) transcription

factors (a sub-family of MYB TFs) positively regulate PSI gene

expressions by attaching to PHR1 Binding Sequence (P1BS) (Rubio

et al., 2001; Zhou et al., 2008). The activities of PHRs are balanced post-

transcriptionally by negatively regulating TFs known as SPX-domains

containing proteins through recognizing soluble inositol

polyphosphates (InsPs) levels in cytosol and preventing the binding

of PHRs to P1BS (Wang et al., 2014; Wild et al., 2016). Phosphate

Starvation Response (PHR) transcription factors induced the

transcription of plasma membrane-localized phosphate transporter

(PHT), which is a class of phosphorous transporters playing crucial

roles in phosphate uptake/distribution/redistribution in plants and

enhances the transmembrane transport of phosphate under LP stress

(Gonzalez et al., 2005; Sun et al., 2012). By elucidating the mechanism

of phosphorus tolerance, it is possible to effectively improve maize yield

while reducing the application of phosphorous fertilizer.

Previous studies have shown that LP stress activates

physiological responses in plants, leading to changes in the levels

of related metabolites. Under phosphate deficiency stress, plant pile

up starch and sugar, which promotes carbon allocation to the root

system and facilitates further soil phosphorus excavation. Low-

phosphorus (LP) stress affects starch metabolism, inhibits

photosynthesis in crop plants, and triggers starch accumulation in

leaves (Gibson, 2004; Morcuende et al., 2007). Sucrose upregulated

the activities of D-glucuronic acid, 5-O-methylembelin, and N-

acetyl-L-phenylalanine during LP conditions (Yang et al., 2020). A

metabolome analysis showed that LP stress accelerated glycolysis in

the roots of soybean and repressed malic acid synthesis (Li et al.,

2022). Under LP conditions, LP-tolerant maize genotypes induce

the transcription of genes regulating plant hormone signaling, acid

phosphatase, and metabolite, which promote phosphorus

absorption and utilization in maize (Jiang et al., 2017).

Metabolomic profiling was conducted on six LP tolerant and

sensitive maize inbred lines, and combined with genome-wide

association analysis, five genes were identified to be responsive to LP

stress. Among them, ZmG6PE not only influenced phosphorus content

but also responded to LP stress by affecting ear diameter and ear rows
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(Luo et al., 2019). Glucose‐6‐phosphate 1‐epimerase catalyzes the

conversion of anomeric forms of a-D-glucose‐6‐phosphate to b-D-
glucose‐6‐phosphate at the branch point of D-glucose metabolism

(Wurster and Hess, 1972; Wurster and Hess, 1973; Graille et al., 2006).

This enzyme is named YMR099C in Saccharomyces cerevisiae, and it

has an active site with sulfate ion connected by an arginine clamp

formed by a side chain of two highly conserved residues of arginine

(Graille et al., 2006). A bioinformatics analysis of the budding yeast’s

entire genome for finding the putative target of transcription factor

“GCN4 (a positive transcription factor in yeast, binds general control

promoters at all 5' TGACTC 3' sequences)” has shown that GCN4

regulates YMR099C (Schuldiner et al., 1998). Trz1 (a tRNA 3' end

processing endonuclease), Nuc1 (a mitochondrial nuclease), and

YMR099C form highly stable heterohexamers consisting of two

copies of each of the three subunits, which suggests that YMR099C

and Trz1 may regulate apoptotic nucleases activity (Ma et al., 2017).

Glucose-6-phosphate is an important metabolite in multiple metabolic

pathways, such as glycolysis and the pentose phosphate pathway (Wu

et al., 2018; He et al., 2021). Glycolysis is a metabolic precursor for

producing biomass and supplies cellular energy (Tanner et al., 2018).

The pentose phosphate pathway can additionally catalyze the

production of nicotinamide adenine dinucleotide phosphate

(NADPH) using glucose-6-phosphate dehydrogenase (G6PDH) for

providing reductive power (Jiang et al., 2012; Fouquerel et al., 2014).

Currently, research on glucose-6-phosphate 1-epimerase mainly

focuses on microorganisms and has not been studied in plants

(Wurster and Hess, 1972; Wurster and Hess, 1973; Graille et al.,

2006). Therefore, the current study would be a reference for

investigating the future study of glucose-6-phosphate-1 epimerase

in plants.

In sum, ZmG6PE is a glucose-6-phosphate 1-epimerase that

regulates carbohydrate homeostasis. ZmG6PE is an enzyme that

catalyzes a-D-glucose‐6‐phosphate to b-D-glucose‐6‐phosphate
and participates in glycolysis and the pentose phosphate pathway.

By biochemical, omics, molecular biology, and genetics analysis, the

present study found that the gene function of ZmG6PE affects maize

yield and the mechanism of response to LP stress. This research

provides new directions for the improvement of maize yield and the

study of LP tolerance mechanisms.
2 Material and methods

2.1 Plant materials and growth conditions

Using the CRISPR/Cas9 (Clustered regularly interspaced short

palindromic repeats/CRISPR-associated protein 9) system, the

ZmG6PE gene was knocked out in the maize inbred line KN5585

by the Agrobacterium tumefaciens-mediated transformation

method. The mutation site was detected using ZmG6PE-KO-F

and R primers (Supplementary Table S1). Maize Research

Institute of Sichuan Agricultural University provided the seeds of

maize inbred lines 178 and 9782 for the current study.

Seeds were surface disinfected with 2% (V/V) sodium

hypochlorite (NaClO) solution for 30 min, then rinsed with

ddH2O 5-6 times to remove the NaClO solution and were
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germinated on filter paper in dark conditions at 28 °C for 3 days.

Germinated seeds were cultivated in sand and gravel for 7 days, and

the seedlings with consistent growth were selected to remove

embryos and endosperms. The seedlings were then transferred to

plastic containers containing 25 L of half Hoagland nutrient

solution concentration for adaptation cultivation for 3 days.

Subsequently, the nutrient solution was replaced with normal-

phosphorus (NP) (1 mM) or LP (1 mM) solution, also containing

6 mM KNO3, 4 mM Ca (NO3)2.4H2O, 1 mM or 1 mM NH4H2PO4,

100 mM EDTA-Fe, 2 mM MgSO4.7H2O, 46 mM H3BO3, 0.146 mM
MnCl2.4H2O, 0.76 mM ZnSO4.7H2O, 0.016 mM (NH4)

6Mo7O24.4H2O, and 0.32 mM CuSO4.5H2O, with a pH of 5.5

(Luo et al., 2019). The nutrient solution was replaced every three

days, and the ventilation pump was operated for 8 hours every day.
2.2 Reverse transcription-quantitative
polymerase chain reaction (RT-qPCR)
analysis

The total RNA was extracted using a Trizol reagent kit

(Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA)

according to manufacturer ’s instructions. The reverse

transcription of the first strand was performed using the

PrimeScript™ II 1st Strand cDNA synthesis kit by following the

manual’s instructions. The RT-qPCR was carried out using

the FastStart Essential DNA Green Master (Roche, Germany) on

a CFX96 Real-Time PCR Detection System (Bio-Rad, USA)

following the kit’s protocol. The total reaction volume consisted

of 5 ml 2× FastStart Essential DNA Green Master, with 0.5 ml each of
forward and reverse primers and 1 ml of the cDNA template. The

amplification procedure was set as follows; initial denaturation at 95

°C for 10 min; then 40 cycles of 95 °C for 5 sec, 60 °C for 15 sec, and

72 °C for 20 sec; and finally, a melting curve process. The

quantitative PCR primers were designed using Beacon Designer™

7 software and shown in Supplementary Table S1. All experiments

were conducted thrice with three technical replicates.
2.3 Total phosphorus content
measurements in plants

Approximately 0.2 g of dry tissues were digested using

H2SO4-H2O2 at 420 °C to obtain the total phosphorus. Then,

phosphorus in the supernatant was measured using Auto

Discrete Analyzers (SmartChem 200).
2.4 Measurements of starch
and soluble sugar

A starch content kit (Code: G0507W, Grace Biotechnology Co.,

LTD, Suzhou, China) was used to assay the starch content of maize

leaves. The soluble sugar content of maize leaves was determined by

a plant soluble sugar content kit (Code: KT-1-Y, Comin

Biotechnology Co., LTD, Suzhou, China). The determination of
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the starch and soluble sugar was carried out strictly according to the

operation instructions of the kit.
2.5 Purification and activity
analysis of ZmG6PE

The full-length coding sequence of ZmG6PE was introduced

into the pCold vector and then transformed into Rosetta-competent

cells. The optimal protein induction conditions were screened, and

the culture broth was scaled up under the optimal conditions. The

extracted protein was purified and stored at -80 °C for future use.

Kinetic reactions were carried out at 25 °C in 50 mM KCl, 50

mM imidazole, and 8 mMMgSO4 at pH 7.6. The absorbance values

were measured at 340 nm using the SW18-MV Stopped Flow

Spectrophotometer (Applied Photophysics, UK). Reactions were

started by mixing equivalent volumes of equilibrated 2 mM

nicotinamide adenine dinucleotide phosphate (NADP+) and 60

mM glucose-6-phosphate with 160 units/mL glucose-6-phosphate

dehydrogenase from Leuconostoc mesenteroides (Sigma) and the

varying concentrations of ZmG6PE (Graille et al., 2006).
2.6 RNA-seq analysis

For transcriptome analysis, the second fully expanded leaves

and the roots of the mutant zmg6pe and wild type (WT) plants were

harvested and frozen in liquid nitrogen immediately. The Trizol

reagent (Invitrogen Life Technologies) was used to isolate total

RNA from the leaves and roots following the manual’s instructions.

RNA’s concentration, integrity, and quality were measured and

assessed using a NanoDrop™ spectrophotometer (Thermo

Scientific). RNA samples were prepared using 3 mg RNA as the

initial input material. The RNA-seq and data analysis were carried

out by the Shanghai Bioprofile Biotechnology Co., Ltd. (Shanghai,

China). The sequencing libraries of the total RNA were constructed

using the TruSeq RNA Sample Preparation Kit (Illumina, San

Diego, CA, USA), and the RNA libraries were sequenced by the

Illumina NovaSeq 6000 platform. Each sample consists of three

plants with three replicates.
2.7 Metabolite analysis

For extracting the metabolites, samples were weighed, dried,

and transferred into a 1.5 mL Eppendorf tube containing a 5 mm

tungsten bead and grounded in a grinding mill for 1 min with 65 Hz

power. Metabolite extraction was performed using an ultrasonic

shaker with 1 mL precooled acetonitrile, methanol, and H2O (v:v:v,

2:2:1) at 4 °C for 1 hour. The mixture was placed at -20 °C for 1 hour

and then centrifuged at 14,000 rpm for 20 min at 4 °C. The

supernatants were collected and placed in a cryogenic vacuum for

concentration. Subsequently, the UPLC-ESI-Q-Orbitrap-MS

system (UHPLC, Shimadzu Nexera X2 LC-30AD, Shimadzu,

Japan) coupled with Q-Exactive Plus (Thermo Scientific, San Jose,

CA, USA) was used for Metabolomic profiling.
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The MS-DIAL software was used to process the raw MS data for

retention time correction, peak alignment, and peak area extraction.

The accuracy mass (mass tolerance < 0.02 Da) and MS/MS data

(mass tolerance < 0.02 Da) were matched with Kyoto Encyclopedia

of Genes and Genomes (KEGG), MassBank, and other available

databases, and a standard self-built metabolite library was used to

differentiate and recognize the metabolites. Only variables greater

than 50% non-zero measured values within at least 1 group were

processed in extracted ion features. The samples used in the

metabolite analysis were consistent with those used in the RNA-

seq analysis.
2.8 Subcellular localization of ZmG6PE

To localize ZmG6PE protein in the cell, a full-length coding

sequence of ZmG6PE was introduced into pCAMBIA2300-35S-eGFP

using the NovoRec® plus One Step PCR Cloning Kit (NovoProtein,

Shanghai, China). The constructs were mobilized into an

Agrobacterium strain GV3101 by the freeze-thaw method and

cultured for up to the required density. Then cells were collected

and resuspended in a solution comprising 10 mM magnesium

chloride and 150 mM acetosyringone (Sigma-Aldrich).

Fluorescence signals of the eGFP in Nicotiana benthamiana leaves

were detected with a confocal microscope (Leica).
3 Results

3.1 ZmG6PE is localized in the nucleus and
cell membrane

The subcellular localization of the ZmG6PE protein was

determined by introducing the combined vector pCAMBIA2300-
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P35S: ZmG6PE-eGFP and the nucleus localization signal (NLS)

into tobacco leaves using transient transformation. The signals

derived from ZmG6PE overlapped with the autofluorescence of

NLS (Figure 1A). Similarly, the signals derived from ZmG6PE

overlapped with the autofluorescence of the cell membrane

localization signal (CMLS) (Figure 1A). These results confirmed

the prediction of CELLO v.2.5, showing that the ZmG6PE protein is

localized in the nucleus and cell membrane.
3.2 ZmG6PE exhibits glucose-6-phosphate
1-epimerase activity

ZmG6PE protein sequence from 41 to 308 amino acids encodes

a conserved domain of Aldose_epim (Supplementary Figure S1A).

To explore the critical peptide sequences of ZmG6PE, we divided

ZmG6PE into two sections, ZmG6PE-Front (ZmG6PE-F) and

ZmG6PE-Behind (ZmG6PE-B). Both sections (ZmG6PE-F and

ZmG6PE-B) contained the conserved Aldose_epim domains of

ZmG6PE (41 to 308 aa), ZmG6PE-F (41 to 147 aa), and

ZmG6PE-B (1 to 161 aa) (Supplementary Figure S1A). Unlike

ZmG6PE-B and ZmG6PE-F, the tertiary structure of ZmG6PE

had a putative active site pocket (Supplementary Figure S1B). To

investigate the biochemical characteristics of ZmG6PE, His-tagged

ZmG6PE, ZmG6PE-B, and ZmG6PE-F proteins were expressed in

Escherichia coli (Supplementary Figure S1C). The enzymatic

activity of protein during the interconversion of a- and b-D-
glucose-6-phosphate anomers is explained by the specificity of the

enzymes participating in sugar metabolism (Figure 1B). Enzyme

kinetics and enzyme-linked immunosorbent assay (ELISA) were

employed to evaluate the ZmG6PE activity. The results showed that

ZmG6PE had glucose-6-phosphate 1-epimerase activity

(Figures 1C, D); however, the ZmG6PE protein segments

(ZmG6PE-F and ZmG6PE-B) exhibited negligible glucose-6-

phosphate 1-epimerase activity (Figures 1C, D).
A B

DC

FIGURE 1

Subcellular localization of ZmG6PE and enzyme activity. (A) Subcellular localization of ZmG6PE in tobacco leaves, bar = 10 nm. (B) Schematic
representation of enzymatic reactions involving glucose-6-phosphate anomer. (C) Determination of the enzyme activity by the enzyme kinetic
method. (D) Determination of enzyme activity using an ELISA kit. “**” represents p < 0.01 by single factor ANOVA test.
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3.3 The zmg6pe mutant is
sensitive to LP stress

To investigate the functions of ZmG6PE in maize, two

independent transgenic lines (zmg6pe-1 and zmg6pe-2) were

developed using CRISPR/Cas9. The line zmg6pe-1 has a 421 bp

deletion, while zmg6pe-2 has a 1 bp deletion (Supplementary Figure

S2A), thus both result in a truncated protein. During the seedling

stage, the fresh weight and phosphorus content in zmg6pe decreased

compared to WT (Supplementary Figures S2B-D), but there was no

significant difference at maturity (Supplementary Figures S2E-G).

To determine whether ZmG6PE responds to LP stress, 10 days old

maize seedlings were further raised in a hydroponic system and

treated with 1 mM and 1 mM phosphate conditions for 15 days

(Figure 2A and Supplementary Figure S2H). Under both NP and LP

conditions, the leaves and roots fresh weight of the zmg6pe

significantly reduced (Figures 2B, C); LP tolerance coefficients

in zmg6pe leaves and roots were reduced (Supplementary Figures
Frontiers in Plant Science 05172
S2I, J). Starch contents decreased under NP conditions in leaves of

zmg6pe (Figures 2D). Soluble sugar contents decreased under LP

conditions in the leaves of zmg6pe (Figures 2E). The phosphorus

contents decreased under NP conditions in zmg6pe leaves than in

WT leaves (Figure 2F). However, the phosphorus content in roots

did not significantly change in WT and zmg6pe (Figure 2G). It

significantly reduced the expression levels of ZmG6PE in the leaves

and roots of the zmg6pe mutant (Figures 2H, I).
3.4 Functional analysis of the ZmG6PE
gene in response to LP stress

The zmg6pe had reduced fresh weight under LP conditions,

indicating that ZmG6PE responds to LP stress. In order to elucidate

the regulatory mechanisms of ZmG6PE under LP conditions,

comparative transcriptome analysis of leaves and roots was

conducted between WT and zmg6pe mutant. There were 2072,
A

B D E

F G IH

C

FIGURE 2

Responses of ZmG6PE in hydroponic culture with different phosphorous concentrations. (A) WT and zmg6pe mutants under NP and LP
hydroponics. (B, C) Fresh weight. (D) Starch content. (E) Soluble sugar content. (F, G) Total phosphorus content. (H, I). The expression levels of
ZmG6PE gene. “*” represents 0.01< p < 0.05, “**” represents p < 0.01, single factor ANOVA test.
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2367, and 504 overlapping differentially expressed genes (DEGs) in

leaves (L), roots (R), and both in leaves and the roots (LR),

respectively (Supplementary Figure S3A).

KEGG pathway enrichment analysis revealed that terms related

to carbon metabolism, amino acid synthesis and metabolism, fatty

acid metabolomic pathway, immune regulation, and plant

hormones were highly enriched in L (Figure 3A and

Supplementary Figure S3B). While terms related to carbon,

amino acid and fatty acid metabolisms, amino acid degradation,

secondary metabolites, and vitamins were highly enriched in the R

(Figure 3B and Supplementary Figure S3C); similarly, the terms

related to carbon, amino acid and fatty acid metabolisms, amino

acid degradation, immune regulation, and secondary metabolites

were enriched in LR (Figure 3C and Supplementary Figure S3D). As

such, LP stress activated the immune response system in seedlings,

and ZmG6PE regulated carbon, amino acid and fatty acid

metabolisms, plant hormones, and secondary metabolites in

response to LP stress.
3.5 Metabolite analysis of the ZmG6PE
gene in response to LP stress

Transcriptome KEGG enrichment analysis showed that LP

treatment affected carbon and amino acid metabolisms, indicating

that LP stress caused variations in the synthesis and metabolism of

nitrogen- and carbon-related compounds. To further investigate the

function of ZmG6PE, comparative metabolomic analyses were

performed in zmg6pe and WT seedlings under LP and NP

conditions. There were 164, 96, and 26 overlapping differentially

expressed metabolites (DEMs) found in L, R, and LR, respectively

(Supplementary Figure S4A). The metabolomic analysis of L and R

samples revealed significant KEGG pathway enrichment in carbon

metabolism, amino acid metabolism, genetic material synthesis, and

immune regulation, with some more enrichments of fatty acid

metabolism, enzymatic activity, and energy metabolism in L

(Figures 3D-F and Supplementary Figures S4B-D). These results

indicate that LP stress may activate the plant immune response

system, whereas ZmG6PE affects LP stress by regulating the above-

mentioned metabolic pathways.
3.6 Combined analysis revealing ZmG6PE
involved in KEGG pathways in response to
LP stress

A combined transcriptome and metabolome analysis was

performed to examine whether there is any association between

gene expression patterns and metabolite accumulation. Enrichment

analysis revealed 42, 15, and 12 KEGG pathways in L, R, and LR,

respectively (Supplementary Figure S5A). In the combined analysis

of the KEGG pathways, the carbon metabolism, amino acid

synthesis and metabolism, glycolysis/gluconeogenesis, secondary

metabolite biosynthesis, and carbon fixation in photosynthesis

were found enriched in L (Supplementary Figure S5B). In R,

galactose metabolism, starch and sucrose metabolism, carotenoid
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metabolism, photosynthesis, and secondary metabolite biosynthesis

were highly enriched (Supplementary Figure S5C). In LR,

significant enrichment was observed in carbon, amino acid and

fatty acid metabolisms, and immune regulation (Supplementary

Figure S5D). These results indicate that LP stress may activate

immune regulation and the ZmG6PE gene affects LP stress by

regulating primary and secondary metabolism.

The combined network analysis found that a-D-glucose-1
phosphate in the glycolysis/gluconeogenesis pathway and D-

mannose-6 phosphate in fructose and mannose metabolism

differed significantly (Figure 3G). The pathway map showed

significant reductions in a-D-glucose-1 phosphate and D-

mannose-6 phosphate. Zm00001eb244910, Zm00001eb121400,

Zm00001eb159720, and ZmG6PE gene expression levels

decreased, while Zm00001eb293670, Zm00001eb018480,

Zm00001eb059230, Zm00001eb101090, Zm00001eb283530,

Zm00001eb260710, Zm00001eb154520, and Zm00001eb167360

gene expression levels increased. These results indicate that

glucose-1-phosphate- and mannose-6-phosphate-related genes

and metabolites respond to LP stress.

The pathway map showed significant reduction in b-alanine
(Figure 3H). Zm00001eb066680 gene expression level decreased,

while Zm00001eb399220, Zm00001eb431200, Zm00001eb189920,

Zm00001eb408260, and Zm00001eb420190 gene expression levels

increased. These results indicate that b-alanine genes and

metabolites respond to LP stress.
3.7 Expression of ZmSPX2 and ZmPHT1.13
are down-regulated in zmg6pe mutant

Phosphate Starvation Response (PHR) transcriptional factors

are the central regulatory factors regulating the activities of LP-

responsive genes in the LP regulatory network (Nilsson et al., 2007;

Zhou et al., 2008; Lu et al., 2020). The phosphate transporter (PHT)

mediates the absorption and transport of Pi in the plant rhizosphere

(Shin et al., 2004; Sun et al., 2012). SYG1/PH081/XPRI (SPX) is a

negative regulator of PHR, and regulates phosphorus transport and

homeostasis in plants (Liu et al., 2010). To further explore the

pathways that regulate the phosphorus signal and expression levels

of PSI genes were investigated. Transcriptome analysis of PSI genes

revealed that LP treatment promoted the expression of ZmSPXs

(ZmSPX1, ZmSPX2, ZmSPX3, ZmSPX4, and ZmSPX6) and

ZmPHTs (ZmPHT1.2 and ZmPHT1.13), ut the expression of

ZmPHRs (ZmPHR1, ZmPHR2, and ZmPHR3) did not show

significant changes (Figures 4A–J). Interestingly, regardless of

phosphorus status, the expression levels of ZmSPX2 and

ZmPHT1.13 in zmg6pe were significantly lower than WT in both

L and R (Figures 4B, J). The RT-qPCR (Figures 4K, L) confirmed

the above results, suggesting that ZmG6PE is probably involved in

responding to LP stress by mediating expressions of ZmSPX2 and

ZmPHT1.13. Under LP conditions, the lack of significant

differences in phosphorus content between WT and zmg6pe

mutants might be attributed to the enhanced expression of

ZmSPX2 , which inhib i t s the express ion of ZmPHRs

and ZmPHT1.13.
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FIGURE 3

KEGG pathway enrichment analysis performed on the DEGs and DEMs, and channel heat map analysis. (A–C) KEGG enrichment analysis of the
overlapping DEGs in leaves, roots, and shared in leaves and roots, respectively. (D–F) KEGG enrichment analysis of the overlapping DEMs in leaves,
roots, and shared in leaves and roots, respectively. (G) Glycolysis/gluconeogenesis, fructose, and mannose metabolic pathways involve phosphorus
transport in leaves and roots. (H) The b-alanine metabolism involves phosphorus transport in leaves and roots. Boxes are WT-NP-L vs. WT-LP-L,
zmg6pe-NP-L vs. zmg6pe-LP-L, WT-NP-R vs. WT-LP-R, and zmg6pe-NP-R vs. zmg6pe-LP-R from left to right. Red and green fonts indicate
upregulated and downregulated genes, respectively. Green and red solid squares indicate downregulated and upregulated metabolites, respectively.
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3.8 ZmG6PE regulates the yield-related
traits of maize grains

To assess the effects of ZmG6PE on yield-related traits, we

investigated the yield-related data for 2021-Qujing (QJ) and 2022-

Chongzhou (CZ) grown materials. Results showed that the ear

length, ear weight, 100-grain weight, and number of grains per ear

were significantly difference in the zmg6pe compared to WT

(Supplementary Table S2). Besides this, the grain size in zmg6pe

was significantly smaller (Figure 5A). Moreover, the sugar contents

increased, and starch contents decreased in the zmg6pe compared to

the WT (Figures 5B, C). The phosphate content in the zmg6pe was

significantly lower than in WT (Figure 5D). The observation of

paraffin sections revealed that grain filling in WT was normal at 7

days after pollination (DAP). In contrast, zmg6pe showed abnormal
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grain filling (Figure 5E). At 15 DAP, the starch particles in the WT

seeds were fully packed, while zmg6pe had irregular cavities. The red

box area of the zmg6pe had a significantly larger cavity than WT

(Figure 5E). The ZmG6PE gene expression levels significantly

decreased at 7 and 15 DAP in the zmg6pe (Figure 5F). The above

results demonstrate that the ZmG6PE gene affects maize yield.
3.9 Biparental segregation population
validation/haplotype analysis

To investigate the effects of ZmG6PE on yield under LP

conditions, the yield-related traits of RILs derived from inbred

lines 178 and 9782 were measured. The amplification of the

ZmG6PE gene coding sequences in the inbred lines 178 and 9782
A B D
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FIGURE 4

Analysis of PSI genes expression levels. (A–J) Expression levels (FPKM) of ZmSPX1, ZmSPX2, ZmSPX3, ZmSPX4, ZmSPX6, ZmPHR1, ZmPHR2,
ZmPHR3, ZmPHT1.2, and ZmPHT1.13, respectively, in leaves and roots under NP and LP conditions. (K, L) Expression levels of ZmSPX2 and
ZmPHT1.13 in leaves and roots under NP and LP, respectively, by RT-qPCR. Values are given as the mean ± SD and indicate the average FPKM values
from three biological replicates of RNA-seq libraries. “*” represents p < 0.05, and ”**” represents p < 0.01 by single factor ANOVA test.
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revealed no differences (Supplementary Figure S6A). However, an

insertion or deletion (Indel) was detected in the promoter sequence

of the ZmG6PE gene in two inbred lines, with a 23 bp deletion in

inbred line 178 compared to inbred line 9782 (Supplementary

Figure S6B), which could be classified into two haplotypes (178

genotypes and 9782 genotypes) (Supplementary Figure S6C).

Genotype statistics were performed on the RILs, and the yield-

related traits were researched from the Wenjiang Farm in 2013 and

the Bifengxia Farm in 2014 under LP conditions. Row number per

panicle, number of grains per row, ear length, ear thickness, shaft

ear thickness and ear weight of genotype 178 were significantly

lower than those of genotype 9782 (Figures 6A–F). In inbred line

9782, the expression of the ZmG6PE gene varied with changes in the

phosphorus concentration, while in inbred line 178, gene

expression was unaffected by the phosphorus concentration

(Figure 6G). These results indicate that ZmG6PE plays a role in

maize yield and phosphorus content.
4 Discussion

4.1 ZmG6PE is a key enzyme that supports
life activities

Anomeric carbon is essential in glycan reactions and quickly

provides metabolites for physiological processes (Gomes et al.,

2015). Glucose-6-phosphate has two forms of a and b anomers
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(Wurster and Hess, 1972; Wurster and Hess, 1973; Graille et al.,

2006). The isomerization of a-D-glucose-6-phosphate by glucose-

6-phosphate isomerase produces fructose 6-phosphate (Aguilar-

Pontes et al., 2018). Phosphoglucomutase catalyzes the reversible

isomerization of a-D-glucose-6-phosphate to glucose-1-phosphate,
which is converted into ADP-glucose (precursor of starch

synthesis) by ADP-glucose-pyrophosphorylase (Geigenberger

et al., 2004; Zeeman et al., 2007). Combined analysis reveals

significant differences in glucose-1-phosphate levels, and starch

content reduced in grains, suggesting that ZmG6PE may affect

starch synthesis through the modulation of a-D-glucose-6-

phosphate. b-D-glucose-6-phosphate participates in pentose

phosphate metabolism to provide NADPH for life activities

(Efferth et al., 2006; Mamani et al., 2016). Glycolysis and the

pentose phosphate pathway occur in the cytoplasm, while the

ZmG6PE protein is subcellularly localized in the nucleus and cell

membrane. Omics analysis revealed significant enrichment of

glycolysis/gluconeogenesis and pentose phosphate pathway-

related processes. This suggests that ZmG6PE may indirectly

participate in glycolysis and the pentose phosphate pathway by

regulating the balance of glucose-6-phosphate. In addition,

fructose-6-phosphate and mannose-6-phosphate may be potential

substrates of glucose-6-phosphate-1 epimerase, indicating its broad

substrate specificity (Graille et al., 2006). Significant differences

were also observed in combined analysis for mannose-6-phosphate,

indicating that mannose-6-phosphate may serve as a catalytic

substrate for ZmG6PE, but further validation is required.
A B D
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FIGURE 5

Analysis of maize kernel development. (A) Grain size. (B–D) Content of the grain’s starch, sugar, and total phosphorus, respectively. (E) Paraffin section
of grains at 7 and 15 DAP. (F) The expression levels of ZmG6PE in grain were measured at 7 and 15 DAP. “*” represents p < 0.05, “**” represents p < 0.01
by single factor ANOVA test.
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4.2 Sugars are key regulators for Pi starvation
signaling at the transcriptional level

Sugars are primary metabolites and signaling molecules, and

starch is the final product of photosynthesis and the dominant form

of energy storage in plants. Phosphorus deficiencymakes soluble sugar

accumulation in leaves, while exogenously applied sugars can alleviate

the phosphorus starvation response (Hermans et al., 2006; Yang et al.,

2020). Similarly, LP treatment increases the starch content (Gibson,

2004; Morcuende et al., 2007). The results showed a cascade

relationship between carbon metabolism and phosphorus signaling.

However, the specific interaction between carbon metabolism and

phosphorus remains unclear. ADP-glucosepyrophosphorylase (AGP)

Large Subunit 1 (AGPL1) and AGP Small Subunit 1 (AGPS1)

increases the starch and soluble sugar contents in leaves under LP,

but the starch and sugar contents do not change significantly in the

roots (Meng et al., 2020). The zmg6pe mutants had reduced soluble

sugar content and increased starch content in the leaves under LP

conditions but also had reduced starch content and increased sugar

content in the grain. Sugar and starch are the main carbon sources in

plants and keep a dynamic balance (Flütsch et al., 2020). Non-

metabolizable sugar analogs do not affect the expression of PSI

genes. Although sugar input appears to be downstream of initial Pi

sensing, it is required to complete the PSI signaling pathway

(Karthikeyan et al., 2007). The cellulose synthase-like family

(OsCSLF6) gene mutation increases the sugar and phosphorus

content, and the expression of sucrose synthase and sucrose

transporter genes is also induced in rice (Jin et al., 2015). The

overexpression of the sucrose transport (AtSUC2) gene promotes

sucrose transport and accumulation and enhances PSI gene
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expression and Pi accumulation (Lei et al., 2011). Sucrose and auxin

play differential roles in the developmental responses of

ontogenetically distinct root traits during Pi deprivation (Jain et al.,

2007). Therefore, it is crucial to investigate the potential mechanism of

PSI gene expression changes mediated by glycometabolism-

related genes.
4.3 Biological pathways involved in
response to LP stress

KEGG enrichment analyses of the transcriptomic and

metabolomic data showed that amino acids, starch and sugar

synthesis, photosynthesis, plant pathogens, ABC transporters,

brassinosteroids, plant hormones, and citric acid metabolism

responded to LP stress. LP stress significantly increases amino acids

in plants (Hernández et al., 2009; Tawaraya et al., 2014; Sung et al.,

2015). Plants increase starch content and reduce photosynthesis to

avoid anthocyanins accumulation in leaves in LP environments

(Wissuwa et al., 2005; Plaxton and Tran, 2011; Pant et al., 2015).

The current study analysis showed that LP affected carbon fixation in

leaves while starch and sugar synthesis in roots. Phosphorus

starvation is also associated with microbial interactions. Under LP

conditions, plants establish a mutualistic symbiotic relationship with

microorganisms to increase phosphorus acquisition (Smith and

Smith, 2011; Oldroyd and Leyser, 2020). These microorganisms

may be arbuscular mycorrhizal fungi or species of Colletotrichum.

ABC transcription proteins are involved in both aluminum tolerance

and the inhibition of local phosphate signaling pathways (Dong et al.,
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FIGURE 6

Yield-related analysis of the RILs. (A–F) Significantly different traits between segregating genotypes of ZmG6PE. WJ, Wenjiang Farm; BFX, Bifengxia
Farm. (G) The gene expression level of ZmG6PE. “*” represents p < 0.05 by single factor ANOVA test.
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2017). Brassinosteroids and phytohormones respond to LP stress due

to the regulation of local phosphorus signaling pathways by

hormones interacting with different signals (Kobayashi et al., 2013).

Overexpression of citrate synthase and transporter can improve the

phosphorus utilization efficiency (PUE) by increasing organic acids

secretion (López-Arredondo et al., 2014; Panchal et al., 2021). These

pathways have all been reported in plant responses to LP stress. This

evidence shows that the design of this research is reasonable and that

these pathways are important in response to LP stress.
4.4 LP induces the expression of ZmSPXs
and ZmPHTs

Phosphate Starvation Response (PHR) transcriptional factors are

characterized by a conserved MYB domain and can participate in the

transcriptional activation of PSI genes (Zhou et al., 2008; Guo et al.,

2015). Phosphorus transport (PHT) regulates the uptake and transport

of phosphorus (Paszkowski et al., 2002). SPX1 and SPX2 interact with

PHR through their SPX domains, thereby inhibiting the binding ability

of PHR to P1BS (Liu et al., 2010; Wang et al., 2014). Under LP stress,

the expression of ZmSPXs increased, indicating that ZmSPXs inhibited

ZmPHR and ZmPHT activities and affected the absorption and

transport of phosphorus. Compared to the WT, the phosphorous

content in zmg6pe mutant leaves decreased under NP conditions but

remained significantly unchanged in zmg6pe mutant under LP stress

conditions. Combined with the expression analysis, the expression of

ZmSPX2 decreased in the zmg6pe mutant under LP stress, indicating

that ZmG6PE had a stimulative effect on ZmSPX2. The regulatory

effect of ZmG6PE on ZmSPX2 may be achieved by influencing

carbohydrate homeostasis or by modulating the expression of

relevant genes in the nucleus. ZmG6PE might play a potential role

in coordinating cellular metabolism and gene expression. The

mutation of AGPL1 and AGPS1 lead to the significant

downregulation of OsSPX2 (Meng et al., 2020). AGPL1/AGPS1 is a

starch synthesis enzyme, and ZmG6PE is an enzyme of the glycolysis

pathway, suggesting that the carbon balance may affect SPX activity.
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4.5 ZmG6PE regulates phosphorus
transport and affects maize yield

Based on the above findings, we put forward a working model

involving ZmG6PE in phosphorus homeostasis maintenance in maize

(Figure 7). ZmG6PE is attributed with the capability to modulate the

dynamic equilibrium between two carbohydrate sugar and starch. The

expression of ZmSPX2 is subjected to regulation by sugar

concentration, while it was found to have no discernible effect on

ZmPHRs expression. Notably, despite a prominent decrease in

ZmPHT1.13 expression level observed in the zmg6pe mutant

compared to WT, the unaltered expression of ZmPHRs appears to

compensate for the deficit by modulating the expression of other

ZmPHTs. This may account for the absence of significant variations in

phosphorus levels under LP conditions between the zmg6pe mutant

and WT. ZmG6PE is implicated in phosphate uptake through the

regulation of ZmSPX2 and ZmPHT1.13 expression. Additionally,

ZmG6PE exerts an influence on starch synthesis by modulating the

a-D-glucose-6-phosphate content, consequently impacting grain filling

and altering grain size.

5 Conclusion

The conserved domain of ZmG6PE protein ranges from amino

acid 41 to 308, which is identified as the Aldose_epimase domain. It

exhibits activity as a glucose-6-phosphate-1-epimerase and may

possess substrate diversity. Omics analysis reveals that the ZmG6PE

gene is involved in LP stress response through pathways, such as

amino acid metabolism, carbon metabolism, genetic material

biosynthesis, fatty acid metabolism, and immune regulation.

Glucose-1-phosphate, mannose-6-phosphate, and b-alanine are

identified as marker metabolites in response to LP stress. The

ZmG6PE gene regulates the expression of ZmSPX2 and

ZmPHT1.13 by modula t ing the dynamic ba lance of

carbohydrates, thus participating in phosphate signaling

regulation. Mutant studies have demonstrated the impact of

ZmG6PE on starch synthesis, grain size, and yield-related traits,

while the use of RILs has revealed its influence on yield-related traits
FIGURE 7

If working model for regulating phosphorus homeostasis by ZmG6PE. Solid lines indicate established direct correlations between different genes/
proteins and between ZmG6PE, sugar, and starch. The dotted lines indicate indirect correlations between endogenous sugar level and SPX transcript
abundance.
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and phosphorus content. The ZmG6PE gene is a pleiotropic gene

that influences maize grain size and responds to LP stress.
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Transcriptomic and metabolomic
profiling reveals the drought
tolerance mechanism of Illicium
difengpi (Schisandraceae)
Xiu-Jiao Zhang †, Chao Wu*†, Bao-Yu Liu, Hui-Ling Liang*,
Man-Lian Wang and Hong Li

Guangxi Key Laboratory of Plant Functional Phytochemicals and Sustainable Utilization, Guangxi
Institute of Botany, Guangxi Zhuang Autonomous Region and Chinese Academy of Sciences,
Guilin, China
Illicium difengpi (Schisandraceae), an endangered medicinal plant endemic to

karst areas, is highly tolerant to drought and thus can be used as an ideal material

for investigating adaptive mechanism to drought stress. The understanding of the

drought tolerance of I. difengpi, especially at the molecular level, is lacking. In the

present study, we aimed to clarify the molecular mechanism underlying drought

tolerance in endemic I. difengpi plant in karst regions. The response

characteristics of transcripts and changes in metabolite abundance of

I. difengpi subjected to drought and rehydration were analyzed, the genes and

keymetabolites responsive to drought and rehydration were screened, and some

important biosynthetic and secondary metabolic pathways were identified. A

total of 231,784 genes and 632 metabolites were obtained from transcriptome

andmetabolome analyses, andmost of the physiological metabolism in drought-

treated I. difengpi plants recovered after rehydration. There were more

upregulated genes than downregulated genes under drought and rehydration

treatments, and rehydration treatment induced stable expression of 65.25% of

genes, indicating that rehydration alleviated drought stress to some extent.

Drought and rehydration treatment generated flavonoids, phenolic acids,

flavonols, amino acids and their derivatives, as well as metabolites such as

saccharides and alcohols in the leaves of I. difengpi plants, which alleviated the

injury caused by excessive reactive oxygen species. The integration of

transcriptome and metabolome analyses showed that, under drought stress,

I. difengpi increased glutathione, flavonoids, polyamines, soluble sugars and

amino acids, contributing to cell osmotic potential and antioxidant activity. The

results show that the high drought tolerance and recovery after rehydration are

the reasons for the normal growth of I. difengpi in karst mountain areas.
KEYWORDS

Illicium difengpi, drought stress, rehydration, transcriptome, metabolome
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1 Introduction

Drought events are frequent worldwide. It is predicted that

extreme drought episodes will become more frequent against the

background of global climate change (Dai, 2013). Being sessile,

plants are extremely vulnerable to drought stress, which can lead

to impaired growth and even death, resulting in enormous yield

losses (Bai et al., 2006). Drought stress is thus one of the most serious

environmental factors that restricts plant species distribution and

diversity and crop productivity (Yang et al., 2020). The southwest

karst region of China is the largest and most intensively developed

ecologically fragile area among the three largest concentrated karst

areas in the world, with a total area of over 500,000 km2 (Zhang et al.,

2012). Due to slow soil formation, shallow soil layers, low organic

matter content, and poor soil conservation capabilities, this region

experiences geological drought. Even with enough rainfall, after

several days of high temperatures and sunny weather, the soil

water content decreases, and temporary drought events occur on

the surface (Zhao et al., 2022). Drought disasters are the most

prominent environmental factors that affect plant growth in karst

regions. Short periods of extreme drought are more prone to occur

in karst environments, which are characterized by periodic water

deficiency. The recovery ability after rehydration is important for the

successful adaptation of plants in karst ecosystems prone to drought.

Drought stress activates complex network regulatory

mechanisms (Michaletti et al., 2018), which lead to changes in

gene expression and biochemical and molecular processes in plants

(Golldack et al., 2014). Under soil water deficiency, the optimal

water supply is balanced in plant tissues, cell hydration is

maintained, and water loss is avoided. The plant accumulates

stress-protective metabolites (e.g., tryptophan, trehalose,

flavonoids, glutathione, etc.) to prevent acute cell damage and

membrane integrity by triggering the antioxidant system and

deploying peroxidases (Cramer et al., 2007). Stress-related

transcription factors (TFs), such as the MYB, bHLH, NAC, AP2/

ERF, NFY and HSF, which specifically bind to cis-regulatory

elements to activate downstream gene expression in response to

stress signals, can be activated under drought stress (Hu et al.,

2022). The mechanisms of plants in response to alternating or

extreme drought and rehydration have become a research focus in

several fields, including environmental and ecological preservation,

genetics and breeding improvement (AbdElgawad et al., 2015; Zhao

et al., 2022). The physiological and molecular functions in plants

can be recovered after rehydration. However, the compensation of

rehydration to plant growth after drought stress is often limited.

Additionally, large-scale studies using high-throughput genomics

have revealed the responses of metabolite accumulation or

transcript changes in higher plants under drought and

rehydration conditions (Chen et al., 2020; Sousa et al., 2022).

However, there is a lack of comprehensive understanding of the

mechanisms underlying drought tolerance in terms of

transcriptomic and metabonomic integration, especially in

endemic plants in karst regions.

Illicium difengpi (Schisandraceae) is a perennial evergreen shrub

of Illicium, subg. Cymbostemon, distributed in the karst region of

Guangxi Province with small and isolated populations. I. difengpi has
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high ornamental value, and the stem and root bark of this plant are

used for traditional Chinese medicine, but the species is listed on the

National Key Protection Plant List (Category II) (http://

www.iplant.cn/rep/protlist). I. difengpi plants show strong drought

resistance and can survive in rocky areas with an elevation of

200~1200 meters, such as on mountain tops, in rocky crevices with

soil, or under sparse woodlands on rocky mountains. The leaves of

this species have morphological characteristics that enable adaptation

to drought stress, such as well-developed leaf veins, thick cuticles and

well-developed palisade tissue (Kong et al., 2012). As a drought-

tolerant plant, I. difengpi has demonstrated strong adaptability to

various abiotic stresses, including drought and high temperatures.

This makes it a valuable but understudied nonmodel plant resource

that can enhance our understanding of the potential molecular

mechanisms underlying adaptation and tolerance to drought stress.

Research on the drought tolerance of I. difengpi has mainly focused

on physiological mechanisms (Meng et al., 2019; Wang et al., 2021),

few studies having investigated the molecular mechanisms of its

adaptation to drought stress (Liu et al., 2022). The drought tolerance

of I. difengpi has rarely been studied from an omics perspective.

Therefore, the present study investigates the transcriptomic and

metabolomic responses of the karst endemic medicinal plant I.

difengpi to drought and rehydration treatment. The objective is to

gain a full understanding of drought tolerance mechanisms in I.

difengpi in terms of transcriptomic and metabolomic profiling.
2 Materials and methods

2.1 Plant materials and water treatments

The experiment was performed at a karst germplasm nursery

with a transparent rain shelter (25°4′N, 110°17′E) at the Guangxi

Botanical Research Institute in Guangxi, China. Two-year-old

plants from seeds collected in Jingxi County, Baise City, Guangxi

Province, China, cultivated in plastic pots were subjected to water

treatment. I. difengpi plants with consistent height (height: 22~24

cm) and leaf number (12~14 leaves) were selected. The plants were

subjected to three soil water conditions for 18 days (Figure 1): well-

watered treatment (50% of soil water content, water/dry soil, CK),

drought stress treatment (10% of soil water content, water/dry soil,

DS) and drought–rehydration treatment (rehydration to 50% of soil

water content for 3 days after DS treatment for 15 days, DS_R), with

four independent biological replicates for each group. After the

drought and rehydration treatments, leaf samples (mature

functional leaves, from the 2nd to 4th leaves from the top) were

collected, frozen in liquid nitrogen, and stored at -80°C for

transcriptome, quantitative real-time PCR (RT-qPCR) and

metabolome analysis.
2.2 RNA isolation, generation of RNA-seq
data and data processing

Total RNA was extracted from the I. difengpi samples with

Trizol® reagent (Invitrogen, Carlsbad, CA, USA) following the
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manufacturer’s instructions. The purity, quantity, and integrity of

RNA were assessed on a NanoPhotometer spectrophotometer

(IMPLEN, Los Angeles, CA, USA), Qubit RNA Assay Kit in a

Qubit 2.0 Fluorometer (Life Technologies, Carlsbad, CA, USA), and

RNA Nano 6000 Assay Kit for the Agilent Bioanalyzer 2100 system

(Agilent Technologies, Santa Clara, CA, USA).

A total of 1 ug of RNA per sample was used as the input

material for library preparation. The mRNA was purified from the

total RNA using poly-T oligo-attached magnetic beads. Sequencing

libraries from different treatments were constructed with the

purified mRNA (100 ng) using the NEBNext® UltraTM RNA

Library Prep Kit for lllumina® (NEB, USA) following the

manufacturer’s instructions, and index codes were added to

attribute sequences to each sample. Library sequencing was

performed on an lllumina NovaSeq 6000 platform for generation

of 150 bp paired end reads. The raw data of I. difengpi in this study

have been deposited in the NCBI Sequence Read Archive (SRA)

under bioproject accession number PRJNA983054.

Clean data were obtained by removing reads containing

adapters with an N content greater than 10% and base quality

(Q) less than or equal to 10 using the SeqPrep program (https://

github.com/jstjohn/SeqPrep) and the Sickle program (https://

github.com/najoshi/sickle). FastQC (v 0.12.1) (Andrews, 2010)

was used to calculate the GC content, Q20 and Q30 of both the

raw and clean data. The clean reads were then de novo assembled

into unigene sequences using Trinity (v 2.6.6) (Grabherr et al.,

2011), and a Python script was employed to extract the longest

transcript for each gene as the reference sequence. The reference

sequences were further compared against the Nr (Deng et al., 2006),

Swiss-Prot (Apweiler et al., 2004), GO (Ashburner et al., 2000),

COG (Tatusov et al., 2000), KEGG (Kanehisa et al., 2004) and Pfam

(Finn et al., 2013) databases using BLAST (Altschul et al., 1990) for

gene functional annotation. Finally, UpSetR (Conway et al., 2017)

was utilized to visualize the annotations of these six databases for

the genes.

The unigene sequences from each sample back to the reference

sequences were mapped using Hisat2 (v 2.4) (Kim et al., 2013). The
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gene expression levels were calculated from the fragments per

kilobase of transcript per million fragments mapped (FRKM)

method (Mortazavi et al., 2008) using StringTie (v 1.3.1) (Pertea

et al., 2015). DESeq2 (Anders and Huber, 2010) was used to

determine the differentially expressed genes (DEGs) with a

filtering threshold of fold change ≥2 and FDR < 0.01. The

expression levels of the DEGs in each sample were standardized

using the built-in scale function in R software (v 4.2.2). Principal

component analysis (PCA) was performed using the built-in

prcomp function, and cluster analysis was conducted using the

pheatmap function to generate an expression heatmap. Gene

otology (GO) term enrichment was carried out by mapping all

genes to the corresponding terms in the GO database (http://

www.geneontology.org/), and pathway analysis was performed

based on the KEGG database (https://www.kegg.jp/) using

hypergeometric testing to identify significantly enriched GO

terms and pathways (p < 0.05) compared to the whole-genome

background. Visualization of GO terms and pathways was

performed using the R package ggplot2 (Villanueva and Chen,

2019) through Hiplot Pro (https://hiplot.com.cn/), a comprehensive

web service for biomedical data analysis and visualization.

Reverse transcription was performed using the Monad First

Strand cDNA Synthesis Kit. Six genes were selected to verify RNA-

Seq data by RT-qPCR with Actin as a reference gene. Primers were

designed using PRIMER-BLAST (Ye et al., 2012). RT-qPCR was

carried out on an ABI7500 Real-Time PCR System (Applied

Biosystems). The total reaction volume was 10 µL: 5 µL of

MonScriptTM RTIII All-in-one Mix with dsDNase (Monad

Biotech Co., Ltd.), 0.7 µL of each forward and reverse primer,

2.55 µL RNase-free water and 1 µL template DNA. The reaction

conditions on the thermal cycler were as follows: 95°C for 2 min and

40 cycles of 95°C for 5 s and 60°C for 30 s. Four biological replicates

were analyzed in independent runs. The quantification of gene

expression levels was calculated as 2−DDCt (Livak and Schmittgen,

2001) relative to the CK samples. The graphs for gene expression

were prepared in Microsoft Excel 2007. All primers used in the

present study are listed in Supplementary Table S1.
FIGURE 1

Morphological changes in I. difengpi plants during different treatments. CK, well-watered treatment; DS, drought stress treatment; DS_R, drought–
rehydration treatment.
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2.3 Sample extraction and
metabolome profiling

The leaf samples of I. difengpi plants were freeze–dried using a

SCIENTZ-100F freeze–dryer under vacuum. The dried samples

were ground to a powder using an MM 400 grinder. One hundred

milligrams of the powder was dissolved in 1 mL of 70% methanol

extraction solution and kept overnight in a refrigerator at 4°C. The

mixture was vortexed six times to ensure a thorough extraction

during the process. The resulting extract was centrifuged at 12,000

rpm for 10 min, and the supernatant was collected after

centrifugation. The supernatant was then filtered through a 0.22-

mm-pore-size membrane filter and analyzed by UPLC-MS/MS

(UPLC, SHIMADZU CBM30A, https://www.shimadzu.com/; MS/

MS, QTRAP® 4500+, https://sciex.com/).

The liquid phase conditions mainly included a Waters

ACQUITY UPLC HSS T3 C18 column (1.8 µm, 2.1 mm×100

mm), with mobile phase A as ultrapure water (0.1% formic acid)

and mobile phase B as acetonitrile (0.1% formic acid). The gradient

elution was as follows: 0 min, water/acetonitrile (95:5 V/V);

10.0 min, water/acetonitrile (5:95 V/V); 11.0 min, water/

acetonitrile (5:95 V/V); 11.1 min, water/acetonitrile (95:5 V/V);

and 15.0 min, water/acetonitrile (95:5 V/V). The flow rate was 0.4

mL min-1, the column temperature was 40°C, and the injection

volume was 2 mL.
The mass spectrometry conditions mainly included an

electrospray ionization (ESI) source with a temperature of 550°C,

positive ionization at 5500 V and negative ionization at -4500 V.

The gas settings were as follows: gas I (GS I) at 55 psi, gas II (GS II)

at 60 psi, curtain gas (CUR) at 25 psi, and collision-activated

dissociation (CAD) parameters set to high. In the triple-

quadrupole (QTRAP) system, each ion pair was scanned and

detected based on the optimized declustering potential (DP) and

collision energy (CE).

Using the NMDB and public databases (Ren et al., 2022), the

wiff format raw data obtained from UPLC-MS/MS were subjected to

qualitative and quantitative analysis using Analyst (v 1.6.3) (Ren

and Chen, 2023). In the qualitative analysis, isotopic signals,

duplicate signals of ions containing K+, Na+, and NH4
+ ions, and

duplicate signals of ions that were themselves fragments of larger

molecules were removed using Microsoft Excel 2007. In the

quantitative analysis, all chromatographic peaks in the samples

were integrated using multiple reaction monitoring (MRM) mode

based on triple-quadrupole mass spectrometry. The integration and

calibration of the chromatographic peaks were performed using

MultiaQuan (3.0.2, AB SCIEX, Concord, ON, Canada) to achieve

metabolite quantification.

Differentially expressed metabolites (DEMs) were selected using

the OPLS-DA function (OPLSR.Anal) in the MetaboAnalystR

package in R software (v 4.2.2) (Chong and Xia, 2018), with a

variable importance in projection (VIP) ≥ 1 and a fold-change of ≥

1.5 (or ≤ 0.67). The identified DEMs were annotated using the

KEGG compound database (https://www.kegg.jp/kegg/compound/)

and were analyzed for pathway enrichment using the KEGG

pathway database (https://www.kegg.jp/kegg/pathway.html). PCA
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was performed using the built-in prcomp function in R software

(4.2.2), and the relative abundances of differentially abundant

metabolites in each group were standardized using the built-in

scale function. K-means clustering analysis was then performed

using the R package Mfuzz (Kumar and Matthias, 2007) through

Hiplot Pro (https://hiplot.com.cn/).
2.4 Conjoint analysis

The transcriptome and metabolome data were standardized

(unit variance scaling) and subjected to statistical analysis to

determine their relationships under different treatments.

Combining functional analysis, correlation analysis, metabolic

regulatory pathways, and functional annotation analysis, key

genes or metabolic regulatory pathways involved in the drought

resistance mechanism were identified. Genes associated with

secondary metabolite biosynthesis and metabolic pathways were

taken for analysis. The standardized data were analyzed for

correlations using the cor function in R software (4.2.2) with a

Pearson’s correlation coefficient (|PCC|) threshold of ≥ 0.8 and p

value ≤ 0.05. Data were organized using Microsoft Excel 2007, and

gene expression and metabolite abundance relationships were

visualized using Microsoft PowerPoint 2007 and TBtools (v

1.120) (Chen et al., 2018).
3 Results

3.1 De novo assembly and annotation

All transcriptome analyses of the three water treatments, CK,

DS and DS_R, resulted in a total of 78.20 Gb clean data from 12

samples, with Q20 > 97%, Q30 > 93% and GC content > 46%

(Supplementary Table S2). De novo assembly generated 231,784

unigene sequences with an average length of 689.19 bp and an N50

of 1,255 bp. The average length of the reference sequence was

552.63 bp, with an N50 length of 712 bp. About 71.09% of the total

reads were mapped back onto the reference sequence

(Supplementary Tables S2, S3), indicating good sequencing

quality. A total of 24,488 genes in the reference sequence were

annotated through BLAST analysis against the Nr (22,767), Swiss-

Prot (17,323), GO (17,001), COG (14,954), KEGG (9,007) and Pfam

(22,123) databases (Figure 2).

A total of 8,739 DEGs in response to CK, DS and DS_R

treatment were generated using a stringent threshold fold change

≥ 2 and FDR < 0.01. Both the DS and DS_R treatments induced

more upregulated DEGs than downregulated DEGs. Specifically, DS

treatment induced 3,301 upregulated DEGs and 2,273

downregulated DEGs, while DS_R treatment induced 2,319

upregu la t ed DEGs and 1 ,587 downregu la t ed DEGs

(Supplementary Figure S1).

The PCA results (Figure 3A) showed distinct gene expression

patterns among the different treatment groups. According to PC1,

the gene expression under the DS_R treatment was closer to that
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under the CK treatment, accounting for 47.59% of the total data

variation, while PC2 accounted for 30.65% of the total data

variation. The hierarchical cluster heatmap of DEGs (Figure 3B)

demonstrated significant changes in gene expression patterns

during drought stress, with 65.25% of the genes showing a

tendency of stable expression after rehydration but also the

emergence of some new differentially expressed genes.

To validate the RNA-seq data, RT-qPCR was carried out with 6

genes of interest. (Supplementary Table S4). These genes greatly

differed in expression between the three treatments, ranging from 1

to 600 reads per kilobase transcript per million reads (FRKM). The

expression levels of the genes determined by RT-qPCR correlated

well with those obtained from RNA-seq (R2 = 0.87) (Supplementary

Figure S2), confirming the reliability of the DEGs identified by

analyzing the RNA-seq data.
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3.2 GO function analysis and KEGG analysis
of DEGs

The GO enrichment analysis showed that the DEGs in response

to drought stress and rehydration were categorized into 52

functional terms in three categories. Among them, genes

associated with metabolic process and cellular process in the

category “biological process”; cell, cell parts and organelle in the

category “cellular components”; and binding and catalytic activity

in the category “molecular function”, were the most abundant

(Supplementary Figure S3). Among the 20 GO terms with the

lowest p values in the enrichment analysis, the functional categories

in the DS and DS_R treatments were mostly related to chloroplast

and photosynthetic components (Figures 4A, B). In the DS

treatment, the top 5 enriched biological processes were integral
A B

FIGURE 3

Global gene expression profiling of leaves under three soil water treatments. (A) Principal component analysis (PCA) of RNA-seq data obtained from
leaves of I difengpi well-watered (CK), drought stress (DS) and drought–rehydration (DS_R) treatments. (B) Hierarchical clustering heatmap of RNA-
seq data. The abscissa represents the sample names and hierarchical clustering results, whereas the ordinate represents DEGs and hierarchical
clustering results. The expression intensity is indicated as the scale bar, red shading indicates high expression, and blue shading indicates
low expression.
FIGURE 2

UpSet graph showing annotation results of the I. difengpi transcriptome against six databases. Nr, non-redundant protein sequence; Swiss-Prot, a
manually annotated, non-redundant protein sequence; GO, gene ontology; COG, clusters of orthologous groups of proteins; KEGG, kyoto
encyclopedia of genes and genomes; Pfam, homologous protein family.
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component of the membrane, thylakoid part, stress response,

chloroplast thylakoid and plastid thylakoid, while under the DS_R

treatment, the main enriched categories were defense response,

response to stimulus, stress response, ADP binding and

cell periphery.

The KEGG enrichment analysis showed 32 and 31 significantly

enriched pathways under the DS and DS_R treatments, respectively

(Figures 4C, D, p < 0.05). Among them, carbon metabolism,

phytohormone signal transduction, glyoxylate and dicarboxylate

metabolism, starch and sucrose metabolism and photosynthesis

were the pathways with the most DEGs under the DS treatment. In

the DS_R treatment, starch and sucrose metabolism,

phenylpropanoid biosynthesis, amino sugar and nucleotide sugar

metabolism, and the cell cycle were the main pathways. In addition,

some enriched pathways were shared in common by the DS and

DS_R treatments, including glutathione metabolism, flavonoid

b iosynthes i s , n i t rogen metabo l i sm, photosynthes i s ,

phenylpropanoid biosynthesis, cyanoamino acid metabolism,

photosynthesis-antenna proteins and galactose metabolism. These

results indicated that I. difengpi responds to drought stress and

rehydration by enhancing its energy metabolism, reducing
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photosynthes i s , r egu la t ing metabo l i c pa thways and

synthesizing metabolites.
3.3 Response TFs under drought and
rehydration treatments

A total of 249, 162 and 231 DEGs were identified as encoding

TFs in the CK_vs_DS (162 upregulated and 87 downregulated),

CK_vs_DS_R (104 upregulated and 58 downregulated) and

DS_vs_DS_R comparisons (114 upregulated and 117

downregulated), which could be assigned to 27, 15 and 25

families, respectively (Supplementary Table S5). Compared to the

CK treatment, the DS treatment induced the upregulation of several

members of the ARR, HSF, bHLH, GRF, B3, MYB, TCP, C2H2 and

WRKY TF families (Figures 5A, B). Most members of the MYB,

WRKY, bHLH, GRF and B3 gene families continued to be

upregulated under DS_R treatment. Additionally, most members

of the NAC and AP2/ERF TF families were also upregulated by

DS_R treatment.
A B

DC

FIGURE 4

Top 20 GO terms and KEGG enrichment of DEGs under soil water treatments. (A, C) drought stress treatment. (B, D) drought–rehydration
treatment. The abscissa represents the ratio of the number of different genes enriched in a pathway to the total number of annotated genes, where
a greater ratio corresponds to greater enrichment. Deeper blue shading indicates greater statistical significance in terms of enrichment.
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3.4 DEGs involved in photosynthesis under
drought and rehydration treatments

A total of 86 DEGs were annotated to the photosynthesis and

photosynthesis-antenna protein pathways in the DS and DS_R

treatments (Figure 5C). Among these, genes related to psaN,

psaL, psaG, psaF, psaD, psbY, psbW, psbS, psbR, psbQ, psbP,

psbO and psb27 in both photosystem I (PSI) and photosystem II

(PSII) were downregulated, and genes related to the photosynthetic

electron transport chain (pETC), such as petH, petF and petE, were

downregulated under the DS treatment. Additionally, genes related

to the cytochrome b6/f complex (Cyt b6f), the F-type ATPase, and

the light-harvesting chlorophyll II protein complex, were mostly

significantly downregulated under the DS treatment. However,

DEGs related to photosynthesis and photosynthesis-antenna

protein were mostly significantly upregulated after the

DS_R treatment.
3.5 Metabolomics analysis

Metabolomic analysis revealed a total of 632 metabolites in the

leaves of I. difengpi plants under the CK, DS and DS_R treatments,

including 351 in the positive model and 281 in the negative model.

The complete list of detected metabolites, along with their

corresponding relative peak areas, can be found in Supplementary
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Table S6. Based on the hierarchical classification of metabolites, the

majority of detected compounds were flavones, phenolic acids,

flavonols, amino acids and derivatives, saccharides and alcohols

(Supplementary Figure S4).

A total of 427 differentially expressed metabolites (DEMs) were

identified using the criteria VIP ≥ 1 and fold change ≥ 1.5 or ≤ 0.67.

As shown in Supplementary Figure S5, there were 223 and 108

upregulated DEMs and 115 and 115 downregulated DEMs in the

DS and DS_R treatments, respectively. In both the DS and DS_R

treatments, flavonols and phenolic acids were the main

accumulated metabolites in I. difengpi. The percentages of

flavonols (15.71%) and phenolic acids (9.67%) in the DS

treatment were higher than those in the DS_R treatment (10.00%

and 9.13%) (Supplementary Figures S6A, B). The OPLS-DA model

showed that the prediction parameters R2X, R2Y and Q2 were all

higher than 0.7, 1 and 0.9, respectively, indicating the reliability and

stability of the OPLS-DA model (Figure 6).

PCA showed clear differences between the CK, DS and DS_R

treatments, and the samples of the DS and DS_R treatments were

more similar, indicating a high degree of similarity in the

metabolomic features between these two treatments (Figure 7A).

PC1 and PC2 accounted for 92.10% of the total variation, with PC1

(58.10%) explaining the differences between the DS and DS_R

treatments and PC2 (34.00%) explaining the general direction of

changes in metabolite concentrations under the DS and

DS_R treatments.
A

B

C

FIGURE 5

Transcription factors (TFs) responsive to drought stress (A) and drought–rehydration (B) treatment. (C) DEGs involved in photosynthesis and
photosynthesis-antenna proteins.
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K-means clustering analysis grouped the 427 DEMs into 6

clusters (clusters 1-6, Figure 7B). Cluster 1 showed a decrease in

the content of 47 metabolites under the DS treatment, which was

restored to CK levels under the DS_R treatment. Cluster 3 exhibited

an accumulation of 125 metabolites under the DS treatment,
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including L-isoleucine, L-leucine, L-serine, quercetin, spermidine

and dihydroquercetin, which were restored to the CK level under

the DS_R treatment. Clusters 4 and 5 demonstrated an

accumulation of 146 metabolites under both DS and DS_R

treatments, such as putrescine, L-asparagine, L-tryptophan,
A B

C

FIGURE 6

OPLS-DA model plots of the metabolites identified between pairs of groups of I difengpi. (A) Well-watered (CK)_vs_drought stress (DS). (B) Well-
watered (CK)_vs_Drought–rehydration (DS_R). (C) Drought stress (DS)_vs_Drought–rehydration (DS_R). R2: The interpretation rate of the model to
the matrix; Q2: The prediction ability of the model.
A B

FIGURE 7

Metabolism analysis of leaves under the three soil water treatments. (A) PCA of metabolite data obtained from leaves of I difengpi plants under well-
watered (CK), drought stress (DS) and drought–rehydration treatments (DS_R). (B) Differential metabolite K-means diagram. The x-coordinate
represents the sample, and the y-coordinate represents the relative content of the standardized metabolite.
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glutathione, L-ascorbate, D-sucrose, D-sorbitol and D-trehalose.

Clusters 2 and 6 showed a decrease in the contents of 109

metabolites, including naringenin, raffinose and D-inositol, under

both DS and DS_R treatments (Supplementary Table S7).

KEGG analysis showed 4 and 3 significantly enriched pathways

involved in drought stress and rehydration, respectively

(Figures 8A, B, p < 0.05). Specifically, there was significant

enrichment in starch and sucrose metabolism, galactose

metabolism, biosynthesis of secondary metabolites and ABC

transporters under the DS treatment. However, under the DS_R

treatment, there was significant enrichment of tropane, piperidine,

and pyridine alkaloid biosynthesis, beta-alanine metabolism and

starch and sucrose metabolism. In particular, four significantly

enriched pathways (inositol phosphate metabolism, galactose

metabolism, flavonoid biosynthesis and glutathione metabolism)

were all found under both DS and DS_R treatments, indicating their

close association with the response of I. difengpi to drought stress

and rehydration.
3.6 Correlation analysis of transcriptome
and metabolome data

To screen metabolites and genes in response to drought stress

and rehydration, correlation analysis was performed between DEGs

and DEMs (|PCC| ≥ 0.8, p ≤ 0.05). A total of 1,106 DEGs were

found to be correlated with 331 DEMs during drought stress, while

776 DEGs were correlated with 230 DEMs under rehydration.

Additionally, common pathways were obtained through the

KEGG database for DEGs and DEMs. Supplementary Figure S7

shows that, compared with under the CK treatment, DEGs and

DEMs under the DS and DS_R treatments were mapped to 71 and

64 pathways, respectively. Among them, the starch and sucrose

metabolism pathways (p < 0.05) were significantly enriched under

the DS and DS_R treatments. Galactose metabolism, flavonoid

biosynthesis, glutathione metabolism and amino acid biosynthesis

were also enriched under the DS and DS_R treatments, indicating

that these pathways play important roles in I. difengpi in response to

drought stress and rehydration.
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The correlation analysis between DEGs and DEMs in the

flavonoid synthesis pathway (Figure 9A) revealed that 6 genes

were related to flavonoid synthesis. Among these, the g9144_i0

gene (naringenin 3-dioxygenase, F3H, EC: 1.14.11.9) was

upregulated under DS treatment, but downregulated after DS_R

treatment, which promoted dihydroquercetin accumulated under

DS treatment but recovered under DS_R treatment. Two genes,

including the g10592_i gene (shikimate O-hydroxycinnamoyl

transferase, HCT, EC: 2.3.1.133) were downregulated under both

DS and DS_R treatments, which decreased coumaroyl quinic acid

content. The g21120_i gene (chalcone isomerase, CHI, EC: 5.5.1.6)

was upregulated under both DS and DS_R treatments, which

decreased naringenin content. The g32337_i0 gene (chalcone

synthase, CHS, EC: 2.3.1.74) was downregulated under DS

treatment but upregulated after DS_R treatment, which decreased

naringenin chalcone content. Additionally, the g4437_i0 gene

(anthocyanidin synthase, ANS, EC: 1.14.11.9) was upregulated

under DS treatment but downregulated after DS_R treatment.

The integrated analysis of the drought stress and rehydration

response of I. difengpi also showed changes in polyamine

metabolism, specifically regarding putrescine and spermidine. As

shown in Figure 9B, a total of 3 genes were related to polyamine

biosynthesis. The g15613_i0 gene (ornithine decarboxylase, ODC,

EC: 4.1.1.17) was upregulated under both DS and DS_R treatments.

This increase in ODC levels could lead to the observed putrescine

accumulation. Also, two genes coding for spermidine synthase

(SPDS, EC: 2.5.1.16), which catalyzes the conversion of putrescine

into spermidine, were upregulated under DS treatment but

downregulated during DS_R treatment, correlating with similar

changes in spermidine levels.

As shown in Figure 9C, a total of 13 genes were related to

galactose metabolism. Two genes, including the g15119_i0 gene

(alpha-galactosidase, galA, EC: 3.2.1.22) were downregulated under

both DS and DS_R treatments, which promoted D-sorbitol and

melibiose accumulated under DS treatment, but decreased inositol

content. Eleven genes, including the g19280_i0 gene (raffinose

synthase, RS, EC: 2.4.1.82), were mostly upregulated under DS

treatment but downregulated after DS_R treatment, which

decreased raffinose content.
A B

FIGURE 8

KEGG enrichment of DEMs under the three soil water treatments. (A) Drought stress treatment. (B) Drought–rehydration treatment. The abscissa
represents the ratio of the number of different metabolites enriched in a pathway to the total number of metabolites, where a greater ratio
corresponds to greater enrichment. Deeper blue shading indicates greater statistical significance in terms of enrichment.
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As shown in Figure 9D, a total of 16 genes were related to starch

and sucrose metabolism. Among these, the g5464_i0 gene (beta-

fructofuranosidas, INV, EC: 3.2.1.26) was upregulated under DS_R

treatments, which promoted D-glucose accumulated. The g9746_i0

gene (hexokinase, HK, EC: 2.7.1.1) was downregulated under both

DS and DS_R treatments, which promoted the accumulated of
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D-glucose-6-phosphate. The g12023_i0 gene (trehalose 6-phosphate

phosphatases, otsB, EC: 3.1.3.12) and the g1753_i0 gene (trehalose

phosphate synthase, TPS, EC: 2.4.1.15 3.1.3.12), were upregulated

under DS treatment, but the g1753_i0 gene showed stable

expression after DS_R treatment, promoted the accumulated of

D-trehalose. The g3618_i0 gene (sucrose synthase, SUS, EC:
A

B

D

E

C

FIGURE 9

Changes in key enzyme activities at the transcript and metabolite levels in response to water treatments. (A) Flavonoid biosynthesis. (B) Polyamine
metabolism; (C) Galactose metabolism. (D) Starch and sucrose metabolism. (E) Glutathione metabolism. HCT, shikimate O-hydroxycinnamoyl
transferase; CHS, chalcone synthase; F3H, naringenin 3-dioxygenase; CHI, chalcone isomerase; ANS, anthocyanin synthase; SPDS, spermidine
synthase; ODC, ornithine decarboxylase; INV, beta-fructofuranosidase; otsB, trehalose 6-phosphate phosphatase; TPS, trehalose phosphate
synthase; SUS, sucrose synthase; SPS, sucrose-phosphate synthase; SS, starch synthase; galA, alpha-galactosidase; HK, hexokinase; RS, sucrose
galactosyltransferase; BAM, beta-amylase; AMY, alpha-amylase; GST, glutathione S-transferase; GR, glutathione reductase; GPX, glutathione
peroxidase; PGD, 6-phosphogluconate dehydrogenase; G6PD, glucose-6-phosphate 1-dehydrogenase; APX, L-ascorbate peroxidase. Dotted arrows
indicate multiple enzyme-catalyzed reaction steps. Colored boxes represent the normalized intensity of transcript levels (in blue) and metabolite
levels (in orange) across different water treatments. CK, well-watered treatment; DS, drought stress treatment; DS_R, drought–
rehydration treatment.
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2.4.1.13) was upregulated under both DS and DS_R treatments,

which promoted UDP-glucose accumulated. Additionally, 7 genes

(beta-amylase, BAM, EC: 3.2.1.2) related to starch degradation,

were mostly upregulated under DS treatment, while genes related to

starch synthesis, such as sucrose-phosphate synthase (SPS, EC:

2.4.1.14) and starch synthase (SS, EC: 2.4.1.21) were upregulated

under DS treatment but downregulated during DS_R treatment.

The g14751_i0 gene (alpha-amylase AMY, EC: 3.2.1.1) was

downregulated under both DS and DS_R treatments.

The metabolomics analysis showed that glutathione, L-cysteine

and L-ascorbate were involved in glutathione metabolism. Five

genes were related to glutathione metabolism (Figure 9E). The

g2930_i0 gene (L-ascorbate peroxidase, APX, EC: 1.11.1.11) was

upregulated under both DS and DS_R treatments, which promoted

the accumulated of L-ascorbate. The g8706_i0 gene (glutathione

reductase, GR, EC: 1.8.1.7) and the g16832_i0 gene (glutathione

peroxidase GPX, EC: 1.11.1.9) were upregulated under DS

treatment but downregulated after DS_R treatment, which

promoted glutathione accumulated under DS treatment but

recovered during DS_R treatment. The g4181_i0 gene (6-

phosphogluconate dehydrogenase, PGD, EC: 1.1.1.44) was

downregulated under both DS and DS_R treatment. The 6592_i0

gene (glucose-6-phosphate 1-dehydrogenase, G6PD, EC: 1.1.1.49)

was upregulated under DS treatment but recovered after DS_R

treatment. Additionally, 28 genes (S-transferase, GST, EC: 2.5.1.18),

most of which were upregulated under DS treatment but recovered

during DS_R treatment.

Four amino acid metabolism pathways were regulated under

drought stress and rehydration (Supplementary Table S8). In the

alanine, aspartate and glutamate metabolism, the g8114_i0 gene

(asparagine synthesis, asnB, EC: 6.3.5.4) was upregulated under

both DS and DS_R treatments, which promoted L-asparagine

accumulated. In the valine, leucine and isoleucine biosynthesis,

the g11815_i0 gene (branched-chain amino acid amino transfer,

ilvE, EC: 2.6.1.42) was downregulated under both DS and DS_R

treatments, which promoted L-leucine and L-isoleucine

accumulated. In the phenylalanine, tyrosine and tryptophan

biosynthesis, the g13599_i0 gene (tryptophan synthase alpha

chain, trpA, EC: 4.2.1.20) and the g9790_i0 gene (tryptophan

synthase beta chain, trpB, EC: 4.2.1.20) were downregulated

under both DS and DS_R treatments, which promoted

L-tryptophan accumulated. In the glycine, serine and threonine

metabolism, the g2861_i0 gene (serine-glyoxylate transaminase,

AGXT, EC: 2.6.1.45) was downregulated under DS treatment but

upregulated after DS_R treatment, which promoted L-serine

accumulated under DS treatment and recovered during

DS_R treatment.
4 Discussion

I. difengpi is a naturally drought-tolerant nonmodel plant and

an important untapped genetic resource for studying the genetic

and metabolic mechanisms underlying drought adaptation. In the

present study, transcriptomic and metabolome analytical methods

were combined to identify differentially expressed genes and
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metabolites under drought and rehydration conditions, and we

aimed to preliminarily elucidate the molecular mechanisms of the

response of I. difengpi to drought stress. Next-generation

sequencing (NGS) technology, known for its accuracy, speed and

low cost, is commonly used to explore unique genetic characteristics

in both model and nonmodel plant systems (Unamba et al., 2015;

Ren et al., 2022). The GC content represents the stability of DNA as

well as the composition of genes and genomes, reflecting evolution,

gene structure and gene regulation (Carels et al., 1998), and changes

in GC content may reveal adaptability to different climatic

conditions. The results in Supplementary Table S2 show that the

GC content of the I. difengpi transcriptome was 46.59%. This result

is similar to previously published data (46.00~48.48%) (Liu et al.,

2022). Similarly, in other studies on dicotyledonous plants, the GC

content of Picrorhiza kurrooa was 44.6% (Gahlan et al., 2012) and

that of Nicotiana benthamiana was 41.0% (Nakasugi et al., 2013).

Drought can induce the response of various genes, with more

upregulated genes than downregulated genes (Wang and Gong,

2017). In the present study, the number of upregulated genes in I.

difengpi under DS and DS_R treatments was greater than the number

of downregulated genes (Supplementary Figure S1), indicating that I.

difengpi primarily responds to drought stress and rehydration

through the upregulation of genes. Upregulation of genes is likely a

strategy employed by I. difengpi to actively adapt to environmental

stress, while downregulation of gene expression helps reduce

metabolism, inhibit growth and adapt to adverse conditions. The

rehydration process compensates for the damage caused by drought,

and the compensatory effect is also influenced by various factors, such

as the degree of damage, rehydration time and growth condition of

the damaged plant itself. Furthermore, the rehydration treatment

reduced the number of DEGs in I. difengpi by 29.92%

(Supplementary Figure S1), indicating a certain compensatory effect

of rehydration, but not complete restoration, and resulting in some

new DEGs. The hierarchical clustering heatmap of DEGs shown in

Figure 3B illustrates that under rehydration treatment, 65.25% of the

genes tended to have stable expression. Taken together, these results

indicate that I. difengpi actively adapts to or resists drought through

upregulated gene expression and exhibits a certain compensatory

effect after rehydration, which may partly explain the extreme

drought tolerance of I. difengpi.

TFs are important upstream regulatory proteins that play a

crucial role in plant responses to abiotic and biotic stress (Ning et al.,

2011). Figure 5A shows that most members of the six TF families

(bHLH, HSF, MYB, ARR, WRKY and C2H2) were upregulated

under drought stress treatment, indicating their potential role in

positive regulation. The positive regulatory roles of HSF, WRKY,

MYB, bHLH, ARR and C2H2 in the plant response to drought stress

have been demonstrated in previous studies (Kang et al., 2013b;

Yang and Lv, 2022). Additionally, most members of the GRF, TCP

and B3 TF families were upregulated, and these TFs are known to

regulate various growth and developmental processes, such as leaf

development, flower symmetry and bud branching (Liu et al., 2014;

Parapunova et al., 2014; Zhang et al., 2014). Furthermore, after

rehydration treatment, most members of the MYB, WRKY, bHLH,

GRF and B3 gene families continued to be upregulated, suggesting

their involvement in regulating the recovery growth of I. difengpi.
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Under drought stress, stomatal closure interrupts the supply of

carbon dioxide to mesophyll cells, inhibiting carbon assimilation

and light reactions, leading thereby to a decrease in photosynthetic

efficiency (Chaves et al., 2009). The results of this study showed that

under drought treatment, the majority of genes involved in PSI,

PSII, Cyt b6f, pETC, F-type ATPase and light-harvesting

chlorophyll II protein were downregulated (Figure 5C).

Furthermore, GO enrichment analysis indicated that the top 20

enriched GO terms were mostly related to photosynthesis

(Figures 4A, B), suggesting the inhibition of photosynthesis in I.

difengpi leaves under drought stress. This further supports the idea

that I. difengpi, experiencing drought stress, induces stomatal

closure to reduce transpiration and consequently decreases

photosynthetic capacity. Similar findings have been reported in

wheat (Lv et al., 2022). When I. difengpi plants were watered again,

a majority fraction of photosynthesis-related genes were

upregulated, indicating gradual recovery of photosynthesis-related

processes from drought stress after rehydration.

Despite the reduction in carbon fixation in leaves under DS

treatment, plants accumulate large amounts of water-soluble

carbohydrates such as glucose, fructose, sucrose and sorbitol to

maintain cell turgor and protect their membrane integrity (Yang

et al., 2019). Sucrose is the main soluble product of plant

photosynthesis and it is an important regulatory factor in plant

cellular metabolism (Xie et al., 2002). The results of the present

study showed that under drought stress, genes related to D-sucrose

synthesis, such as SPS, were upregulated, while genes related to D-

sucrose hydrolysis, such as INV, were downregulated, promoted the

accumulation of D-glucose (Figure 9D). Similar results have been

reported in apple trees (Yang et al., 2019). In addition, DS treatment

upregulated the expression of TPS gene and promoted the

accumulation of D-trehalose in I. difengpi. TPS converts UDP-

glucose into trehalose, thus enhancing the ability of Selaginella

pulvinata to cope with adverse environments (Seki et al., 2007).

Furthermore, I. difengpi exhibited higher levels of D-sorbitol under

drought conditions. Research by Ranney et al. (1991) found that the

osmoregulatory effect of cherry (Prunus cerasus and P. avium ×

pseudocerasus) under drought stress is mainly driven by sorbitol.

Starch is the main storage carbohydrate in plants (Ballicora et al.,

2004). Under drought stress, starch gets hydrolyzed to glucose

molecules (such as glucose-6-P and glucose-1-P). These molecules

acts as a source of energy through respiration and precursors for the

synthesis of sucrose (Geigenberger et al., 1997; Thalmann et al., 2016).

The results of this study showed that drought stress downregulated the

expression of AMY gene and upregulation the expression of BAM

gene (Figure 9D). The concerted action of AMY and BAM promotes

starch degradation, providing energy for plants to withstand drought

stress. In summary, under drought treatment, photosynthesis in I.

difengpi gradually slows, leading to a decrease in the quantity of

photosynthetic products. This, in turn, increases the synthesis of D-

sucrose, D-glucose, D-sorbitol and D-trehalose, regulating cell osmotic

potential and water balance, while stored starch is degraded to provide

energy, thereby maintaining normal physiological activities.

Under drought stress, plants produce a large amount of reactive

oxygen species (ROS). These excessive ROS can cause damage to

plant cells and, in severe cases, lead to plant death (Baxter et al.,
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2014). To sustain their growth and development, plants respond to

drought stress by inducing the expression of genes involved in

amino acid and secondary metabolite metabolism, producing large

amounts of antioxidant substances such as glutathione, ascorbate,

polyamines and flavonoids (Mittler et al., 2004; Alcázar et al., 2011;

Nakabayashi et al., 2014).

Flavonoids possess strong antioxidant activity and can

minimize the harmful effects of ROS on plants under drought

stress (Ma et al., 2014). The major enzymes involved in the

formation of various flavonoid compounds include CHS, CHI,

F3’H, FLS, F3H, DFR, ANS and UGT. Among them, CHS, CHI,

F3’H, FLS and F3H are responsible for the production of flavanols

and other flavonoid compounds, while DFR, ANS and UGT are

involved in anthocyanin accumulation in later stages

(Khusnutdinov et al., 2021). The response of flavonoid content to

drought stress varies between different species. Studies conducted in

Arabidopsis thaliana, for example, have shown significant

accumulation of dihydroflavonols and anthocyanins under

drought stress (Nakabayashi et al., 2014; Zandalinas et al., 2016).

Yang and Lv (2022) found that vitexin and naringenin were

significantly increased in Haloxylon amsenjimodendron under

drought stress. In our study, dihydroquercetin and quercetin

significantly accumulated (Figure 9A) under drought stress

treatment. Furthermore, genes related to CHI, F3H and ANS

showed an upregulated expression under drought stresss

treatment, with weaker levels or even downregulated during

rehydration. The genes and metabolites related to flavonoids

actively respond to drought stress by providing resistance

to drought.

The ascorbate–glutathione cycle plays a crucial role in

defending against oxidative damage caused by drought stress

(Foyer and Noctor, 2011). The protective effect of the ascorbate–

glutathione cycle against drought-induced oxidative damage is

closely related to the gene expression of key enzymes involved in

the regulation of the oxidative state, such as APX, GRC1, DHAR,

MDHAR, GPX and GST (Sečenji et al., 2010; Kang et al., 2013a). In

this study, drought treatment led to the upregulation of genes

related to GPX, GR and APX, as well as the accumulation of

glutathione and ascorbate (Figure 9E). This suggests that drought

enhances the synthesis capacity of glutathione and ascorbate, which

helps alleviate the impact of ROS on plants. The study also found

that the genes involved in regulating PGD and G6PD. PGD and

G6PD are involved in the conversion of NADP+ to NADPH,

catalyzing the production of NADPH as a reducing agent and

providing reducing power for the conversion of glutathione

disulfide (GSSG) to glutathione (Noctor et al., 2012). This

indicates that coenzymes providing reducing power actively

respond to drought stress, in addition to the role of reductases

under drought stress. Notably, most of the 28 GST genes were

significantly upregulated under drought stress. GS is encoded by a

multigene family that is primarily present in the cytoplasm. It plays

a crucial role in combating oxidative stress under biotic and abiotic

stresses, acting as a detoxifier for harmful substances inside and

outside cells (Dixon et al., 2002). After rehydration, the gene

expression and metabolites related to glutathione metabolism

decreased, indicating the gradual relief of drought stress.
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Amino acids play various roles in regulating plant tolerance to

abiotic stress as osmoprotectants, ROS scavengers, and precursors of

energy-related metabolites (Less and Galili, 2008). Serine, proline

and leucine are important signaling molecules, while other amino

acids are precursors of hormones and secondary metabolites with

signal transduction functions (Hannah et al., 2010; Szabados and

Savouré, 2010; Ros et al., 2014). You et al. (2019) found that

Sesamum indicum accumulates a large amount of tryptophan,

leucine, isoleucine, asparagine, and tyrosine under drought stress.

The results of the present study demonstrate that during drought

stress, the contents of L-leucine, L-isoleucine, L-serine, L-asparagine

and L-tryptophan in I. difengpi significantly increased

(Supplementary Table S8). Branched-chain amino acids (BCAAs)

containing valine, leucine and isoleucine serve multiple functions in

drought stress. On the one hand, BCAAs can serve as alternative

substrates for respiratory metabolism when plants face drought

stress. On the other hand, the catalytic metabolism of BCAAs can

provide electrons to the respiratory electron chain under stress

conditions (Xu et al., 2021). Aromatic amino acids, including

phenylalanine, tyrosine, and tryptophan, can be used to synthesize

secondary metabolites that have various functions in abiotic stress

(Xu et al., 2019). Therefore, the increase in aromatic amino acids

may enhance the accumulation of secondary metabolites. The above

results suggest that the accumulation of amino acids in I. difengpi

under drought conditions may contribute to its drought tolerance.

Polyamines, mainly putrescine, spermidine and spermine, are

important growth regulators in plants. When plants are subjected to

stress such as water, salinity, and low temperature, polyamines can

regulate the physical and chemical properties of cell membranes,

remove ROS from the body, and affect the biosynthesis of DNA,

RNA, and proteins (Liu et al., 2000; Seiler and Raul, 2005). The

results of the present study showed that under drought stress, genes

related to putrescine and spermidine synthesis, such as ODC and

SPDS, were upregulated, promoted the accumulation of putrescine

and spermidine (Figure 9B). This indicates that I. difengpi mainly

undergoes decarboxylation through the ornithine pathway catalyzed

by ornithine decarboxylase to produce putrescine, which is then

converted to spermidine as a part of the active response of the plant

to drought stress (Takahashi and Kakehi, 2009).
5 Conclusion

As an endangered medicinal plant endemic to the karst region

of China, I. difengpi has evolved extreme tolerance to drought stress.

The present study demonstrated that I. difengpi actively responds to

drought stress transcriptomically and metabolomically: (i) Defense

systems and protective mechanisms are activated rapidly under

drought stress to counteract damage. This response is characterized

by altering starch and sugar metabolism and promoting

photomorphogenesis . ( i i ) I . d i fengpi has a powerful

osmoregulation mechanism, synthesizing metabolites such as D-

sucrose, D-trehalose, D-glucose, glutathione, flavonoids, polyamines

and amino acids, which helps alleviate the osmotic pressure on the

cell membrane. In conclusion, I. difengpi exhibits strong drought

tolerance by adopting a series of powerful defense and protection
Frontiers in Plant Science 13193
measures to delay and minimize drought-induced damage. These

findings provide theoretical guidance for the ecological restoration

of endemic species in karst regions.
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