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Abstract

Rice is more vulnerable to drought than maize, wheat, and sorghum because its
water requirements remain high throughout the rice life cycle. The effects of drought
vary depending on the timing, intensity, and duration of the events, as well as on
the rice genotype and developmental stage. It can affect all levels of organization,
from genes to the cells, tissues, and/or organs. In this study, a moderate water defi-
cit was applied to two contrasting rice genotypes, IAC 25 and CIRAD 409, during
their reproductive stage. Multi-level transcriptomic, metabolomic, physiological, and
morphological analyses were performed to investigate the complex traits involved in
their response to drought. Weighted gene network correlation analysis was used to
identify the specific molecular mechanisms regulated by each genotype, and the cor-
relations between gene networks and phenotypic traits. A holistic analysis of all the
data provided a deeper understanding of the specific mechanisms regulated by each
genotype, and enabled the identification of gene markers. Under non-limiting water
conditions, CIRAD 409 had a denser shoot, but shoot growth was slower despite
better photosynthetic performance. Under water deficit, CIRAD 409 was weakly af-
fected regardless of the plant level analyzed. In contrast, IAC 25 had reduced growth
and reproductive development. It regulated transcriptomic and metabolic activities
at a high level, and activated a complex gene regulatory network involved in growth-
limiting processes. By comparing two contrasting genotypes, the present study iden-
tified the regulation of some fundamental processes and gene markers, that drive rice
development, and influence its response to water deficit, in particular, the importance
of the biosynthetic and regulatory pathways for cell wall metabolism. These key pro-
cesses determine the biological and mechanical properties of the cell wall and thus
influence plant development, organ expansion, and turgor maintenance under water
deficit. Our results also question the genericity of the antagonism between morpho-

genesis and organogenesis observed in the two genotypes.
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1 | INTRODUCTION

Rainfed rice is more susceptible to drought than other cereal crops
due to its semi-aquatic origin and high-water demand throughout
its life cycle (Kumar et al., 2008). Rice is subject to stress as soon as
available soil water drops below 70% of its maximum value, whereas
for most crops, the threshold is around 30% (Lilley & Fukai, 1994).
Drought is therefore the most important constraint to rice cultiva-
tion. It limits nutrient uptake, causes dehydration, and reduces yield
in rainfed areas (Choudhury et al., 2017; Kumar et al., 2014; Price
et al., 2002; Serraj et al., 2009). Plants are even more affected when
drought occurs during the reproductive stage, as there is a direct im-
pact on grain yield (Barnabas et al., 2008; Fahad et al., 2017; Fischer
et al., 2003; He & Serraj, 2012; Namuco & Otoole, 1986).

Growth is defined as an irreversible increase in the number of cells,
biomass, plant volume, and a combination of all these processes. Water
deficit can affect the plant at different levels, which may ultimately
affect growth (Hilty et al., 2021). The first processes to be affected
when water potential decreases are leaf expansion and stem elon-
gation, followed by photosynthesis and transpiration (Boyer, 1970;
Fischer et al., 2003). The first effect is a reduction in the surface area
of the last four leaves that provide the carbohydrates needed for
grain filling after anthesis. Another consequence is a slowdown in the
leaf emergence rate and associated phyllochron lengthening, lead-
ing to a delay in anthesis (Lafitte et al., 2003). As stem elongation is
also reduced, panicle exertion is incomplete or, in the case of severe
stress, may even inhibited along with flowering (Cruz & O'Toole, 1984;
Ekanayake et al., 1989; He & Serraj, 2012; O'Toole & Namuco, 1983).
Finally, when water deficit occurs during the reproductive stage, there
may be a reduction in spikelet formation and abnormal chromosomal
behavior during meiosis in the microspore mother cells (Namuco &
O'Toole, 1986), resulting in pollen sterility (Sheoran & Saini, 1996). By
reducing expansion prior to photosynthesis, water deficit leads to the
accumulation of non-structural sugars in many other crops including
rice (Cabuslay et al., 2002; Franck et al., 2006; Luquet et al., 2006,
2008; Rebolledo et al., 2012). Along with phenotypic changes, drought
regulates several molecular mechanisms, including signal transduc-
tion, protein metabolism, synthesis of compatible compounds and
of plant hormones, and carbohydrate metabolism (Harb et al., 2010;
Lata et al., 2015; Yamaguchi-Shinozaki & Shinozaki, 2006). To regulate
these processes, plants rely on gene networks that orchestrate dy-
namic changes and metabolic activity, and that in turn, allow the plant
to rapidly adapt to environmental constraints (Wilkins et al., 2016).

Plant responses to environmental constraints result from com-
plexinteractions between morphological, physiological, biochemical,
and molecular features. Despite the considerable impact of drought
on the reproductive development of rice, plant response remains
to be elucidated, in particular at the molecular and metabolic levels

(Ganie & Ahammed, 2021). A multi-level approach is consequently
the best way to acquire deeper insights into the regulation of the bi-
ological mechanisms involved (Bardini et al., 2017; Hilty et al., 2021).
Plant responses also depend on their genotype, physiology, and de-
velopmental stage. Studying the effect of water deficit on plants at
the same developmental stage is challenging because it is extremely
difficult to apply exactly the same limiting water supply to geno-
types that differ in their development and growth rates. While some
studies have evaluated the omics response of water-stressed rice at
the reproductive stage (Gour et al., 2021; Lenka et al., 2011; Liang
et al., 2021; Wilkins et al., 2016; Yoo et al., 2017; Zhang et al., 2016),
few applied the moderate level of stress that more closely matches
agronomic conditions (Barnaby et al., 2019; Liang et al., 2021; Plessis
etal., 2015; Torres & Henry, 2018). It is indispensable to understand
the complex biological mechanisms and the polygenic traits that reg-
ulate developmental processes under moderate stress.

In the present study, a multi-level approach was applied to fine-
scale the response of two rice genotypes under moderate drought
conditions applied during the early reproductive stage. The two geno-
types were selected based on the results obtained in a previous exper-
iment within which six genotypes were planted using similar conditions
in two different environments: a greenhouse in Goiania (Brazil) and a
growth chamber in Montpellier (France). The six genotypes were sub-
jected to a moderate water deficit applied during their reproductive
stage that affected the same basic processes at the same intensity and
with the same duration (Pereira de Lima et al., 2021). The contrasted
response of CIRAD 409, the more tolerant genotype, and IAC 25, the
more sensitive genotype, was highlighted at both sites. In the pres-
ent study, the multi-level morphological, physiological, biochemical,
metabolomic, and transcriptomic responses of CIRAD 409 and IAC
25 were evaluated under non-limiting conditions (with irrigation) and
under limiting conditions (with a moderate water deficit), using the
strategy described in Figure S1. The data were analyzed holistically,
thereby revealing underlying biological mechanisms and identifying
key genes involved in developmental process, that otherwise would
not have been discovered. The results of the present study clearly
demonstrate the advantages of applying a multi-level and holistic ap-
proach to unravel the complex mechanisms that regulate plant devel-

opment under stress.

2 | MATERIALS AND METHODS
2.1 | Plant material and experimental design
Two upland rice genotypes were used for this study, CIRAD 409

(CIR) and IAC 25 (IAC), that were selected for their contrasted re-
sponse to water deficit during a previous experiment (Pereira de
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Lima et al., 2021). The present experiment was conducted in a
growth chamber with three plants per genotype and per treatment
(with irrigation vs. a moderate water deficit) following a completely
randomized design. The growth chamber parameters were 12h/12h
photoperiod, 28°C/20°C day/night temperatures, 65%/90% day/
night relative air humidity (average daily VPD of 1.4kPa), mean in-
cident radiation of 400M/m?/s at the last ligulated leaf. Pots were
filled with 1470g of a moist commercial loam soil (TRefRiz Cirad 2)
designed by Cirad specifically for rice cropping. When the pots were
filled, soil samples were systematically collected to determine the
humidity and total dry weight in each pot. The fraction of transpir-
able soil water (FTSW) was then calculated using the following for-
mula (Sinclair & Ludlow, 1986):

(Humid soil weight — Soil weight at wilting point)
Soil weight at field capacity — Soil weight at wilting point”

FTSW =

The water available in each pot was thus monitored simply by
weighing. The water retention properties of the soil determined
from pressure/volume curves, were 3.5g H,0/g dry weight (DW)
at field capacity (FC), and 0.35g H,0/g DW at wilting point (WP).
The soil in the pots was covered with polystyrene balls to prevent
direct evaporation from the soil, and plant transpiration rate was
monitored.

The panicle initiation (Pl) date of each genotype was identified
in the previous experiment performed in the same controlled con-
ditions (Pereira de Lima et al., 2021). Pots were irrigated at 80% of
field capacity (FTSW=0.8=2.87g/g), from planting to the onset of
the differential water treatments, that started 5days after panicle
initiation (PI1). At this date, which differed in the two genotypes, two
treatments were applied: (1) “IRR,” the control treatment with main-
tenance of full irrigation; (2) “STR,” water deficit stress with an initial
18-day period with no irrigation until FTSW reached 0.4 (1.66g/g),
followed by an 11-day period with pot adjustment to FTSW=0.4,
three times a week (Figure S2). To avoid the effects of spatial hetero-
geneity, the pots were rotated after irrigation, three times a week.
Pl and heading in IAC occurred 4days later than in CIR. For each
genotype, the experiment ended at heading in irrigated plants. The
plants were then collected and dissected. The kinetic, duration and
intensity of the water deficit were thus identical, and were managed
at the same physiological stages in the two genotypes despite their
physiological differences.

2.2 | Measurement of phenotypic traits

Herein, the term ‘phenotypic traits’ refer to all phenological, mor-
phological, and physiological traits as well as sugar content, used
to characterize the whole plant or one of its organs (Table S1).
Phenotypic traits were measured throughout the experiment
using non-destructive monitoring, or at the end of the experi-
ment using destructive measurements. Measurements were taken
on three plants per genotype and per treatment, and additional
samples were collected for further analysis. Non-destructive
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monitoring included the Haun Index (HI), a visual quantification
of plant development (Haun, 1973). The HI was used to calcu-
late the phyllochron, i.e., the interval between the emergence of
two consecutive leaves on the main stem. The phyllochron was
calculated from the beginning of the application of stress to flag
leaf ligulation (Phyllo_Repr). The CO, assimilation rate (An), tran-
spiration rate (Tr), and internal CO, content (Ci) were measured
on the flag leaf of the main stem at the end of the experiment
between 9:00a.m. and 11:00a.m. The chamber was illuminated
at 8:00a.m. The net assimilation rate was measured with a Walz
GFS 3000 (Heinz Walz GmbH) in the following chamber condi-
tions: large exchange area cuvette of 8cm?, light intensity PAR
TOP of 1500pmo|m'25'l; flow rate of 850 pmol/min; impeller of
8; relative humidity of 65%; chamber temperature of 28°C; CO,
control at 400ppm. An/Tr ratio was calculated (InstEndWUE),
along with the assimilation rate per unit of chlorophyll (An/Spad).
Cumulative water consumption was calculated as the sum of daily
transpiration measured during pot irrigation throughout the pe-
riod with differentiated water treatment. During the same pe-
riod, the cumulative water use efficiency (CumWUE) was defined
as the ratio of biomass accumulation to water consumption, the
former was estimated using the method described in (Pereira de
Lima et al., 2021). When panicles emerged in the fully irrigated
treatment, each irrigated and stressed plant was dissected. The
tillers were counted (Tiller_N°), and the main tiller was separated
from the others. The main tiller was weighed (Tiller_Biom) and
its height measured from the base to the flag leaf ligule (Plant_
Height). Then the length, width and diameter of the following or-
gans were measured: panicle (Pan_Length), peduncle (Ped_Length,
Ped_Diam), flag leaf (FlagLeaf_Length, FlagLeaf_Width), first leaf
below (F-1_Length, F-1_Width), successive internodes from the
top to the base (IN1_Length, IN1_Diam, IN2_Length, IN2_Diam,
IN3_Length, IN3_Diam). The panicle was scanned and the total
branch length (TotBranch_Length) was determined using P-TRAP
software. The length (INTot_Length) and weight (INTot_Biom) of
the internodes were recorded. The number of branches was de-
termined by summing the primary and secondary branches (Tot-
Branch_N°), and the number of spikelets was counted (Spiklt_N°).
After the main stem was dissected, the following organs were
weighed: panicle (Pan_Biom), blade (Blade_Biom), and sheath bio-
mass (Sheat_Biom). The sum of all organs of the main tiller was
calculated (MainTill_Biom). The cumulative weight of all the organs
of the main tiller and all the other tillers represents the shoot bio-
mass (Shoot_Biom). The total leaf area of the plant (TotLeaf_Area)
was measured, i.e., the leaf area of all the tillers and of the main
stem. Finally, a morpho-physiological trait, specific leaf area (SLA),
was calculated as the ratio of leaf area to leaf biomass. For sugar
analysis, the flag leaf blade (FL) and internodes 1 and 2 (IN1, IN2)
were sampled early in the morning, immediately frozen in liquid
nitrogen and then lyophilized for 72h. Samples were then ground
in a Retsch MM400 ball mill (particles <50pum) and the resulting
powders were stored at -80°C until analysis. Glucose, fructose,
sucrose, and starch contents were determined according to the
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method described in Luquet et al. (2006). Results are expressed
in mgg™?, as soluble sugars per unit of dry matter for hexose (glu-
cose + fructose) and sucrose, in the flag leaf blade (FL) and in-
ternodes 1 and 2 (IN1, IN2). A partial least squares discriminant
analysis (PLS-DA) was performed using the mixOmics R pack-
age to assess the quality of dataset and to explore its underlying
structure (Rohart et al., 2017). Comparison of variance between
groups was calculated using a non-parametric Kruskall-Wallis test
(Rstatix R package), as recommended when the sample size is less
than 30. Significant differences were detected (if p-value <.05)
between genotypes, treatments, and/or genotype x treatment. To
increase confidence in our analyses, the magnitude of the differ-
ence between groups was measured by calculating the effect size
eta squared, based on the H statistic (eta?[H]). The difference be-
tween groups was considered to be small if 0.01 > eta?[H] <0.06,
moderate if 0.06 > eta’[H] <0.14, and large if eta?[H] = 0.14.

2.3 | RNA sequencing analysis
2.3.1 | Sampling and sequencing

Transcriptomic analysis was performed on the same frozen pow-
der made of internode 1 as that collected for sugar analysis. This
internode, which taken from the first primary tiller and located just
below the peduncle, was selected for this analysis because it was
elongating at the sampling date (Counce et al., 2000). Total RNA
was extracted from 200mg of each sample using the TRIzol proto-
col (Chomczynski & Sacchi, 2006). The quantity and quality of total
RNA were determined using the Agilent 2200 TapeStation system.
Samples with an RNA integrity number (RIN) value >8 were deemed
acceptable and sequenced using the lllumina TruSeq RNA proto-
col (lllumina Inc.). Sequencing was conducted as paired-end reads
(length 150bp) in a single lane of a flow cell on the lllumina HiSeqTM
3000, at the INRAE Genotoul platform. Prior to sequence assembly,
read quality was checked using FastQC (v 0.11.3), before and after
adapter removal using Cutadapt (Martin, 2011). Reads were then
trimmed if the length <35 bp and PHRED score <30. Good qual-
ity mRNA-seq reads were aligned to the Oryza sativa spp. japonica
reference genome using Hisat2 (v2.1.0) (Kim et al., 2015). The reads
were annotated using the MSU Rice Genome Annotation Project da-
tabase (http://rice.uga.edu/). Gene expression levels (RPKM) were
estimated using Edge R (v 3.20.1) (Robinson et al., 2009). Fastq files
of the sequenced libraries were deposited in the publicly accessi-
ble NCBI Sequence Read Archive (SRA) under accession numbers:
SAMN27520494, SAMN27520495.

2.3.2 | Gene selection by pairwise comparison and
gene network analysis

Genes expressed according to the water treatment and/or genotype
were selected using both pairwise comparison and network analysis

following the strategy described in Favreau et al., 2019. First, all the
genes whose expression level changed with the genotype, treat-
ment, or with the interaction between the two factors were selected
using the LRT test following the multifactorial design protocol in the
DESeqg2 R package described in http://bioconductor.org/packages/
release/bioc/html/DESeq.html (Love et al., 2014). All the treatments
were tested simultaneously according to the multifactorial model:
Genotype + Treatment + Genotype x Treatment.  All  significant
genes with false discovery rate corrected p-values<.01 threshold
were selected to build the gene set, hereafter named Multifactor.
To assess the quality of the gene set, and to explore its underlying
structure, PLS-DA was performed as described above. Next, differ-
entially expressed genes (DEGs) and networks were extracted from
the Multifactor gene set. Significant DEGs were identified for each
water-deficient versus irrigated genotype by pairwise comparison
using the Wald test (DESeq2 R package), and were selected if they
had a false discovery rate corrected p-values<.01. Gene network
analysis was performed using the Weighted Gene Co-expression
Network Analysis (WGCNA R package) (Langfelder et al., 2013),
as described at https://labs.genetics.ucla.edu/horvath/Coexpressi
onNetwork/Rpackages/WGCNA/Tutorials/. Briefly, counts of the
Multifactor gene set, normalized by their relative standard devia-
tion (RSD), were used to build groups of highly correlated genes, and
clustered in modules based on their dissimilarity using the follow-
ing settings: power=18, minModuleSize=90, MEDissThres=0.1. A
histogram was generated for each network to show the mean level
of gene expression for each sample, and the significance of the gene
expression for the genotype and treatment effect (p-value <.05).
Based on mean gene overexpression levels, networks that repre-
sented the response of each genotype to irrigated or water-limited
conditions were selected for further analysis. Correlations were
computed between these networks and treatments, on the one
hand, and with phenotypic variables, on the other hand. Pheno-
typic variables that were highly correlated with one another were
removed. Correlation values were considered significant if the p-
value was <.05. Finally, hub genes were selected for the phenotypic
variables the most highly correlated with the networks of interest.
According to the WGCNA procedure, only genes with the highest
significance for the correlated phenotypic variable (|GS|>0.90), and
membership (MM >0.90) were considered. Gene significance (GS) is
the log®® transformation of the p-value in the linear regression be-
tween gene expression and phenotypic variables. Module member-
ship (MM) is the correlation of the module eigengenes (ME) with the
gene expression profile for each gene in the module. The MM re-
flects the connectivity, or the sum of the connection strengths with
the other genes in the network. The higher the MM value of a gene,
the closer its connection to the other genes in the given module.

2.3.3 | Functional analysis of DEGs and networks

Gene ontology enrichment of biological processes was per-
formed for the DEGs and network genes using the BiNGO
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plugin (Cytoscape®© software), based on Oryza sativa annota-
tion (Lopes et al., 2010; Maere et al., 2005). Default parameters
were used. Briefly, over-representation of biological processes
was assessed. The hypergeometric test was used as the sta-
tistical test, followed by multiple testing correction using the
significant false discovery rate correction at p-value <.05. Map
enrichment was designed to summarize and visualize enriched
biological processes. Gene ontology (GO) enrichment gen-
erated by BiNGO was used to implement the analysis using
the Enrichment Map plugin (Cytoscape© software) (Isserlin
et al., 2014). Clusters of similar functional groups were then
annotated using the AutoAnnotate plugin (Cytoscape®© soft-
ware) (Kucera et al.,, 2016). Default parameters were applied

for each plugin.

2.4 | Metabolomic analysis

The metabolomic analysis was performed on the same samples as
the transcriptomic analysis. Extraction, derivatization, and injec-
tion were performed by the Plant Sciences Institute Metabolism-
Metabolome platform (Paris Saclay). Briefly, metabolites were
extracted from 5mg dry weight of sample dissolved in frozen
Water:Acetonitrile:Isopropanol (2:3:3) containing Ribitol at
4ug/mL as an internal standard. The solution was vortexed at
1500rpm for 10 min at 4°C, then centrifuged at 13,500rpm for
10 min. Aliquots (100 L) of the supernatant were collected and
10 uL of myristic acid d27 at 30ug/mL were added as an inter-
nal standard to lock the retention time. The extracts were dried
in a Speed-Vac for 4h at 35°C and stored at -80°C. The same
steps were then repeated with three blank tubes. Sample deri-
vatization and analysis were performed by GC/MS as described
in (Agilent-Technologies, 2013; Fiehn, 2006; Fiehn et al., 2008):
1L of the sample was injected in splitless mode on an Agilent
7890B gas chromatograph coupled to an Agilent 5977A mass
spectrometer. The column was a Rxi-5SiIMS from Restek (30m
with 10m Integra-Guard column, reference 13623-127). Raw
Agilent data files were analyzed using AMDIS (http://chemdata.
nist.gov/mass-spc/amdis/), and metabolites were identified using
the Agilent Fiehn GC/MS Metabolomics RTL Library. Peak areas
were determined using Masshunter Quantitative Analysis (Agi-
lent) in splitless and split 30 modes, and integration was checked
manually. Peak areas were normalized to Ribitol and dry weight.
Metabolite contents are expressed in arbitrary units (semi-
quantitative determination). To calculate the fold change and the
p-value (t-test), pairwise comparisons were performed after au-
toscaling (CIR-STR vs. CIR-IRR, IAC-STR vs. IAC-IRR, IAC-IRR
vs. IAC-STR) using MetaboAnalyst (https://www.metaboanalyst.
ca/). Differences in metabolite expression were considered sig-
nificant at p-value <.05. Joint pathway analysis with metabolomic
and transcriptomic data were performed using MetaboAnalyst to
identify the most significantly regulated pathways. Default pa-

rameters were used.
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3 | RESULTS AND DISCUSSION

Following stress, plant development is regulated at multiple
levels, from genes to metabolites, which can ultimately modify
growth and developmental patterns. Understanding the rela-
tionship between stress regulation and plant growth could help
design new strategies to confer stress resistance, and identify
high-yielding plants (Bechtold & Field, 2018; Zhang et al., 2020).
The development of drought-tolerant rice varieties requires a
better understanding of how the cellular and molecular mecha-
nisms are regulated under stress (Ganie & Ahammed, 2021). The
aim of the present study was to evaluate the response of two
different genotypes to a moderate water deficit applied during
the reproductive stage. The two genotypes were selected be-
cause, unlike other genotypes tested to date (Pereira de Lima
et al., 2021), their showed different sensitivity to water stress
that was maintained under contrasting experimental conditions.
Their responses were therefore controlled by a genetic factor
rather than an environmental factor. The two genotypes are
good models to unravel the complexity of the biological mecha-
nisms regulated under water deficit, and to explore the underly-
ing characteristics that explain their respective adaptive versus
non-adaptive behavior.

Like the response of other plants to drought, the response
of rice is complex involving changes at multiple physiological,
biochemical, and molecular levels (Gupta et al., 2020; Melandri
et al., 2020; Upadhyaya & Panda, 2019). In the present study,
we conducted a multi-level gene-to-phenotype analysis to in-
vestigate the response of the two selected genotypes according
to the strategy described in Figure S1. The structure and the
quality of the phenotypic (morphology, physiology, sugar con-
tent) and transcriptomic data were evaluated using the PLS-DA
method. Like PCA, PLS-DA is a multivariate statistical method.
However, it is a supervised method that uses sample classes.
PLS-DA has been specifically recommended for use in omics
data analysis (Ruiz-Perez et al., 2020). The two PLS-DA plots,
using the phenotypic (Figure 1a) and transcriptomic datasets
(Figure 1b) showed that the two genotypes, CIR versus IAC,
and the two water conditions, irrigation versus water deficit,
were discriminated on the first two principal components PC1
and PC2. It shows that similar factors contribute to variations
in both datasets. The variance of the data was explained with-
out overlap by (i) the differences between the two genotypes
(40% and 59% variability on PC1 for phenotypic and transcrip-
tomic data, respectively), regardless of the water treatment,
(ii) their respective response to the water treatment (20% and
16% variability on PC2 for phenotypic and transcriptomic data,
respectively).

Phenotypic and metabolomic data were analyzed individually to
identify the significant variables discriminating the two genotypes
and/or the two water treatments. To distinguish between the molec-
ular mechanisms regulated by each genotype, the transcriptomic data
were analyzed using two strategies: (i) differential gene expression
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FIGURE 1 Partial least squares discriminant analysis of (a)
phenotypic variables and (b) Multifactor genes in IAC and CIR in
irrigated (IRR) and water-stressed (STR) conditions.

analysis to analyze the response of each genotype to water deficit
versus irrigation, (ii) gene network analysis to highlight the specific
biological processes regulated by each genotype under irrigation and
water deficit. Correlation analysis between the gene networks and
the phenotypic variables was then performed to identify relation-
ships between gene regulation and developmental processes, and
to identify hub genes. These results were then analyzed in a holis-
tic way to identify the similar versus contrasted biological mecha-
nisms regulated by each genotype, first under irrigation, and second,
under water deficit. We then focused on certain key processes and
genes that provide insights into the developmental process of each

genotype.

3.1 | IAC and CIR had contrasted growth profiles and
gene regulation under irrigated conditions

A detailed analysis of the morphological and physiological variables
identified the characteristics that explain the differences between
the two irrigated genotypes (Table 1; Figure 2; Table S2). Plant height
(97.6 vs. 194.3cm), shoot biomass (8.5 vs. 17.4g), and plant leaf area
(0.98 vs. 1.94m?) were all significantly lower in CIR-IRR than in IAC-
-IRR (Table 1; Figure 2A-C). The number of tillers per plant (Table 1;
Figure 2D) did not differ between genotypes, unlike in the field (I. P.
de Lima, personal communication), probably due to the low level of
radiation in the growth chamber. At the level of the main tiller, total
internode length and biomass differed significantly between the two
genotypes, with lower values for CIR-IRR than for IAC-IRR (Table 1).
However, no significant difference in the number of spikelets on the
panicle was found between the genotypes (Table 1; Figure 2E), thereby
highlighting a higher “reproductive/vegetative” ratio in CIR-IRR (Kato
et al.,, 2011). These results confirmed those of Pereira et al (2021).

We used gene network analysis to identify the molecular mech-
anisms that were specifically regulated by each irrigated genotype
(Figure 3). Under favorable water conditions, CIR over-regulated
more networks (Figure 3a-d) than IAC (Figure 3e), in contrast to its
lower growth. The biological processes identified in the CIR net-
works were related to cell wall metabolism (cell morphogenesis, cell
wall biogenesis, lignin metabolism), and photosynthesis. In contrast,
a single process linked to cell wall modification was over-regulated
in IAC. It is not surprising that under favorable conditions, cell wall
processes were regulated in both genotypes, since the cell wall
structure is known to play a crucial role in plant growth, including
in rice (Lin et al., 2016; Panda et al., 2021; Zhang et al., 2016). Cell
wall regulation, and for CIR, photosynthesis, thus appeared to be
the appropriate mechanisms to investigate. The molecular processes

involved in these processes are discussed in Sections 3.2 and 3.3.

3.2 | Under water deficit, only IAC showed
reduced growth and higher levels of transcriptional
activity and stress response compared to CIR

Drought affects rice physiology by modifying water use efficiency,
relative water content, transpiration rate, stomatal conductance,
net photosynthetic rate, internal CO, concentration, photosystem
11 (PSII) activity, and the membrane stability index (Dash et al., 2018;
Farooq et al., 2009; Mishra et al., 2018). In our experiment, the
water deficit applied was moderate, consistent with most agricul-
tural scenarios. Both genotypes showed increased cumulative water
use efficiency (Table 1), evidence that they both suffered from the
water deficit (Ullah et al., 2019). Rice has been shown to be sensi-
tive to even a small decrease in available water (Nguyen et al., 2009).
While no other physiological parameters were affected in either
water-deficient genotype, compared to irrigated conditions, signifi-

cant variations were detected in some morphological variables. The
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expansion of the growing organs decreased systematically in IAC in
water deficit conditions, whereas up and down variations were ob-
served in CIR, i.e., in peduncle length, IN1 length, and IN2 length
(Table 1).

At the transcriptional level, the overall gene activity of IAC was
higher than that of CIR, as indicated by the number of differentially
expressed genes (1530 and 635 DEGs for IAC and CIR, respectively)
(Figure 4; Table S2), and the number of specific gene networks (4 and
2, for IAC and CIR, respectively; Figure 5). Liang et al. (2021) also
detected more DEGs in a susceptible genotype than in a moderately
tolerant one. In CIR and IAC, differential gene expression analysis
(water deficit vs. irrigation) revealed that they both regulated sim-
ilar biological top gene ontology processes (Figure 4a,b): biotic and
abiotic stress responses, gene expression and regulation, photosyn-
thetic activity, primary and secondary metabolism, reproductive and
developmental growth, and modification of the cell wall. These pro-
cesses were similarly regulated in rice plants subjected to moderate
to more drastic water deficits (Lenka et al., 2011; Liang et al., 2021,
Plessis et al., 2015; Wilkins et al., 2016; Zhang et al., 2016). How-
ever, each genotype showed contrasting differences in the number
of nodes (number of GO) and in the size of the nodes (hnumber of
genes involved in the process) of each cluster. Gene network analy-
sis provided further insights into the specific molecular mechanisms
regulated by each genotype (Figure 5).

In water-deficit conditions, both genotypes up-regulated
genes involved in abiotic stress response (Figures 4 and 5). Reg-
ulation of this process has already been reported in rice under
moderate water deficit (Liang et al., 2021; Plessis et al., 2015).
Both genotypes over-expressed high levels of dehydrin protein
genes (log2fold 4 to 7; Table S2). These proteins belong to the
late embryogenesis abundant (LEA) family, and are known to be
drought resistant-related genes. They are expressed in vegetative
organs during periods of water deficit, in different tissues, and at
different developmental stages in drought-tolerant rice genotypes
(Hanin et al., 2011; Verma et al., 2017; Wang, Pan, et al., 2011).
Both genotypes expressed ABA-related genes (IAC-STR, Table S2;
CIR-STR, Figure 5b). In rice, like in other plants, the expression
of dehydrin protein genes is positively regulated by ABA, and in-
creasing ABA levels may benefit plants under stress conditions
(Hanin et al., 2011; Ono et al., 1996; Verma et al., 2017; Xiong &
Zhu, 2003). While both genotypes regulated abiotic stress pro-
cesses, the transcriptional response was higher in IAC than in CIR
(104 and 30 DEGs in IAC and CIR, respectively), including water
stress (15 and 6 DEGs in IAC and CIR, respectively), and osmotic
and oxidative stress (30 and 24 DEGs, respectively) only in IAC
(Table S2). The processes identified in the two networks associ-
ated with IAC-STR confirmed its higher response to abiotic stress
(Figure 5d,e), including water deprivation and osmotic stress
(Table S2), and response to ROS (Figure 5f). ROS (radical oxygen
species) production can result from over-reduction of the electron
transport chain (Melandri et al., 2020), or from an imbalance be-
tween ROS production and quenching, leading to oxidative stress,
cell damage and ultimately, to plant death (Gill & Tuteja, 2010).
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IAC-STR also regulated more heat-shock and chaperone proteins
than CIR-STR (Table S2). These proteins protect other proteins
from stress-induced damage by regulating folding and unfolding
affected by water deficit (Saibil, 2013). Therefore, the growth re-
duction in IAC under moderate water deficit was associated with
higher transcriptional activity and stress response than in CIR.
In addition, IAC regulated more networks than CIR (Figure 5),
enriched in processes involved in the regulation of primary me-
tabolism, cell cycle, developmental processes, transcriptional
and post-transcriptional regulation, and signaling. The molecular
mechanisms involved in these processes are discussed below.

3.3 | Regulation of cell wall metabolism and cell
cycle processes

As described previously, transcriptional regulation of the cell wall
was identified in the networks representing both CIR (Figure 3a-
d) and IAC (Figure 3e). The importance of cell wall metabolism for
plant growth is well established. It requires the production of cells
with cell wall synthesis, proliferation to increase the number of
cells, and expansion under the combined effect of turgor pressure
and wall loosening (Hilty et al., 2021). In the present study, corre-
lations were detected between the CIR networks and certain phe-
notypic variables related to developmental processes (Table 2).
The four networks representing the irrigated CIR were largely
dedicated to secondary cell wall biogenesis and lignin metabolism
(Figure 3a-d). They were positively correlated with variables re-
lated to organogenesis-related variables (higher total number of
branches, spikelets and tillers), and negatively correlated with
morphogenesis-related variables (smaller organ dimensions). This
suggests that in CIR-IRR, the transcriptional regulation of the cell
wall is oriented toward organogenesis rather than morphogenesis.
This hypothesis is supported by the much higher ratio of repro-
ductive organs per unit of vegetative biomass in CIR-IRR (61.7)
than in IAC-IRR (32.6), with as many branches and spikelets (145.7
vs. 143.7, in CIR-IRR and IAC-IRR, respectively), and a smaller
main tiller (2.37 and 4.37 g, in CIR-IRR and IAC-IRR, respectively).
Conversely, the only IAC-IRR network, involved in cell wall regula-
tion (Figure 3e), was positively correlated with 14 morphogenesis-
related variables (Table 2), with systematically higher values for
the size of all its organ (Table 1). These results indicate that the
growth process and cell wall regulation are closely related, and
involve specific regulation by each genotype. Relationships be-
tween cell wall regulation and organogenesis/morphogenesis are
not surprising, since the structure of the cell wall is the result of
the regulation of its mechanical properties, which ultimately influ-
ence plant development (Hilty et al., 2021; Qiu et al., 2021).

The molecular mechanisms of the cell wall-related processes
regulated under irrigation were investigated in each genotype.
In irrigated CIR, secondary cell wall metabolism was highly reg-
ulated in three out of its four networks (Figure 3a-c), thereby
affecting the following processes: lignin, xylan, and cellulose
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TABLE 1 Analysis of phenotypic variation between groups (genotype, treatment, genotype x treatment) using the Kruskall-Wallis test.
For each group, mean values, adjusted p-values (p-adj<.05 are in bold) and effect size eta[H] are shown. Effect size was considered small

if 0.01> eta’[H] <0.06, moderate if 0.06 > eta?[H] <0.14, large if eta’[H] = 0.14.

Phenotypic variables

Duration

Organogenesis

Morphogenesis

Biochemical
composition

Physiologicalindicator

Phyllo_Repr
Tiller_N°
TotBranch_N°
Spiklt_N°
Shoot_Biom
TotLeaf_Area
MainTil_Biom
Plant_Height
Pan_Biom
Pan_Length
FlagLeaf_Length
FlagLeaf_Width
F-1_Length
F-1_Width
IN1_Length
IN1_Diam
IN2_Length
IN2_Diam
IN3_Length
IN3_Diam
INTot_Biom
INTot_Length
Ped_Length
Ped_Diam

TotBranch_
Length

FL_Hex
FL_Sucr
FL_Starch
IN1_Hex
IN1_Sucr
IN1_Starch
IN2_Hex
IN2_Sucr
IN2_Starch
An

Tr

Ci
An/Spad
InstWUE
CumWUE
SLA

Genotype
CIR IAC p-adj eta’[H]
6.68 8.70 .0064 0.6440
6.33 5.17 .0861 0.1950
37.83 28.00 .0250 0.4030
143.17 124.67 .1090 0.1560
8.68 15.55 .0065 0.641
968.54 1750.92 .0065 0.641
2.17 4.03 .0040 0.731
655.80 876.60 .0040 0.731
0.38 0.51 .2000 0.064
275.33 294.50 .2620 0.026
569.67 589.67 .5750 -0.069
15.83 20.17 .0099 0.566
644.67 790.83 .0374 0.333
14.17 18.33 .0092 0.578
117.00 174.33 .2620 0.026
4.48 5.30 .0099 0.566
88.33 179.67 .0039 0.734
4.73 6.00 .0161 0.479
55.33 104.33 .0542 0.271
4.83 6.00 .0295 0.374
0.19 0.30 .0104 0.556
279.00 456.33 .0038 0.737
120.83 155.33 .7490 -0.090
2.22 2.52 .5210 -0.059
135.86 123.86 .5220 -0.059
6.46 11.92 .1090 0.156
58.35 53.27 .2620 0.026
1.76 0.39 .0104 0.556
23.16 134.38 .0040 0.731
32.75 45.87 .2620 0.026
2.63 2.48 4230 -0.036
5.54 35.56 .0163 0.477
48.00 41.83 .7490 -0.090
40.57 6.38 .0782 0.210
22.70 16.20 .0250 0.403
4.50 3.40 .0538 0.272
289.90 278.00 .1280 0.132
0.48 0.33 .0250 0.403
5.00 4.90 .8730 -0.097
3.70 3.80 .7490 -0.090
262.90 251.80 .7490 -0.090

Treatment

IRR STR
7.67 7.72
6.33 5.17
35.67 30.17
144.67 123.17
12.93 11.30
1459.23 1260.23
3.37 2.83
807.83 724.67
0.52 0.37
295.50 274.33
628.17 531.17
18.00 18.00
758.00 677.50
17.00 15.50
189.00 102.33
5.18 4.60
144.17 123.83
5.62 5.12
66.83 92.83
5.70 5.13
0.27 0.23
398.83 336.50
197.67 78.50
2.70 2.04
138.64 121.08
7.38 11.00
52.63 58.99
0.79 1.35
71.73 85.81
40.04 38.58
3.82 1.29
23.73 17.36
50.21 39.62
22.00 24.96
20.20 18.70
4.20 3.60
290.00 277.90
0.42 0.39
4.80 5.20
2.90 4.60
266.90 245.60
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Genotype x treatment
p-adj eta’[H] CIR-IRR CIR-STR IAC-IRR IAC-STR p-adj eta’[H]
7480 -.090 6.88 6.47 8.45 8.96 .0470 0.619
.1700 0.089 7.33 5.33 5.33 5.00 1170 0.361
1500 0.108 39.33 36.33 32.00 24.00 0656 0.526
11500 0.108 145.67 140.67 143.67 105.67 11680 0.256
.2310 -0.077 8.50 8.86 17.36 13.75 .0405 0.660
6310 -0.077 975.53 961.54 1942.93 1558.91 .0487 0.609
.3370 -0.008 2.37 1.97 4.37 3.69 .0261 0.782
.5220 -0.059 648.00 663.70 967.70 785.70 .0249 0.795
0782 0.210 0.40 0.40 0.60 0.40 0943 0.423
.2000 0.064 287.67 263.00 303.33 285.67 .3470 0.039
11280 0.132 615.33 524.00 641.00 538.33 .3840 0.006
1.0000 -0.100 15.33 16.33 20.67 19.67 .0754 0.486
.2620 0.026 694.67 594.67 821.33 760.33 1320 0.327
4640 -0.046 14.67 13.67 19.33 17.33 0609 0.547
.0040 0.731 150.30 83.60 227.70 121.00 .0216 0.833
11070 0.160 4.70 4.30 5.70 490 0261 0.782
9360 -0.100 80.00 96.70 208.30 151.00 0169 0.900
.5210 -0.059 4.70 477 6.53 5.47 0679 0.516
.2970 0.009 27.70 83.00 106.00 102.70 1010 0.405
4680 -0.047 4.80 4.90 6.60 5.40 0609 0.547
7490 -0.090 0.18 0.21 0.36 0.24 .0476 0.615
1.0000 -0.100 263.30 294.70 534.30 378.30 0151 0.932
.0547 0.269 127.67 114.00 267.67 43.00 .2180 0.179
.0039 0.734 243 2.00 297 2.07 .0296 0.748
11500 0.108 136.21 135.51 141.08 106.64 .3330 0.051
.3370 -0.008 4.32 8.61 10.44 13.39 .2480 0.141
11090 0.156 55.09 61.61 50.17 56.37 .2820 0.103
.3370 -0.008 1.11 2.40 0.47 0.30 0572 0.564
.8730 -0.097 18.36 27.96 125.10 143.65 .0378 0.679
1.0000 -0.100 4272 22.79 37.35 54.38 1760 0.244
.2290 0.045 4.60 0.67 3.05 1.92 4120 -0.016
.3370 -0.008 3.67 7.41 43.80 27.32 .0687 0.513
.5220 -0.059 50.40 45.61 50.01 33.64 .8630 -0.282
1.0000 1.000 37.43 4372 6.57 6.19 .3610 0.026
.5220 -0.059 23.70 21.70 16.70 15.70 1410 0.308
.2960 0.009 4.60 4.40 3.80 2.90 1630 0.266
1500 0.108 290.00 289.80 290.00 266.00 1910 0.218
.6310 -0.077 0.50 0.46 0.34 0.32 1500 0.282
11090 0.156 5.13 496 4.41 5.41 .0273 0.769
.0040 0.731 2.50 4.66 3.22 4.45 0286 0.756
0547 0.269 262.54 259.03 271.32 232.18 1180 0.359
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metabolism, xylem and phloem pattern formation, cell wall
biogenesis, and cell morphogenesis (Table S2). Lignins are only
present in the secondary cell walls of specialized mature cells,
which also contain celluloses, xyloglucans, and pectic polysac-
charides (Cosgrove, 2018). After cellulose, lignins are the second
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main component of grass cell walls and account for 6%-12% of
dry weight (Fry, 2011). Lignins play a key role in the secondary
cell wall structure by enhancing rigidity, conferring resistance to
pathogens and to mechanical stress, and enabling solute trans-
port in the xylem (Brill et al., 1999; Chabannes et al., 2001;
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FIGURE 2 Phenotypic measurements of CIR (blue bars) and IAC plants (green bars) grown in irrigated (IRR) and water-deficit (STR)
conditions. (A) Plant height; (B) Number of tillers; (C) Shoot biomass; (D) Number of spikelets; (E) Plant leaf area; (F) Hexose in internode 1.

Significance is indicated by a different letter for genotype x treatments.

FIGURE 3 Representation of gene ontology enrichment of networks. Mean gene over-regulation in CIR-IRR: (a) black (p-value=2.1e-
2); (b) green-yellow (p-value=1.6e-2); (c) grey60 (p-value =3.4e-4); (d) yellow (p-value=1.6e-2); and IAC-IRR: (e) salmon (p-value=1.2e-

3). Histograms represent the mean gene expression profiles of each sample, and the significance of each genotype and water treatment
(p-value: ns >.05; * <.05; ** <.01; *** <.001). The color of the node represents the corrected p-value. Colored nodes are significantly
overrepresented, with more significant p-values from yellow to orange. White nodes are not significantly overrepresented but they are the

parents of overrepresented categories further down.
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FIGURE 4 Enrichment map of biological processes up- and down-regulated under water deficit in the CIR (a) and IAC (b) genotypes. The
map shows the nodes representing GO enriched gene sets, connected by edges, representing similarity between the two gene sets. Nodes
belonging to very similar biological processes are clustered, and labeled with a summarized name. A heatmap of up- and down-expressed
genes is shown for each cluster. Node color is proportional to the enrichment significance (p-value <.05) of the corresponding up- (red) and
down-expressed (green) genes. Node size is proportional to the enrichment significance (p-value <0.05) of total up- and down-expressed
genes. Edge thickness is proportional to similarity between two nodes.
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Jones, 2001). CIR-IRR expressed the CAD2 and CAD9 genes
(Table S2), both of which belong to the last step of the phenylpro-
panoid pathway. They are involved in monolignol biosynthesis,
and play major roles in lignin biosynthesis (Tobias & Chow, 2005).
In rice internodes, high expression of OsCAD2 has been shown
to be associated with high levels of lignin (Hirano et al., 2012),
while the OsCAD2 rice mutant had reduced lignin content in its
elongating stems (Zhang et al., 2016). In the present study, ac-
tive regulation of lignin metabolism in CIR-IRR was supported
by the over-expression of 10 laccase proteins (Table S2). Laccase
precursor proteins regulate lignin metabolism through lignin deg-
radation and detoxification of lignin-derived products, and are
also involved in wound healing, maintenance of cell wall struc-
ture and integrity, and response to stress (Schuetz et al., 2014;
Wang et al., 2015).

Cellulose is the main component of plant cell walls, and the
most abundant polysaccharide produced by plants, and hence
determines both cell shape and plant morphology (Zablackis
et al.,, 1995). CIR-IRR had over-activated cellulose-related pro-
cesses, including COBRA-like proteins and glucuronosyltrans-
ferases, as well as several cellulose synthases (CesAs). CesAs
genes are involved in cellulose and glucuronoxylan hemicellulose
synthesis in secondary cell walls. Of the 6 over-expressed CesAs
in irrigated CIR, CesA6 and CesA9 are required for primary cell
wall metabolism (Doblin et al.,, 2002), and CesA4, CesA7, and
CesA8 are required for secondary cell wall metabolism (McFar-
lane et al., 2014). A joint-pathway analysis using both metabolomic
and transcriptomic data confirmed that the irrigated CIR over-
regulated the phenylpropanoid pathway leading to monolignol
biosynthesis (false discovery rate of pathway enrichment=6.2e-5;
data not shown), in contrast to IAC.

Secondary cell wall formation is regulated at many levels, in-
cluding by transcription factors such as MYBs and NACs, and hor-
mones (Didi et al., 2015). CIR-IRR regulated several putative MYBs
(Table S2), as well as ABA and cytokinin response processes (Fig-
ure 3b,c). Both hormones are known to be involved in the regulation
of secondary cell wall formation and/or other developmental pro-
cesses such as cell cycle progression (Vanstraelen & Benkova, 2012).
Secondary cell walls are synthesized in the differentiated cell wall
after cell growth has stopped, resulting in thicker walls with in-
creased rigidity (Novakovic et al., 2018).

These results suggest that the irrigated CIR directed its cell
wall metabolism toward strengthening tissue. Since no histolog-
ical observations were available to support this hypothesis, stem
density was roughly estimated for both genotypes. Based on the
measured length and diameter of each internode (Table 1), the total
volume of the stem was calculated by summing the volume of each
internode considered as a perfect cylinder. The biomass of each
internode was then summed to calculate the “stem biomass/stem
volume” ratio (data not shown). The results confirmed that CIR-IRR
had a higher stem density than IAC-IRR (36.0 and 19.6 mg/cm?®, re-
spectively). Furthermore, CIRAD 409 has been shown to allocate
proportionally more assimilates to root system development under
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irrigated conditions, with a 68% higher root/shoot ratio than IAC
25 (Guimaraes et al., 2020). Both factors could explain the slower
shoot growth in CIR-IRR, i.e., because its smaller leaf area inter-
cepts less light.

Under irrigated conditions, IAC regulated its cell wall in a similar
way to CIR, but to a lesser extent and via a different mechanism
(Figure 3e; Table S2). A transcriptional modification of the cell wall
involving several pectinesterases was detected. Pectinesterases are
proteins that catalyze the demethylesterification of homogalacturo-
nans, and thus play an important role in regulating cell elongation in
primary cell walls, leading to cell wall stiffening or loosening (Cos-
grove, 2018; Micheli, 2001). Among the other genes identified, the
two transcription factors SPL13 and LEUNIG have been shown to
be involved in the regulation of flowering and cell growth. Similar to
other squamosa promoter binding protein-like, SPL13 is targeted by
miR156 to regulate plant growth and development (Xie et al., 2006).
Inrice, SLP13 has been shown to regulate cell size by fine-tuning mi-
crotubule and cell wall pathways, leading to improved development
of secondary branches and more grains per panicle (Si et al., 2016;
Yan et al,, 2021). In Arabidopsis, the transcriptional corepressor
LEUNIG has been shown to regulate cell expansion in the elongation
zone (Geng et al., 2017), and cell wall modification for pectinaceous
mucilage extrusion in seeds (Bui et al., 2011). Cell extensibility thus
appears to be promoted in the irrigated IAC. This mechanism, which
leads to an increase in cell size under the combined effects of turgor
pressure and cell wall loosening (Hilty et al., 2021), is considered to
be the main limiting factor for cell expansion (Baskin, 2005; Boud-
aoud, 2010; Geitmann & Ortega, 2009). These results underscore
the fact that cell growth of the irrigated IAC was not completed at
the time the samples were collected. These molecular mechanisms
likely contribute to the greater growth rate of the IAC organs, com-
pared to those of CIR.

In rice, cell wall plasticity plays a crucial role in plant devel-
opment, especially when drought occurs during the reproductive
stage. Cell wall plasticity is a trait that is considered to have high
potential as a target for the development of high-yielding varieties
(Ganie & Ahammed, 2021). In our study, the cell wall process was
down-regulated in both water-deficient genotypes (Figure 4), but
by different mechanisms. Like in other plants, the properties of rice
cell walls are known to be modified by drought, affecting flexibility
and leading to growth inhibition (Ganie & Ahammed, 2021; Panda
etal., 2021). Water stress causes low-turgor pressure which, in turn,
leads to a reduction or cessation of growth by reducing cell wall
extensibility and cell expansion, two cellular processes that are in-
dispensable for plant growth (Hsiao, 2000). These processes affect
the flexibility of the expanding primary cell wall and/or the rigidity
of the secondary cell wall (Kesten et al., 2017; Le Gall et al., 2015).
Both cell wall expansion and rigidity are known to improve os-
motic adjustment, and to prevent turgor loss and growth in many
species, such as rice (Baldoni et al., 2016; Cal et al., 2013; Wang,
Pan, et al., 2011). In our study, no over-regulation of lignin-related
processes, which is an indicator of cell wall strengthening, were
identified in either genotype as observed in many drought-stressed
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FIGURE 5 Gene ontology enrichment for gene networks over-regulated under water-deficit, for CIR-STR or IAC-STR. Histograms

(a-e) represent the mean gene expression profiles of each sample (genotype and/or treatment). The red color represents the gene over-
expression and the green color represents the gene under-expression. The stars represent the significance of the difference between groups
(p-value: ns >.05; * <.05; ** <.01; *** <.001). Map enrichment for each gene network representing CIR-STR (a) tan, (b) magenta; and IAC-STR
(c) blue, (d) green, (e) purple, (f) pink. Colored nodes are significantly overrepresented, with more significant p-values from yellow to orange.
White nodes are not significantly overrepresented but they are the parents of overrepresented categories further down.

plants (Le Gall et al., 2015; Lee et al., 2007; Morohashi & Russi-
nova, 2019), including rice (Bang et al., 2019; Yang et al., 2006).
However, both genotypes similarly down-regulated processes re-
lated to microfibril organization, glucuronoxylan hemicellulose
synthesis in secondary cell walls, loosening/extension of cell walls,
and pectin and chitin metabolism (Table S2). Among these genes,
many expansins, pectinesterases, glycosyltransferases, and COBRA
genes were identified (Table S2). These proteins are involved in cell
wall modification via deposition of cellulose and hemicelluloses in
primary cell walls, and in cell wall plasticity, in a variety of plants
(Braidwood et al., 2014; Le Gall et al., 2015; Liepman et al., 2010),
as well as in rice (Jin et al., 2013; Wang, Pan, et al., 2011). Although
cell wall plasticity is considered to be a critical trait for the rice plant
to cope with drought (Ganie & Ahammed, 2021), it did not appear
to be an adaptive mechanism in either genotype. However, since
no deregulation of lignin metabolism was detected in CIR-STR, it
is likely that the increased cell wall thickness, detected in the ir-
rigated condition, was maintained under water deficit. Supporting
this hypothesis, the “stem biomass/stem volume” ratio, calculated

as described above, was still 1.5 times higher in water-deficient CIR
than in IAC (data not shown). This trait may give CIR an advantage
in surviving water deficit conditions.

In contrast to CIR, the cell cycle process was up-regulated in IAC-
STR (Figure 5c), with the involvement of a microtubule-based pro-
cess composed of 18 over-expressed kinesin-like proteins (Table S2).
These proteins play an important role in microtubule organization,
organelle distribution, vesicle transport, and cellulose microfibril
order. Their role in mitosis makes them essential for cell division and
cell growth. Over-regulation of kinesins could increase cell division,
with microfibrils guiding cellulose synthase complexes for cellulose
synthesis, or inhibit cell growth with microtubule reorientation in
response to stress (Adamowski et al., 2019; Mirabet et al., 2018;
Paredez et al., 2006). Under abiotic stress, a change in microtubule
organization could control cell wall formation, ultimately affecting
turgor pressure and cell growth (Ma & Liu, 2019; Wang, Zhang, &
Chen, 2011). In the roots of rice exposed to drought, microtubule-
based movement was found to be up- or down-regulated in two
highly tolerant genotypes (Moumeni et al., 2015), and up-regulated
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in a moderate tolerant one compared to in a susceptible one (Muthu-

=4
E N 0600 < 10 o« © O w o - rajan etal., 2018). This cytoskeletal remodeling in IAC may contribute
S © A% " N+ 0 O n % —
s © QPFC © o9 9 © o to the faster loss of turgor and the resulting reduction in its growth,
described in the previous section. The reduction in growth is the
%_ result of cell division and/or cell wall properties, both of which are
g_ I &< 8 295 3 regulated under water deficit (Cosgrove, 2005; Granier et al., 2000).
S S0 0 S o 9 oo o S o
| | | | | |
§ 3.4 | Regulation of photosynthesis and metabolite
» 5583838883 R biosynthesis
S © S o S S o oo o o o
I | I | |
|°—‘ o The two genotypes presented a similar SLA (Table 1), and there-
3 é N g'\. 2 I 9 g SR '?r, N fore, a probably similar chlorophyll content per unit leaf area
< S © 9 9@ @ eo9° e -° (Dingkuhn et al., 1998). However, the photosynthetic performance
© of the two genotypes differed. CIR had a higher assimilation rate
S LE; (An) and ratio per unit of chlorophyll (An/Spad) (+40%) compared
% § 9 R gy X g 2 =218 38 5 to IAC, regardless of the water conditions. Under irrigated condi-
G SN C © 0 9 Q@ 9 9 O oo O tions, CIR over-regulated genes involved in photosynthetic activity
E and reaction to light (Figure 3c,d). Two important genes were iden-
x | & - tified among them, the ferredoxin-NADP reductase (LNFR1) and
E Cd @ = M 1 O N O ©O 0 H O «H © . . . .
< | x B 22 00 d qn d;n o n o the chloroplastic protein thylakoid rhodanese-like (TROLL). LNFR1,
|G| §9°°9999555959 . R
an essential chloroplast enzyme involved in the final step of pho-
s tosynthetic electron transfer, was shown to interact directly with
= £ TROLL (Yang et al., 2016). LNRF1 and TROLL interact to maintain
0 232858 FTSIHSA N . . ) )
g g S 56 6S 05000605 S o high rates of photosynthesis, consistent with (Ort et al., 2015). They
prevent over-reduction of the entire electron transport chain (Juric
2 et al., 2009), which leads to overproduction of reactive oxygen spe-
(=]
i RN SR N T g9 cies. The higher regulation of the photosynthetic light reaction in
g © 9 o o o o © o o S o irrigated CIR, compared with IAC, is consistent with the improved
light-harvesting performance of its flag leaf (An/Spad).
§ Higher photosynthetic activity in CIR did not result in higher
g v RN N ©lO N © o ™ sugar content in the internode 1, the pipe that transports assimi-
I.?JD n O ¥ M O N 0 O ™ n . .
S 9 CPCOCEAC ° © < lates from the flag leaf to the developing panicle. Conversely, IAC
internode 1 contained six times more hexoses (Table 1) than CIR,
g regardless of the treatment applied. Hexoses are the sum of glucose
E and fructose, and both were shown to be over-expressed in IAC-IRR
f=
5 compared to in CIR-IRR (Table 2). IAC internode 1 also contained
Beressaagn gy
g S g S SERSERS g pl CIS 3 g 2.5 times more non-structural carbohydrates (NSC), calculated as
= the sum of hexoses, sucrose and starch (data not shown). The local
8 » o source/sink ratio, calculated according to (Fabre et al., 2020), was
g 3 s ™ © © n < ©® oo m O O 0.48 and 0.69 in CIR-IRR and IAC-IRR, respectively. In other words,
| x 8 ¥ @ 9 ™ - O ¥ ™ v . . X .
|5 s ¢ © © SIS = @ © o the sink strength can be considered as too weak in IAC, which means
that the developing panicle is undersized compared to the size of
° - the flag leaf, leading to the accumulation of NSCs in the internode.
o— <
o ey . 5 . O w e e . . . . . . .
%. § x 5 % 3 5 5 5 5 3 g g This is in line with the number of spikelets, which was identical in
S8 T a3 s T oo T on Z 2 the two genotypes despite the fact the irrigated IAC had bigger til-
= 2 5 - 4 E E E %‘ % % = @ . . . .
2 o> L Lo £ £ £ £ £ £ 0 F £ lers. In addition to the sugars targeted by biochemical analysis, me-
>3
£ tabolomic analysis showed that IAC-IRR synthesized other sugars
§ s at higher levels than CIR-IRR (Table 3), especially galactinol (+5.9
: s '§ T.._E § log2 fold change). Galactinol is a member of the raffinose family of
— o0
w _5 % E % g oligosaccharides (RFOs), and is an alternative source of carbohydrate
- - < O =
m § g ° _g £ storage to starch (Sengupta et al., 2015). Overall, IAC-IRR differ-
< iy . .
- = - e entially over-expressed 10 out of the 13 metabolites (8 sugars and
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TABLE 3 Variations (log2Fold Change) and p-values (p-val) of significant metabolites in irrigated or water-deficient CIR and IAC.

IAC-STR/IAC-IRR

CIR-STR/CIR-IRR

IAC-IRR/CIR-IRR

p-val

Log2Fold change

Metabolites

p-val

Log2Fold change

Metabolites

p-val

Log2Fold change

Metabolites

.002
.004
.005
.020
.023
002

2.2

Alpha-Lactose

.044

3.8
0.8

D-Malic acid

.017
.010
.023
.010
.030
.000
.004
.026
.002
.022
.043
.040
.003

59

3.9

Galactinol

1.8
1.7
1.5
1.4
1.2
11
11

Beta-Alanine

.040

2-Hydroxypyridine

Xylulose

Azelaic acid

3.7
3.5

Citric acid

Ribose

Malic acid

2-Hydroxypyridine

2.3

4-Hydroxycinnamic

Glyceric acid

1.7
1.7
1.2

0.9

Psicose

| 14¢

.023
.030
.034
.000

Lactulose

Arachidic acid

FAVREAU ET AL.

Glycolic acid

Glucose

0.92
-0.76

Myristic acid

Mannose

Vanillin

0.5

Fructose

-1.5

Trehalose

-2.2

Ethanolamine

-2.3

Lactitol

derivatives, 2 organic acids, 2 lipid compounds, 1 secondary metabo-
lite) compared with CIR-IRR (Table 3). Higher metabolic activity may
be required in irrigated IAC due to its higher growth rate, with, as a
result, increased need for synthesis of structural or non-structural
compounds.

Reduced photosynthesis under moderate drought has been re-
ported in several studies (Barnaby et al., 2019; Plessis et al., 2015).
However, under water deficit, no significant changes in the assim-
ilation (An, An/Spad) and transpiration rates (Tr) were detected in
the two genotypes, probably because they were measured early in
the morning after the plant had recovered during the night. Con-
versely, the transcriptional activity involved in photosynthesis and
reaction to light were down-regulated in both genotypes compared
to irrigated conditions (Figure 4), and down-regulation was greater
in IAC than in CIR (39 and 10 DEGs, respectively; Table S2). Among
the genes regulated similarly in the two genotypes, a chlorophyll
A-B binding protein (0s01G64960) was the most down-expressed
(log2Fold=-3.1 and 2.8 for IAC and CIR, respectively; Table S2).
This gene was identified as one of the markers positively selected
during the domestication of upland rice cultivars for adaption to
water deficit (Zhang et al., 2016). As no decrease in photosynthetic
activity was detected, the ROS over-regulation in IAC (Figure 5f) was
likely due to the imbalance between ROS production and quench-
ing (Gill & Tuteja, 2010). ROS act as second messengers in sensing
stress and can mediate rapid systemic signaling in response to stress
(Choudhury et al., 2017). Although net CO, assimilation was main-
tained in both water-deficient genotypes when measured in the
early morning, they both regulated photosynthetic processes at the
transcriptomic level. Maintenance of photosynthesis has been linked
to drought tolerance in rice (Panda et al., 2021). The transcriptional
regulations observed in the two genotypes may thus indicate adap-
tive mechanisms.

In the previous section, we concluded that the reduced growth
of water-deficient IAC was likely due to the down-regulation of
its cell division and the modification of its cell wall properties. By
reducing expansion prior to photosynthesis (Muller et al., 2011),
a water deficit leads to the accumulation of structural and/or
non-structural sugars in rice and in many other crops (Cabuslay
et al., 2002; Franck et al., 2006; Luquet et al., 2008; Rebolledo
et al.,, 2012; Takahashi et al., 2020). Non-structural compounds
can be produced by primary metabolism (carbohydrates, amino
acids, lipids), which sustains life processes and facilitates plant
growth, and/or by secondary metabolism, which allows plants to
respond and adapt to biotic and abiotic stresses. Primary metab-
olites can also be involved in stress response and act as compat-
ible solutes (Agrawal, 2007; Ramakrishna & Ravishankar, 2011;
Takahashi et al., 2020). In rice, accumulation of osmolytes such
as water-soluble carbohydrates, proline, soluble sugars, pheno-
lics, and total free amino acids, increases under drought (Anjum
etal., 2011; Keunen et al., 2013). Consistent with the higher stress
response of the water-deficient IAC, it over-expressed more me-
tabolites than CIR (10 and 2, respectively), than under irrigated
conditions (Table 3). As expected, only a few were identified as
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secondary metabolites due to the use of the GC/MS technology,
which mainly detects primary metabolites. Some of the metab-
olites over-expressed in IAC-STR compared with IAC-IRR, have
been shown to increase in response to abiotic stress, these in-
clude lactulose (Hu et al., 2016), glyceric acid (Kang et al., 2019)
and B-alanine (Kaplan et al., 2004; Parthasarathy et al., 2019;
Rizhsky et al., 2004). B-Alanine was the only amino acid iden-
tified among the significant metabolites, while at the transcrip-
tomic level, amino acid biosynthesis (22 DEGs, Table S2) and
amino acid metabolism processes (Figure 5d) were over-regulated
in water-deficient versus irrigated IAC. Amino acid accumulation
has been measured in many water-stressed plants (Batista-Silva
et al,, 2019; Martinelli et al., 2007; Pérez-Alfocea et al., 1993; Ra-
nieri et al., 1989), but has been shown to be associated with high
water stress in different rice genotypes (Barnaby et al., 2019). Of
the two metabolites differentially expressed in water-deficient
versus irrigated CIR (Table 3), malic acid increased the most
(3.8 log2 fold change). This organic acid, which belongs to the
tricarboxylic acid (TCA) cycle, has been shown to be involved in
drought tolerance in wheat and grass (Guo et al., 2018; Marcek
et al., 2019). In contrast to results obtained in mild water-stressed
rice (Barnaby et al., 2019), sugar osmolytes did not increase in
either genotype. Galactinol, glucose, and malic acid were found
to be over-expressed in IAC-IRR, compared to CIR-IRR, and none
of them were detected when IAC-STR was compared to IAC-IRR
(Table 3). This means that their level was maintained regardless
of the water condition. Since glucose and malic acid are involved
in osmotic balance (Chen et al., 2019; Saddhe et al., 2021), and
galactinol protects cells from desiccation (Sengupta et al., 2015),
these three compounds may provide some benefit to IAC-STR.
Although the role of the compounds detected is still uncertain,
these results show that the primary metabolism of IAC was more
affected by water deprivation than that of CIR-STR. Some of its
compounds may thus play a protective role at least under moder-
ate water stress.

3.5 | The development of the water-deficient IAC
was controlled by a gene regulatory network

Plants exposed to environmental changes need to fine-tune their
growth process and stress resistance by regulating complex tran-
scriptional machinery (Braidwood et al., 2014). Both genotypes
transcriptionally over-regulated developmental processes (Fig-
ure 4) to a greater extent in IAC-STR, thereby participating in the
development of reproductive (47 and 12 DEGs for IAC--STR and
CIR-STR respectively; Table S2) and anatomical structures (84
and 61 DEGs in IAC-STR and CIR-STR, respectively; Table S2).
In IAC-STR, this response was specifically represented in two
networks (Figure 5c,d). The networks were enriched in genes in-
volved in anatomical and reproductive development, in cell cycle

and microtubule-based processes, and in negative regulation of
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the cell cycle and nuclear division, as described above. More spe-
cifically, the corresponding genes were involved in transcriptional,
post-transcriptional and post-translational regulations, RNA pro-
cessing and splicing, gene silencing, DNA and histone methylation,
and protein modification (Table S2). Plant responses are controlled
by multiple transcription factors (TFs) that are linked to interacting
genes and form complex gene regulatory networks (GRNs). GRNs
include other regulatory factors such as microRNAs, hormones
and/or chromatin-modifying proteins. GRNs control responsive
genes downstream, ultimately leading to phenotypic modifica-
tions such as changes in growth (Braidwood et al., 2014; Franci-
osini et al., 2017; Van den Broeck et al., 2020). The blue network
(Figure 5c) was the only one composed of a large number of TFs
(59) involved in development and/or stress response such as GRFs
(Omidbakhshfard et al., 2015), MYBs and MYB-related (Ambawat
et al., 2013; Li et al., 2019), and ARFs (Li et al., 2016). The String
database identified a significant level of physical protein-protein
interactions in the genes of this network (p-value < 1.0e-16; Fig-
ure S3), thereby demonstrating the biological significance of the
correlations identified between the genes of this network. Taken
together, these results suggest that this network functions as a
GRN. The blue network, as well as the green network (Figure 5d),
were both negatively correlated with organogenesis-related vari-
ables (Table 2), suggesting that the regulation of these genes is re-
lated to variations in the number of branches and spikelets on the
IAC-STR panicle. In rice, a similar GRN was found to be correlated
with crown root diameter (Kawakatsu et al., 2021).

Gene regulation involves not only molecular changes in reg-
ulatory sequences that can alter gene expression patterns (cis-
regulatory sequences), but also changes in mRNA, miRNA, and
protein sequences (regulation in trans). Both types of modifica-
tions contribute differently to the generation of new phenotypes
(Birchler & Veitia, 2010; Rieseberg & Blackman, 2010; Wittkopp
et al., 2004). Several epigenetic mechanisms have been identified
in the blue network including DNA methylation (C-5-cytosine
specific DNA methylase, MET1/CMT3), core histone synthesis,
post-translational modifications (acetylation, methylation, phos-
phorylation), and RNA interference (Table S2). All of these mech-
anisms can alter gene function and ultimately the phenotype
without modifying the DNA sequence (Berger, 2007; Bird, 2007;
Grant-Downton & Dickinson, 2005). DNA methylation is a sta-
ble, although reversible epigenetic mark that regulates gene ex-
pression during plant development and response to stress, and is
heritable across generations (Iwasaki & Paszkowski, 2014). In the
blue network, MET1 (CG context) and CMT3 (CHG context) were
regulated, both of which are involved in DNA maintenance or de
novo methylation (Law & Jacobsen, 2010). In Arabidopsis, regu-
lation of these genes has been shown to strongly affect several
phenotypic traits including plant height, number of branches and
biomass (Bossdorf et al., 2010). This transgenerational epigenetic
inheritance typically occurs in response to environmental cues and
adaptive processes (Richards, 2008). While post-transcriptional
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regulations were not analyzed in the present study, miRNAs that
respond to water stress have already been identified in rice (Na-
darajah & Kumar, 2019).

Hormonal signaling involved in development has been shown to
be closely linked to GRN and miRNA regulation (Cimini et al., 2019;
Li et al., 2020; Pajoro et al., 2014). The blue network includes auxin
and gibberellin signaling, two hormones that are essential for growth
regulation and cell elongation (Depuydt & Hardtke, 2011; Vans-
traelen & Benkova, 2012). Finally, both development and stress re-
sponse are regulated by ROS signaling in interaction with epigenetic
modifiers, such as DNA methylation levels and gene transcription
(Berglund et al., 2017; Choi & Sano, 2007), hormones that con-
trol plant developmental processes, and stress responses (Chang
et al., 2020; Gill & Tuteja, 2010; Tsukagoshi et al., 2010). The specific
response to ROS regulation in IAC-STR was revealed by the pink
network (Figure 5f). Like the blue and green networks, the pink net-
work was negatively correlated with the total number of branches
and spikelets, two organogenesis-related variables, but positively
correlated with seven morphogenesis-related variables (Table 2).
This supports our hypothesis of a central role for the blue network
as GRN, as well as for the green and pink networks in the develop-
ment of IAC-STR, through coordinated regulation of organogenesis
and morphogenesis.

3.6 | Core genes as potential central regulators of
IAC and CIR growth

Hub genes, extracted using WGCNA, are referred to hereafter as
core genes. Core genes are a small subset of genes that interact
the most with other genes in a given network (Josephs et al., 2017;
Mihler et al., 2017). It had been suggested that they are three
times more likely to be essential than genes with fewer interac-
tions. While high-quality prediction requires identification of the
other interacting genes, core genes are considered to be the best
predictors of phenotypic traits because they summarize key infor-
mation (Chateigner et al., 2019). In the present study, core genes
were generated from networks highly correlated with eight phe-
notypic variables. Out of a total of 117 genes detected, the highest
number (79 genes) was correlated with IN2 length, followed by the
total number of branches (18 genes), IN2 diameter (15 genes), IN2
hexose (13 genes), and IN3 diameter (12 genes). Not surprisingly, no
correlations were detected between the networks and the IN1 and
peduncle dimension traits, as in the stress treatment, they were not
systematically fully developed at the time of the dissection. Any
short delay can lead to huge differences in their observed sizes. On
the contrary, IN2, IN3, and branches were initiated during water
deficiency, and were fully developed at the end of the experiment.
Itis likely that the gene regulation we detected was related to these
organs. Only a few (5 genes) were related to phyllochron, shoot
biomass (3 genes) and F-1 width (1 gene). The functions of many of

these genes remain unknown. Based on the mechanisms described

above, among all the genes, 2 sets appear to be of great interest.
Only genes with known functions are listed in Table 4, and are de-
scribed below. Box plots of their gene expression levels can be seen
in Figure S3.

The first gene set belongs to the black network (Figure 3a), and
represents cell wall metabolism in CIR-IRR, confirming the impor-
tance of this process. These genes were significantly correlated
with the length of IN2, i.e., the most contrasted phenotypic variable
between CIR-IRR and IAC-IRR. IN2 is associated with the second
leaf (i.e., the first leaf below the flag leaf), and its entire develop-
ment and elongation stages took place during the water deficit pe-
riod. Most of the 59 core genes identified in the black network have
unknown or poorly defined functions, and 32 were not annotated
at all. Most striking was the presence of 21 F-box proteins. These
proteins are involved in the regulation of different plant develop-
ment processes, including photomorphogenesis, circadian clock
regulation, self-incompatibility, floral meristem, and floral organ
identity determination (Moon et al., 2004; Smalle & Vierstra, 2004;
Sullivan et al., 2003). In rice, more than 900 F-box proteins have
been identified and classified into 10 families (Jain et al., 2007),
but functions have only been attributed to a few F-box proteins.
In Arabidopsis, 3 F-box proteins have been shown to physically
interact with four PAL isozymes, key proteins of the phenylpro-
panoid pathway, and to mediate their proteolytic turnover via the
ubiquitination-26S proteasome pathway (Zhang et al., 2013). Two
transcription factors, the nitrogen regulatory protein P-1l (OsGLB)
and the MIKCc type-box (OsMADS16), were detected among the
other core genes. OsGLB is involved in carbon and nitrogen sensing,
and regulates the key enzyme N-acetyl glutamate kinase (NAGK)
of the arginine biosynthetic pathway (Ferrario-Méry et al., 2006).
Little is known about its function. OsMADS16 has been identified
as being involved in cell differentiation, particularly in floral organ
identity and meristem fate in rice (Ohmori et al., 2009). Compared
with IAC, F-box proteins were over-regulated and the two TFs were
down-regulated in CIR, regardless of the water regime concerned.
Although the limited amount of information prevents us from con-
cluding on the role of these genes, they are likely to be important
actors in cell wall regulation and cell growth in the development of
irrigated CIR.

The second set of genes belongs to two networks, the blue
network (Figure 5c) identified as a GRN involved in IAC-STR de-
velopmental process, and the pink network (Figure 5f) involved in
its response to ROS. Among the core genes, three transcription
factors have been shown to be involved in developmental pro-
cesses and/or stress response. In Arabidopsis, increased turgor
pressure was shown to lead to higher expression of the bZIP tran-
scriptional activator RSG (AtVIP1), which decreased after the cell
had adapted to changes in turgor pressure (Tsugama et al., 2012).
The heat stress transcription factor B-4c (HSFB4C) and the basic
helix-loop-helix bHLHO59 (AtUNE12) are both involved in the de-
fense response, but their functions remain to be elucidated (Guo
et al., 2016; Heim et al., 2003). Two core genes that belong to the
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TABLE 4 Selection of core genes.

High gene
significance

IN2 length

Total branch
number

Module
membership

Black

Blue

Gene ID

0s01g01570
0Os01g68540
0s01g73750

0s02g33780

050351090

0s03g52230
0s03g54870

050363010

0s05g04220

0s05g04330
0Os05g25400
0s06g01966

0s06g04690

0Os06g11300
0s06g20020
0s06g49840

0s06g50400
0s07g06500

0s08g29530

0s08g29590

0s10g2318
0s10g36620

0s11g38500

0s11g42040

0s01g36600
0s02g37430
0s03g58330

0s04g56970

0s06g50910

0s09g28200

Name of gene

Kinesin heavy chain
rho GDP-dissociation inhibitor 1

Leucine Rich Repeat family protein,
expressed

Serine-aspartate repeat-containing
protein | precursor

F-box and DUF domain containing
protein (OsFBDUF17)

Dynamin-2B

NLI interacting factor-like
phosphatase

Plastid terminal oxidase

Nitrogen regulatory protein P-II
(OsGLB)

DNA methyltransferase protein

RNA binding protein

Auxin-induced protein 5NG4, putative

OsFBX184—F-box domain containing

protein
CRR4
Z0S6-03—C2H2 zinc finger protein

OsMADS16—MADS-box family gene
with MIKCc type-box

Expansin precursor

OsFBL34—F-box domain and LRR
containing protein

Double-stranded RNA binding motif
containing protein

Zinc finger, C3HC4 type family
protein

Cytochrome P450

Hydroxyproline-rich glycoprotein
DZ-HRGP

OsFBDUF62—F-box and DUF domain

containing protein

Non-TIR-NBS-LRR type resistance
protein, putative

PPR repeat domain containing protein

LSM domain containing protein

BHLH transcription factor (AtUNE12)

Tubulin/FtsZ domain containing
protein

Phosphatidylinositol kinase and FAT

containing domain protein (AtATR)

Heat stress transcription factor B-4c
(HSFB4C)
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Function
Microtubule motor activity
Cell tip growth, root epidermal cell differentiation

Protein ubiquitination
NA
Protein binding

GTPase activity
NA

Oxidation-reduction process

Regulation of transcription, regulation of nitrogen
utilization, regulation of fatty acid biosynthetic
process

DNA methylation
rRNA processing

Fatty acid biosynthetic process, response to
cytokinin

Protein binding

Protein binding
Nucleic acid binding

Regulation of transcription, cell differentiation

Plant-type cell wall organization

Protein binding
Pre-miRNA processing
Zinc ion binding

Oxidation-reduction process
NA

Protein binding
ADP binding

DNA repair, cell-cycle regulation
Spliceosomal complex assembly

Regulation of transcription, regulation of defense
response

Microtubule-based movement
Cell cycle, regulation of DNA repair, multicellular

organism reproduction

Regulation of transcription, regulation of HSPs

(Continues)
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TABLE 4 (Continued)

Module
membership

High gene
significance

Pink

¥

FAVREAU ET AL.

s

Gene ID
0s02g32530

0s03g05390
0s07g44310
0s04g37920

0s10g39670

0s04g52000
0s08g25380

0Os01g67490
0s11g06170

0s01g43844

Name of gene

SAM domain family protein
Citrate transporter protein
Heat shock protein Dnal

FAD binding domain of DNA
photolyase domain containing
protein (AtCRY1)

Protein kinase family protein
(AtBSK1-2)

Protein phosphatase 2C

Serine/threonine-protein kinase BRI1-
like 1 precursor (OsBRL3)

OTU-like cysteine protease family
protein

bZIP transcriptional activator RSG
(AtVIP1)

Cytochrome P450 72A1

Increase in

Water deficit ! ’

Cumulative WUE

Water-deficient IAC 25

v' Growth decrease
v High transcriptional stress
response

v Increase in structural and non-

structural compounds

ROS regulation (hub genes)

SURSIEN

genes)

brassinosteroid receptor family, the serine/threonine protein kinase
brassinosteroid-insensitive 1 (BRI1)-like 1 precursor (BRL3), and the
brassinosteroid (BR)-signaling kinase 1-2 (BSK1-2). Brassinosteroids
(BRs) are growth-promoting hormones that interact with auxin to
regulate a wide range of physiological and developmental processes

Cell wall and cell cycle regulation

Gene regulatory network (hub

N—

Water-deficient CIRAD 409

v Growth maintenance

v" Moderate transcriptional
stress response

v Cell wall regulation

Function

Protein channel activity
Transmembrane transport
NA

Blue light signaling pathway, regulation of
unidimensional cell growth

Protein phosphorylation, brassinosteroid mediated
signaling pathway

protein dephosphorylation

Protein phosphorylation, brassinosteroid mediated
signaling pathway

NA

Regulation of transcription, negative regulation of
cell differentiation

Oxidation-reduction process

FIGURE 6 Multi-level response of
CIRAD 409 and IAC 25 to moderate water
deficit during the reproductive stage.

including cell elongation, seed germination, stomatal formation,
vascular differentiation, plant architecture, flowering, stress re-
sistance, male fertility, and senescence (Nemhauser et al., 2004).
BRs depend to a greater extent on transcription factors to regu-
late developmental processes (Li, 2010), and their receptors are
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involved in fine-tuning the direction and rate of cell division (Tong
& Chu, 2018). The homeostasis of BRs is critical because the control
of plant development is regulated in a dose-dependent manner, with
limited application of BRs resulting in increased in growth, whereas
higher exposure is detrimental (Clouse et al., 1996). Interestingly,
the expression of BRL3 and BSK1-2 was significantly decreased in
IAC--STR, compared to IAC-IRR, and remained high in CIR-IRR and
CIR-STR. BR signaling is likely to play a critical role in regulating the
cell growth in IAC-STR.

The core genes identified in the networks provide further in-
sights into the mechanisms controlling the growth of irrigated CIR,
on the one hand, and water-deficient IAC, on the other hand. More
in-depth analysis using tissue imaging and reverse genetics is now
required to understand their precise role in regulating the plant

phenotype.

4 | CONCLUSION

We performed a prospective and holistic analysis of the biologi-
cal mechanisms that regulate the growth of two contrasting rice
genotypes during the reproductive stage, under limiting and non-
limiting water conditions. To unravel the complexity of the mech-
anisms driving the developmental processes of each genotype
under moderate water stress conditions, we collected and ana-
lyzed data concerning different levels of plant organization, from
gene expression to the whole plant (Figure 6). Compared to IAC 25,
CIRAD 409 has constitutively: 1—a better photosynthetic perfor-
mance; 2—a denser shoot structure and a higher root/shoot ratio
(Guimaraes et al., 2020) associated with slower shoot growth; 3—a
higher organogenetic and a lower morphogenetic capacity (abil-
ity to generate new organs vs to expand existing ones), resulting
in a shorter plant with a high number of spikelets per tiller. Sig-
nificant core genes involved in cell wall metabolism were identi-
fied in CIRAD 409 in non-limiting conditions, i.e., under irrigation,
highlighting the fact that its internode length was at least partially
regulated at the transcriptional level. Conversely, the irrigated IAC
25 had higher metabolic activity, a higher morphogenetic capacity
with bigger organs, and a more rapid shoot growth, which could be
boosted by cell elongation.

Under moderate water deficit, CIRAD 409 was able to maintain
its overall shoot growth and panicle development whereas in IAC 25,
the same traits were reduced or blocked. In IAC 25, we hypothesize
that its photoassimilates were poorly used in the sink organs, leading
to significant accumulation of non-structural compounds in the stem
internodes in parallel with changes in metabolic activity. In addition,
the regulation of transcriptional activity and the cell cycle were
deeply modified under water deficit conditions. More strikingly, the
identification of a GRN, and of core genes, suggests that the growth
of the water-stressed IAC 25 was controlled by the regulation of a
complex transcriptional, post-transcriptional, post-translational and
hormone network. Finally, it is important to note that the growth
maintenance strategy displayed by CIRAD 409, driven by sink

INTERACTIONS @l

strength, is certainly adapted in the case of a moderate and time-
limited water deficit, but could be risky under more severe water
stress. Given the diversity of drought conditions, there is no single
biological adaptive response.

Although the present study involved only two genotypes, it re-
vealed fundamental processes that drive rice development and its
response to water deficit: in particular, the biosynthetic and regula-
tory pathways of cell wall biosynthesis, in both favorable and limit-
ing water conditions. These key features determine the mechanical
properties of the cell wall and thus plant development, organ expan-
sion and turgor maintenance under water deficit. Furthermore, our
study questions the genericity of the antagonism between morpho-
genesis and organogenesis as observed in the two genotypes.

Finally, our results highlight the importance of using multi-
level analysis to tackle the complex mechanisms involved in the
regulation of plant development in response to stress. Gene net-
work analysis is a powerful tool to reveal the underlying molecular
mechanisms and potential biological markers. Of course, such a
study has its limits. Our current knowledge of plant regulatory pro-
cesses remains partial and fragmented, and our interpretations are
intended as hypotheses to be explored rather than as conclusions.
However, this study has helped us to deepen our understanding of
the relationships between the developmental processes involved
in plant growth and the regulatory mechanisms of the stress, and
paves the way for new strategies to confer stress resistance and to

identify high-yielding plants.

ACKNOWLEDGMENTS

This work was supported by Agropolis Fondation, CAPES and EM-
BRAPA. We are grateful to Christine Granier and Julie Petit for their
help in reviewing the manuscript. The authors thank Daphne Good-

fellow for English revision.

CONFLICT OF INTEREST STATEMENT
All authors declare that they have no conflicts of interest.

DATA AVAILABILITY STATEMENT

Fastq files of the sequenced libraries were deposed in the in publicly
accessible NCBI's Sequence Read Archive (SRA) under the accession
number: SAMN27520494, SAMN27520495.

ORCID

Bénédicte Favreau " https://orcid.org/0000-0003-2786-9374

REFERENCES

Adamowski, M., Li, L., & Friml, J. (2019). Reorientation of cortical micro-
tubule arrays in the hypocotyl of Arabidopsis thaliana is induced
by the cell growth process and independent of auxin signaling.
International Journal of Molecular Sciences, 20, 3337. https://doi.
org/10.3390/ijms20133337

Agilent-Technologies. (2013). G1676AA Agilent Fiehn GC/MS metabolom-
ics RTL library user guide. Publication Part Number: G1676-90001.

Agrawal, A. A.(2007). Macroevolution of plant defense strategies. Trends
in Ecology & Evolution, 22, 103-109.

85U80|7 SUOWIWOD A0 3|edldde aup Aq peusenob ae ssjplie YO ‘8sN JO Se|ni 1oy ArIqiT8ulIUO A8]1M U (SUOTPUOD-PUe-SLLBYL0D A8 1M ATeJq 1 BUIUO//:SANY) SUORIPUOD pue Swie | 8 88s *[£202/2T/02] uo ArigiTauluo ABIM ‘1S1a - S4a9d - avdio Aq TZT0T €Rd/Z00T 0T/10pA0d A8 im AreIq Ul uo//:Sdny Wolj pepeolumod ‘S ‘€202 ‘S929G.52


https://orcid.org/0000-0003-2786-9374
https://orcid.org/0000-0003-2786-9374
https://doi.org/10.3390/ijms20133337
https://doi.org/10.3390/ijms20133337

XN PLANT-ENVIRONMENT X

FAVREAU ET AL.

INTERACTIONS _ P€

Ambawat, S., Sharma, P., Yadav, N. R., & Yadav, R. C. (2013). MYB tran-
scription factor genes as regulators for plant responses: An over-
view. Physiology and Molecular Biology of Plants: An International
Journal of Functional Plant Biology, 19, 307-321.

Anjum, S. A., Xie, X. Y., Wang, L. C,, Saleem, M. F,, Man, C., & Lei, W.
(2011). Morphological, physiological and biochemical responses of
plants to drought stress. African Journal of Agricultural Research, 6,
2026-2032.

Baldoni, E., Bagnaresi, P., Locatelli, F., Mattana, M., & Genga, A. (2016).
Comparative leaf and root transcriptomic analysis of two rice ja-
ponica cultivars reveals major differences in the root early re-
sponse to osmotic stress. Rice, 9, 25.

Bang, S. W., Lee, D.-K., Jung, H., Chung, P. J., Kim, Y. S., Do Choi, Y., Suh,
J.-W., & Kim, J.-K. (2019). Overexpression of OsTF1L, a rice HD-zip
transcription factor, promotes lignin biosynthesis and stomatal clo-
sure that improves drought tolerance. Plant Biotechnology Journal,
17,118-131.

Bardini, R., Politano, G., Benso, A., & Di Carlo, S. (2017). Multi-level and
hybrid modelling approaches for systems biology. Computational
and Structural Biotechnology Journal, 15, 396-402.

Barnabas, B., Jager, K., & Feher, A. (2008). The effect of drought and
heat stress on reproductive processes in cereals. Plant, Cell &
Environment, 31, 11-38.

Barnaby, J. Y., Rohila, J. S., Henry, C. G,, Sicher, R. C.,, Reddy, V. R, &
McClung, A. M. (2019). Physiological and metabolic responses of
rice to reduced soil moisture: Relationship of water stress tolerance
and grain production. International Journal of Molecular Sciences, 20,
1846. https://doi.org/10.3390/ijms20081846

Baskin, T. I. (2005). Anisotropic expansion of the plant cell wall. Annual
Review of Cell and Developmental Biology, 21, 203-222.

Batista-Silva, W., Heinemann, B., Rugen, N., Nunes-Nesi, A., Aratjo, W.
L., Braun, H.-P., & Hildebrandt, T. M. (2019). The role of amino acid
metabolism during abiotic stress release. Plant, Cell & Environment,
42,1630-1644.

Bechtold, U., & Field, B. (2018). Molecular mechanisms controlling plant
growth during abiotic stress. Journal of Experimental Botany, 69,
2753-2758.

Berger, S. L. (2007). The complex language of chromatin regulation
during transcription. Nature, 447, 407-412.

Berglund, T., Wallstrém, A., Nguyen, T.-V., Laurell, C., & Ohlsson, A. B.
(2017). Nicotinamide; antioxidative and DNA hypomethylation ef-
fects in plant cells. Plant Physiology and Biochemistry, 118, 551-560.

Birchler, J. A., & Veitia, R. A. (2010). The gene balance hypothesis:
Implications for gene regulation, quantitative traits and evolution.
New Phytologist, 186, 54-62.

Bird, A. (2007). Perceptions of epigenetics. Nature, 447, 396-398.

Bossdorf, O., Arcuri, D., Richards, C. L., & Pigliucci, M. (2010).
Experimental alteration of DNA methylation affects the pheno-
typic plasticity of ecologically relevant traits in Arabidopsis thaliana.
Evolutionary Ecology, 24, 541-553.

Boudaoud, A. (2010). An introduction to the mechanics of morphogene-
sis for plant biologists. Trends in Plant Science, 15, 353-360.

Boyer, J. S. (1970). Leaf enlargement and metabolic rates in corn, soy-
bean, and sunflower at various leaf water potentials 1. Plant
Physiology, 46, 233-235.

Braidwood, L., Breuer, C., & Sugimoto, K. (2014). My body is a cage:
Mechanisms and modulation of plant cell growth. New Phytologist,
201, 388-402.

Brill, E. M., Abrahams, S., Hayes, C. M., Jenkins, C. L. D., & Watson, J.
M. (1999). Molecular characterisation and expression of a wound-
inducible cDNA encoding a novel cinnamyl-alcohol dehydrogenase
enzyme in lucerne (Medicago sativa L.). Plant Molecular Biology, 41,
279-291.

Bui, M., Lim, N., Sijacic, P., & Liu, Z. (2011). LEUNIG_HOMOLOG and
LEUNIG regulate seed mucilage extrusion in Arabidopsis. Journal of
Integrative Plant Biology, 53, 399-408.

Cabuslay, G. S., Ito, O., & Alejar, A. A. (2002). Physiological evaluation
of responses of rice (Oryza sativa L.) to water deficit. Plant Science,
163,815-827.

Cal,A.J., Liu,D.,Mauleon,R.,Hsing, Y.I.,&Serraj,R.(2013). Transcriptome
profiling of leaf elongation zone under drought in contrasting rice
cultivars. PLoS ONE, 8, e54537.

Chabannes, M., Barakate, A., Lapierre, C., Marita, J. M., Ralph, J., Pean,
M., Danoun, S., Halpin, C., Grima-Pettenati, J., & Boudet, A. M.
(2001). Strong decrease in lignin content without significant al-
teration of plant development is induced by simultaneous down-
regulation of cinnamoyl CoA reductase (CCR) and cinnamyl alcohol
dehydrogenase (CAD) in tobacco plants. Plant Journal, 28, 257-270.

Chang, Y.-N., Zhu, C., Jiang, J., Zhang, H., Zhu, J.-K., & Duan, C.-G. (2020).
Epigenetic regulation in plant abiotic stress responses. Journal of
Integrative Plant Biology, 62, 563-580.

Chateigner, A., Lesage-Descauses, M.-C., Rogier, O., Jorge, V., Leplé,
J.-C., Brunaud, V., Roux, C. P.-L., Soubigou-Taconnat, L., Martin-
Magniette, M.-L., Sanchez, L., & Segura, V. (2019). Gene expression
predictions and networks in natural populations supports the om-
nigenic theory. bioRxiv: 523365.

Chen, Q., Wang, B., Ding, H., Zhang, J., & Li, S. (2019). Review: The role of
NADP-malic enzyme in plants under stress. Plant Science, 281, 206-212.

Choi, C.-S.,&Sano, H.(2007). Abiotic-stress induces demethylation and tran-
scriptional activation of a gene encoding a glycerophosphodiesterase-
like protein in tobacco plants. Molecular Genetics and Genomics, 277,
589-600.

Chomczynski, P., & Sacchi, N. (2006). The single-step method of RNA
isolation by acid guanidinium thiocyanate-phenol-chloroform ex-
traction: Twenty-something years on. Nature Protocols, 1, 581-585.

Choudhury, F. K., Rivero, R. M., Blumwald, E., & Mittler, R. (2017).
Reactive oxygen species, abiotic stress and stress combination. The
Plant Journal, 90, 856-867.

Cimini, S., Gualtieri, C., Macovei, A., Balestrazzi, A., De Gara, L., &
Locato, V. (2019). Redox balance-DDR-miRNA triangle: Relevance
in genome stability and stress responses in plants. Frontiers in Plant
Science, 10, 989.

Clouse, S. D., Langford, M., & McMorris, T. C. (1996). A Brassinosteroid-
insensitive mutant in Arabidopsis thaliana exhibits multiple defects
in growth and development. Plant Physiology, 111, 671-678.

Cosgrove, D. J. (2005). Growth of the plant cell wall. Nature Reviews
Molecular Cell Biology, 6, 850-861.

Cosgrove, D. J. (2018). Diffuse growth of plant cell walls. Plant Physiology,
176, 16-27.

Counce, P. A, Keisling, T. C., & Mitchell, A. J. (2000). A uniform, objec-
tive, and adaptive system for expressing Rice development. Crop
Science, 40, 436-443.

Cruz, R. T., & O'Toole, J. C. (1984). Dryland rice response to an irrigation
gradient at flowering stagel. Agronomy Journal, 76, 178-183.

Dash, P. K., Rai, R., Rai, V., & Pasupalak, S. (2018). Drought induced sig-
naling in rice: Delineating canonical and non-canonical pathways.
Frontiers in Chemistry, 6, 264.

Depuydt, S., & Hardtke, C. S. (2011). Hormone signalling crosstalk in
plant growth regulation. Current Biology, 21, R365-R373.

Didi, V., Jackson, P., & Hejatko, J. (2015). Hormonal regulation of sec-
ondary cell wall formation. Journal of Experimental Botany, 66,
5015-5027.

Dingkuhn, M., Jones, M. P., Johnson, D. E., & Sow Abdoul, D. (1998).
Growth and yield potential of Oryza sativa and O. glaberrima upland
rice cultivars and their interspecific progenies. Field Crops Research,
57, 57-69.

Doblin, M. S., Kurek, I., Jacob-Wilk, D., & Delmer, D. P. (2002). Cellulose
biosynthesis in plants: From genes to rosettes. Plant & Cell
Physiology, 43, 1407-1420.

Ekanayake, I. J., Datta, S. K. D. E., & Steponkus, P. L. (1989). Spikelet
sterility and flowering response of rice to water stress at anthesis.
Annals of Botany, 63, 257-264.

85U80|7 SUOWIWOD A0 3|edldde aup Aq peusenob ae ssjplie YO ‘8sN JO Se|ni 1oy ArIqiT8ulIUO A8]1M U (SUOTPUOD-PUe-SLLBYL0D A8 1M ATeJq 1 BUIUO//:SANY) SUORIPUOD pue Swie | 8 88s *[£202/2T/02] uo ArigiTauluo ABIM ‘1S1a - S4a9d - avdio Aq TZT0T €Rd/Z00T 0T/10pA0d A8 im AreIq Ul uo//:Sdny Wolj pepeolumod ‘S ‘€202 ‘S929G.52


https://doi.org/10.3390/ijms20081846

FAVREAU ET AL.

PLANT-ENVIRONMENT o | 253

Fabre, D., Dingkuhn, M., Yin, X., Clément-Vidal, A., Roques, S., Soutiras,
A., & Luquet, D. (2020). Genotypic variation in source and sink
traits affects the response of photosynthesis and growth to ele-
vated atmospheric CO,,. Plant, Cell & Environment, 43, 579-593.

Fahad, S., Bajwa, A. A., Nazir, U., Anjum, S. A., Farooq, A., Zohaib, A.,
Sadia, S., Nasim, W., Adkins, S., Saud, S., lhsan, M. Z., Alharby,
H., Wu, C., Wang, D., & Huang, J. (2017). Crop production under
drought and heat stress: Plant responses and management op-
tions. Frontiers in Plant Science, 8, 1147. https://doi.org/10.3389/
fpls.2017.01147

Farooq, M., Basra, S. M. A., Wahid, A., Ahmad, N., & Saleem, B. A. (2009).
Improving the drought tolerance in rice (Oryza sativa L.) by exog-
enous application of salicylic acid. Journal of Agronomy and Crop
Science, 195, 237-246.

Favreau, B., Denis, M., Ployet, R., Mounet, F., Peireira da Silva, H.,
Franceschini, L., Laclau, J. P., Labate, C., & Carrer, H. (2019). Distinct
leaf transcriptomic response of water deficient Eucalyptus grandis
submitted to potassium and sodium fertilization. PLoS ONE, 14,
e0218528.

Ferrario-Méry, S., Besin, E., Pichon, O., Meyer, C., & Hodges, M. (2006).
The regulatory PIl protein controls arginine biosynthesis in
Arabidopsis. FEBS Letters, 580, 2015-2020.

Fiehn, O. (2006). Metabolite profiling in Arabidopsis. Methods in
Molecular Biology, 323, 439-447.

Fiehn, O., Wohlgemuth, G., Scholz, M., Kind, T., Lee, D. Y., Lu, Y., Moon,
S., & Nikolau, B. (2008). Quality control for plant metabolomics:
Reporting MSI-compliant studies. The Plant Journal, 53, 691-704.

Fischer, K., Honor, L., Fukai, S., Atlin, G., & Hardy, B. (2003). Breeding
rice for drought-prone environments. International Rice Research
Institute.

Franciosini, A., Rymen, B., Shibata, M., Favero, D. S., & Sugimoto, K.
(2017). Molecular networks orchestrating plant cell growth. Current
Opinion in Plant Biology, 35, 98-104.

Franck, N., Vaast, P., Genard, M., & Dauzat, J. (2006). Soluble sugars me-
diate sink feedback down-regulation of leaf photosynthesis in field-
grown Coffea arabica. Tree Physiology, 26, 517-525.

Fry, S. C. (2011). Plant cell walls. From chemistry to biology. Annals of
Botany, 108, viii-ix.

Ganie, S. A., & Ahammed, G. J. (2021). Dynamics of cell wall structure
and related genomic resources for drought tolerance in rice. Plant
Cell Reports, 40, 437-459.

Geitmann, A., & Ortega, J. K. E. (2009). Mechanics and modeling of plant
cell growth. Trends in Plant Science, 14, 467-478.

Geng, X., Horst, W. J,, Golz, J. F,, Lee, J. E., Ding, Z., & Yang, Z.-B. (2017).
LEUNIG_HOMOLOG transcriptional co-repressor mediates al-
uminium sensitivity through PECTIN METHYLESTERASE46-
modulated root cell wall pectin methylesterification in Arabidopsis.
The Plant Journal, 90, 491-504.

Gill, S. S., & Tuteja, N. (2010). Reactive oxygen species and antioxidant
machinery in abiotic stress tolerance in crop plants. Plant Physiology
and Biochemistry, 48, 909-930.

Gour, P, Kansal, S., Agarwal, P., Mishra, B. S., Sharma, D., Mathur, S,
& Raghuvanshi, S. (2021). Variety-specific transcript accumulation
during reproductive stage in drought-stressed rice. Physiologia
Plantarum, 174, e13585. https://doi.org/10.1111/ppl.13585

Granier, C., Inzé, D., & Tardieu, F. (2000). Spatial distribution of cell di-
vision rate can be deduced from that of p34cdc2 kinase activity
in maize leaves grown at contrasting temperatures and soil water
conditions. Plant Physiology, 124, 1393-1402.

Grant-Downton, R., & Dickinson, H. (2005). Epigenetics and its implica-
tions for plant biology. 1. The epigenetic network in plants. Annals
of Botany, 96(7), 1143-1164.

Guimaraes, P. H. R, de Lima, I. P.,, de Castro, A., Cristina Lanna, A.,
Guimaraes Santos Melo, P., & de Raissac, M. (2020). Phenotyping
root systems in a set of japonica rice accessions: Can structural

INTERACTIONS @l

traits predict the response to drought? Rice, 13, 67. https://doi.
org/10.1186/s12284-020-00404-5

Guo, M., Liu, J.-H., Ma, X, Luo, D.-X., Gong, Z.-H., & Ming-Hui, L. (2016).
The plant heat stress transcription factors (HSFs): Structure, regu-
lation, and function in response to abiotic stresses. Frontiers in Plant
Science, 7, 114. https://doi.org/10.3389/fpls.2016.00114

Guo, R., Shi, L., Jiao, Y., Li, M., Zhong, X., Gu, F, Liu, Q, Xia, X., & Li,
H. (2018). Metabolic responses to drought stress in the tissues of
drought-tolerant and drought-sensitive wheat genotype seedlings.
AoB Plants, 10, ply016.

Gupta, A., Rico-Medina, A., & Cano-Delgado, A. I. (2020). The physiology
of plant responses to drought. Science, 368, 266-269.

Hanin, M., Brini, F., Ebel, C., Toda, Y., Takeda, S., & Masmoudi, K. (2011).
Plant dehydrins and stress tolerance: Versatile proteins for complex
mechanisms. Plant Signaling & Behavior, 6, 1503-1509.

Harb, A., Krishnan, A., Ambavaram, M. M. R., & Pereira, A. (2010).
Molecular and physiological analysis of drought stress in
Arabidopsis reveals early responses leading to acclimation in plant
growth. Plant Physiology, 154, 1254-1271.

Haun, J. R. (1973). Visual quantification of wheat development. Agronomy
Journal, 65, 116-119.

He, H., & Serraj, R. (2012). Involvement of peduncle elongation, an-
ther dehiscence and spikelet sterility in upland rice response to
reproductive-stage drought stress. Environmental and Experimental
Botany, 75, 120-127.

Heim, M. A., Jakoby, M., Werber, M., Martin, C., Weisshaar, B., & Bailey,
P. C. (2003). The basic helix-loop-helix transcription factor family
in plants: A genome-wide study of protein structure and functional
diversity. Molecular Biology and Evolution, 20, 735-747.

Hilty, J., Muller, B., Pantin, F., & Leuzinger, S. (2021). Plant growth: The
what, the how, and the why. New Phytologist, 232, 25-41.

Hirano, K., Aya, K., Kondo, M., Okuno, A., Morinaka, Y., & Matsuoka, M.
(2012). OsCAD?2 is the major CAD gene responsible for monolignol
biosynthesis in rice culm. Plant Cell Reports, 31, 91-101.

Hsiao, T. C. (2000). Leaf and root growth in relation to water status.
HortScience, 35, 1051-1058.

Hu, T, Jin, Y., Li, H., Amombo, E., & Jinmin, F. (2016). Stress memory in-
duced transcriptional and metabolic changes of perennial ryegrass
(Lolium perenne) in response to salt stress. Physiologia Plantarum,
156, 54-69.

Isserlin, R., Merico, D., Voisin, V., & Bader, G. D. (2014). Enrichment
map—A Cytoscape app to visualize and explore OMICs pathway
enrichment results. F1I000Res, 3, 141.

lwasaki, M., & Paszkowski, J. (2014). Epigenetic memory in plants. The
EMBO Journal, 33, 1987-1998.

Jain, M., Nijhawan, A, Arora, R., Agarwal, P., Ray, S., Sharma, P., Kapoor,
S., Tyagi, A. K., & Khurana, J. P. (2007). F-box proteins in rice.
Genome-wide analysis, classification, temporal and spatial gene
expression during panicle and seed development, and regulation by
light and abiotic stress. Plant Physiology, 143, 1467-1483.

Jin, Y., Yang, H., Zheng, W., Ma, H., & Ge, X. (2013). Rice male devel-
opment under drought stress: Phenotypic changes and stage-
dependent transcriptomic reprogramming. Molecular Plant, 6,
1630-1645.

Jones, A. M. (2001). Programmed cell death in development and defense.
Plant Physiology, 125, 94-97.

Josephs, E. B., Wright, S. I., Stinchcombe, J. R., & Schoen, D. J. (2017).
The relationship between selection, network connectivity, and reg-
ulatory variation within a population of Capsella grandiflora. Genome
Biology and Evolution, 9, 1099-1109.

Juric, S., Hazler-Pilepic, K., Tomasic, A., Lepedus, H., Jelicic, B.,
Puthiyaveetil, S., Bionda, T., Vojta, L., Allen, J. F., Schleiff, E., &
Fulgosi, H. (2009). Tethering of ferredoxin:NADP+ oxidoreductase
to thylakoid membranes is mediated by novel chloroplast protein
TROL. The Plant Journal, 60, 783-794.

85U80|7 SUOWIWOD A0 3|edldde aup Aq peusenob ae ssjplie YO ‘8sN JO Se|ni 1oy ArIqiT8ulIUO A8]1M U (SUOTPUOD-PUe-SLLBYL0D A8 1M ATeJq 1 BUIUO//:SANY) SUORIPUOD pue Swie | 8 88s *[£202/2T/02] uo ArigiTauluo ABIM ‘1S1a - S4a9d - avdio Aq TZT0T €Rd/Z00T 0T/10pA0d A8 im AreIq Ul uo//:Sdny Wolj pepeolumod ‘S ‘€202 ‘S929G.52


https://doi.org/10.3389/fpls.2017.01147
https://doi.org/10.3389/fpls.2017.01147
https://doi.org/10.1111/ppl.13585
https://doi.org/10.1186/s12284-020-00404-5
https://doi.org/10.1186/s12284-020-00404-5
https://doi.org/10.3389/fpls.2016.00114

SRl PLANT-ENVIRONMENT X

FAVREAU ET AL.

INTERACTIONS _ P€

Kang, Z., Babar, M. A., Khan, N., Guo, J., Khan, J, Islam, S., Shrestha,
S., & Shahi, D. (2019). Comparative metabolomic profiling in
the roots and leaves in contrasting genotypes reveals complex
mechanisms involved in post-anthesis drought tolerance in
wheat. PLoS ONE, 14, e0213502. https://doi.org/10.1371/journ
al.pone.0213502

Kaplan, F., Kopka, J., Haskell, D. W., Wei, Z., Cameron Schiller, K.,
Gatzke, N., Sung, D. Y, & Guy, C. L. (2004). Exploring the
temperature-stress metabolome of Arabidopsis. Plant Physiology,
136, 4159-4168.

Kato, Y., Henry, A., Fujita, D., Katsura, K., Kobayashi, N., & Serraj, R.
(2011). Physiological characterization of introgression lines derived
from an indica rice cultivar, IR64, adapted to drought and water-
saving irrigation. Field Crops Research, 123, 130-138.

Kawakatsu, T., Teramoto, S., Takayasu, S., Maruyama, N., Nishijima, R.,
Kitomi, Y., & Uga, Y. (2021). The transcriptomic landscapes of rice
cultivars with diverse root system architectures grown in upland
field conditions. The Plant Journal, 106, 1177-1190.

Kesten, C., Menna, A., & Sanchez-Rodriguez, C. (2017). Regulation of
cellulose synthesis in response to stress. Current Opinion in Plant
Biology, 40, 106-113.

Keunen, E., Peshev, D., Vangronsveld, J., Van den Ende, W., & Cuypers,
A. (2013). Plant sugars are crucial players in the oxidative chal-
lenge during abiotic stress. Extending the traditional concept. Plant
Cell and Environment, 36(7), 1242-1255. https://doi.org/10.1111/
pce.12061

Kim, D., Langmead, B., & Salzberg, S. L. (2015). HISAT: A fast spliced
aligner with low memory requirements. Nature Methods, 12,
357-360.

Kucera, M., Isserlin, R., Arkhangorodsky, A., & Bader, G. D. (2016).
AutoAnnotate: A Cytoscape app for summarizing networks with
semantic annotations. F1000Res, 5, 1717.

Kumar, A., Bernier, J., Verulkar, S., Lafitte, H. R., & Atlin, G. N. (2008).
Breeding for drought tolerance: Direct selection for yield, re-
sponse to selection and use of drought-tolerant donors in up-
land and lowland-adapted populations. Field Crops Research, 107,
221-231.

Kumar, A., Shalabh, D., Ram, T., Yadaw, R. B., Mishra, K. K., & Mandal,
N. P. (2014). Breeding high-yielding drought-tolerant rice: Genetic
variations and conventional and molecular approaches. Journal of
Experimental Botany, 65, 6265-6278.

Lafitte, H. R., Blum, A., & Atlin, G. (2003). Using secondary traits
to help identify drought-tolerant genotypes. In K. S. Fischer,
R. Lafitte, S. Fukai, G. N. Atlin, & B. Hardy (Eds.), Breeding rice
for drought-prone environments (pp. 37-48). International Rice
Research Institute.

Langfelder, P., Mischel, P. S., & Horvath, S. (2013). When is hub gene
selection better than standard meta-analysis? PLoS ONE, 8, e61505.

Lata, C., Muthamilarasan, M., & Prasad, M. (2015). Drought stress
responses and signal transduction in plants. In G. Pandey (Ed.),
Elucidation of abiotic stress signaling in plants (pp. 195-225).
Springer.

Law, J. A., & Jacobsen, S. E. (2010). Establishing, maintaining and modify-
ing DNA methylation patterns in plants and animals. Nature Reviews
Genetics, 11, 204-220.

Le Gall, H., Philippe, F., Domon, J. M., Gillet, F., Pelloux, J., & Rayon, C.
(2015). Cell wall metabolism in response to abiotic stress. Plants,
4,112-166.

Lee, B.-R., Kim, K.-Y., Jung, W.-J., Avice, J.-C., Ourry, A., & Kim, T.-H.
(2007). Peroxidases and lignification in relation to the intensity of
water-deficit stress in white clover (Trifolium repens L.). Journal of
Experimental Botany, 58, 1271-1279.

Lenka, S. K., Katiyar, A., Chinnusamy, V., & Bansal, K. C. (2011).
Comparative analysis of drought-responsive transcriptome in
Indica rice genotypes with contrasting drought tolerance. Plant
Biotechnology Journal, 9, 315-327.

Li, J. (2010). Regulation of the nuclear activities of brassinosteroid signal-
ing. Current Opinion in Plant Biology, 13, 540-547.

Li, J., Han, G., Sun, C., & Sui, N. (2019). Research advances of MYB tran-
scription factors in plant stress resistance and breeding. Plant
Signaling & Behavior, 14, 1613131.

Li, S.-B., Xie, Z.-Z., Hu, C.-G., & Zhang, J.-Z. (2016). A review of auxin
response factors (ARFs) in plants. Frontiers in Plant Science, 7, 47.
https://doi.org/10.3389/fpls.2016.00047

Li, T., Gonzalez, N., Inzé, D., & Dubois, M. (2020). Emerging connections
between small RNAs and phytohormones. Trends in Plant Science,
25,912-929.

Liang, Y., Tabien, R. E., Tarpley, L., Mohammed, A. R., & Septiningsih, E.
M. (2021). Transcriptome profiling of two rice genotypes under
mild field drought stress during grain-filling stage. AoB Plants, 13,
plab043. https://doi.org/10.1093/aobpla/plab043

Liepman, A. H., Wightman, R., Geshi, N., Turner, S. R., & Scheller, H. V.
(2010). Arabidopsis—A powerful model system for plant cell wall
research. The Plant Journal, 61, 1107-1121.

Lilley, J. M., & Fukai, S. (1994). Effect of timing and severity of water defi-
cit on four diverse rice cultivars |. Rooting pattern and soil water
extraction. Field Crops Research, 37, 205-213.

Lin, F., Manisseri, C., Fagerstrom, A., Peck, M. L., Vega-Sanchez, M. E.,
Williams, B., Chiniquy, D. M., Saha, P., Pattathil, S., Conlin, B., Zhu,
L., Hahn, M. G., Willats, W. G. T., Scheller, H. V., Ronald, P. C., &
Bartley, L. E. (2016). Cell wall composition and candidate biosyn-
thesis gene expression during rice development. Plant and Cell
Physiology, 57, 2058-2075.

Lopes, C. T., Franz, M., Kazi, F., Donaldson, S. L., Morris, Q., & Bader,
G. D. (2010). Cytoscape web: An interactive web-based network
browser. Bioinformatics, 26, 2347-2348.

Love, M. |, Huber, W., & Anders, S. (2014). Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome
Biology, 15, 550.

Luquet, D., Clément-Vidal, A., Fabre, D., This, D., Sonderegger, N., &
Dingkuhn, M. (2008). Orchestration of transpiration, growth and
carbohydrate dynamics in rice during a dry-down cycle. Functional
Plant Biology, 35, 689-704.

Luquet, D., Dingkuhn, M., Kim, H., Tambour, L., & Clement-Vidal, A.
(2006). EcoMeristem, a model of morphogenesis and competition
among sinks in rice. 1. Concept, validation and sensitivity analysis.
Functional Plant Biology, 33, 309-323.

Ma, H., & Liu, M. (2019). The microtubule cytoskeleton acts as a sensor
for stress response signaling in plants. Molecular Biology Reports,
46,5603-5608.

Maere, S., Heymans, K., & Kuiper, M. (2005). BINGO: A cytoscape plugin
to assess overrepresentation of gene ontology categories in biolog-
ical networks. Bioinformatics, 21, 3448-3449.

Mahler, N., Wang, J., Terebieniec, B. K., Ingvarsson, P. K., Street, N. R.,
& Hvidsten, T. R. (2017). Gene co-expression network connectivity
is an important determinant of selective constraint. PLoS Genetics,
13,e1006402.

Marcek, T., Hamow, K. A., Vegh, B., Janda, T., & Darko, E. (2019).
Metabolic response to drought in six winter wheat genotypes. PLoS
ONE, 14, e0212411.

Martin, M. (2011). Cutadapt removes adapter sequences from high-
throughput sequencing reads. EMBnetjournal, 17, 10-12.

Martinelli, T., Whittaker, A., Bochicchio, A., Vazzana, C., Suzuki, A., &
Masclaux-Daubresse, C. (2007). Amino acid pattern and glutamate
metabolism during dehydration stress in the ‘resurrection’ plant
Sporobolus stapfianus: A comparison between desiccation-sensitive
and desiccation-tolerant leaves. Journal of Experimental Botany, 58,
3037-3046.

McFarlane, H. E., Doring, A., & Persson, S. (2014). The cell biology of cel-
lulose synthesis. Annual Review of Plant Biology, 65, 69-94.

Melandri, G., AbdElgawad, H., Riewe, D., Hageman, J. A., Asard, H.,
Beemster, G. T.S.,Kadam, N., Jagadish, K., Altmann, T., Ruyter-Spira,

85U80|7 SUOWIWOD A0 3|edldde aup Aq peusenob ae ssjplie YO ‘8sN JO Se|ni 1oy ArIqiT8ulIUO A8]1M U (SUOTPUOD-PUe-SLLBYL0D A8 1M ATeJq 1 BUIUO//:SANY) SUORIPUOD pue Swie | 8 88s *[£202/2T/02] uo ArigiTauluo ABIM ‘1S1a - S4a9d - avdio Aq TZT0T €Rd/Z00T 0T/10pA0d A8 im AreIq Ul uo//:Sdny Wolj pepeolumod ‘S ‘€202 ‘S929G.52


https://doi.org/10.1371/journal.pone.0213502
https://doi.org/10.1371/journal.pone.0213502
https://doi.org/10.1111/pce.12061
https://doi.org/10.1111/pce.12061
https://doi.org/10.3389/fpls.2016.00047
https://doi.org/10.1093/aobpla/plab043

FAVREAU ET AL.

PLANT-ENVIRONMENT o | 255

C., & Bouwmeester, H. (2020). Biomarkers for grain yield stability
in rice under drought stress. Journal of Experimental Botany, 71,
669-683.

Micheli, F. (2001). Pectin methylesterases: Cell wall enzymes with
important roles in plant physiology. Trends in Plant Science, 6,
414-419.

Mirabet, V., Krupinski, P., Hamant, O., Meyerowitz, E. M., Jénsson, H., &
Boudaoud, A. (2018). The self-organization of plant microtubules
inside the cell volume yields their cortical localization, stable align-
ment, and sensitivity to external cues. PLoS Computational Biology,
14, e1006011.

Mishra, S. S., Behera, P. K., Kumar, V., Lenka, S. K., & Panda, D. (2018).
Physiological characterization and allelic diversity of selected
drought tolerant traditional rice (Oryza sativa L.) landraces of
Koraput, India. Physiology and Molecular Biology of Plants, 24,
1035-1046.

Moon, J., Parry, G., & Estelle, M. (2004). The ubiquitin-proteasome path-
way and plant development. The Plant Cell, 16, 3181-3195.

Morohashi, K., & Russinova, E. (2019). Towards a next step of the re-
search of regulatory networks in plant growth and development.
Journal of Plant Research, 132, 155-157.

Moumeni, A., Satoh, K., Venuprasad, R., Serraj, R., Kumar, A., Leung, H.,
& Kikuchi, S. (2015). Transcriptional profiling of the leaves of near-
isogenic rice lines with contrasting drought tolerance at the repro-
ductive stage in response to water deficit. BMC Genomics, 16, 1110.

Muller, B., Pantin, F., Genard, M., Turc, O., Freixes, S., Piques, M., &
Gibon, Y. (2011). Water deficits uncouple growth from photosyn-
thesis, increase C content, and modify the relationships between
C and growth in sink organs. Journal of Experimental Botany, 62,
1715-1729.

Muthurajan, R., Rahman, H., Manoharan, M., Ramanathan, V., &
Nallathambi, J. (2018). Drought responsive transcriptome profil-
ing in roots of contrasting rice genotypes. Indian Journal of Plant
Physiology, 23, 393-407.

Nadarajah, K., & Kumar, 1. S. (2019). Drought response in rice: The miRNA
story. International Journal of Molecular Sciences, 20, 3766.

Namuco, O. S., & Otoole, J. C. (1986). Reproductive stage water-stress and
sterility. 1. Effect of stress during meiosis. Crop Science, 26, 317-321.

Namuco, O. S., & O'Toole, J. C. (1986). Reproductive stage water stress
and sterility. |. Effect of stress during meiosis. Crop Science, 26,
cropsci1986.0011183X002600020022x.

Nemhauser, J. L., Mockler, T. C., & Chory, J. (2004). Interdependency of brassi-
nosteroid and auxin signaling in Arabidopsis. PLoS Biology, 2, €258.
Nguyen, H. T, Fischer, K. S., & Fukai, S. (2009). Physiological responses
to various water saving systems in rice. Field Crops Research, 112,

189-198.

Novakovic, L., Guo, T., Bacic, A., Sampathkumar, A., & Johnson, K. L.
(2018). Hitting the wall-sensing and signaling pathways involved in
plant cell wall remodeling in response to abiotic stress. Plants, 7, 89.
https://doi.org/10.3390/plants7040089

Ohmori, S., Kimizu, M., Sugita, M., Miyao, A., Hirochika, H., Uchida, E.,
Nagato, Y., & Yoshida, H. (2009). MOSAIC FLORAL ORGANS1, an
AGL6-like MADS box gene, regulates floral organ identity and mer-
istem fate in rice. The Plant Cell, 21, 3008-3025.

Omidbakhshfard, M. A., Proost, S., Fujikura, U., & Mueller-Roeber, B.
(2015). Growth-regulating factors (GRFs): A small transcription
factor family with important functions in plant biology. Molecular
Plant, 8, 998-1010.

Ono, A., Izawa, T., Chua, N. H., & Shimamoto, K. (1996). The rab16B pro-
moter of rice contains two distinct abscisic acid-responsive ele-
ments. Plant Physiology, 112, 483-491.

Ort, D. R., Merchant, S. S., Alric, J., Barkan, A., Blankenship, R. E., Bock,
R., Croce, R., Hanson, M. R., Hibberd, J. M., Long, S. P., Moore, T. A.,
Moroney, J., Niyogi, K. K., Parry, M. A, Peralta-Yahya, P. P., Prince,
R. C., Redding, K. E., Spalding, M. H., van Wijk, K. J., ... Zhu, X. G.

INTERACTIONS @l

(2015). Redesigning photosynthesis to sustainably meet global
food and bioenergy demand. Proceedings of the National Academy of
Sciences of the United States of America, 112, 8529-8536.

O'Toole, J. C., & Namuco, O. S. (1983). Role of panicle exsertion in water
stress induced sterility. Crop Science, 23, cropsci1983.0011183X0
02300060017x.

Pajoro, A., Biewers, S., Dougali, E., Valentim, F. L., Mendes, M. A_, Porri,
A., Coupland, G., Van de Peer, Y., van Dijk, A. D. J., Colombo, L.,
Davies, B., & Angenent, G. C. (2014). The (r)evolution of gene regu-
latory networks controlling Arabidopsis plant reproduction: A two-
decade history. Journal of Experimental Botany, 65, 4731-4745.

Panda, D., Mishra, S. S., & Behera, P. K. (2021). Drought tolerance in
rice: Focus on recent mechanisms and approaches. Rice Science, 28,
119-132.

Paredez, A., Somerville, C., & Ehrhardt, D. (2006). Visualization of cel-
lulose synthase demonstrates functional association with microtu-
bules. Science, 312, 1491-1495.

Parthasarathy, A., Savka, M. A., & Hudson, A. O. (2019). The synthesis
and role of g-alanine in plants. Frontiers in Plant Science, 10, 921.
https://doi.org/10.3389/fpls.2019.00921

Pereira de Lima, |, Lafarge, T., de Castro, A. P,, Roques, S., Soutiras, A.,
Clément-Vidal, A., Botelho, F. B. S., & de Raissac, M. (2021). How
much the response of rice genotypes to water deficit at the re-
productive phase is dependent from environmental conditions?
bioRxiv: 2021.09.01.458547.

Pérez-Alfocea, F., Estai, M. T., Caro, M., & Guerrier, G. (1993). Osmotic
adjustment in Lycopersicon esculentum and L. Pennellii under NaCl
and polyethylene glycol 6000 iso-osmotic stresses. Physiologia
Plantarum, 87, 493-498.

Plessis, A., Hafemeister, C., Wilkins, O., Gonzaga, Z. J., Meyer, R. S., Pires,
I., Muller, C., Septiningsih, E. M., Bonneau, R., & Purugganan, M.
(2015). Multiple abiotic stimuli are integrated in the regulation
of rice gene expression under field conditions. eLife, 4, e08411.
https://doi.org/10.7554/elLife.08411

Price, A. H., Cairns, J. E., Horton, P, Jones, H. G., & Griffiths, H. (2002).
Linking drought-resistance mechanisms to drought avoidance in
upland rice using a QTL approach: Progress and new opportuni-
ties to integrate stomatal and mesophyll responses. Journal of
Experimental Botany, 53, 989-1004.

Qiu, D., Xu, S., Wang, Y., Zhou, M., & Hong, L. (2021). Primary cell wall
modifying proteins regulate wall mechanics to steer plant mor-
phogenesis. Frontiers in Plant Science, 12, 751372. https://doi.
org/10.3389/fpls.2021.751372

Ramakrishna, A., & Ravishankar, G. A. (2011). Influence of abi-
otic stress signals on secondary metabolites in plants. Plant
Signaling & Behavior, 6, 1720-1731. https://doi.org/10.4161/
psb.6.11.17613

Ranieri, A., Bernardi, R., Lanese, P., & Soldatini, G. (1989). Changes in
free amino acid content and protein pattern of maize seedlings
under water stress. Environmental and Experimental Botany, 29,
351-357.

Rebolledo, M.-C., Dingkuhn, M., Clément-Vidal, A., Rouan, L., & Luquet,
D. (2012). Phenomics of rice early vigour and drought response: Are
sugar related and morphogenetic traits relevant? Rice, 5, 22.

Richards, E. J. (2008). Population epigenetics. Current Opinion in Genetics
& Development, 18, 221-226.

Rieseberg, L. H., & Blackman, B. K. (2010). Speciation genes in plants.
Annals of Botany, 106, 439-455.

Rizhsky, L., Liang, H., Shuman, J., Shulaev, V., Davletova, S., & Mittler,
R. (2004). When defense pathways collide. The response of
Arabidopsis to a combination of drought and heat stress. Plant
Physiology, 134, 1683-1696.

Robinson, M. D., McCarthy, D. J.,, & Smyth, G. K. (2009). edgeR: A
Bioconductor package for differential expression analysis of digital
gene expression data. Bioinformatics, 26, 139-140.

85U80|7 SUOWIWOD A0 3|edldde aup Aq peusenob ae ssjplie YO ‘8sN JO Se|ni 1oy ArIqiT8ulIUO A8]1M U (SUOTPUOD-PUe-SLLBYL0D A8 1M ATeJq 1 BUIUO//:SANY) SUORIPUOD pue Swie | 8 88s *[£202/2T/02] uo ArigiTauluo ABIM ‘1S1a - S4a9d - avdio Aq TZT0T €Rd/Z00T 0T/10pA0d A8 im AreIq Ul uo//:Sdny Wolj pepeolumod ‘S ‘€202 ‘S929G.52


https://doi.org/10.3390/plants7040089
https://doi.org/10.3389/fpls.2019.00921
https://doi.org/10.7554/eLife.08411
https://doi.org/10.3389/fpls.2021.751372
https://doi.org/10.3389/fpls.2021.751372
https://doi.org/10.4161/psb.6.11.17613
https://doi.org/10.4161/psb.6.11.17613

SR PLANT-ENVIRONMENT X

FAVREAU ET AL.

INTERACTIONS _ P€

Rohart, F., Gautier, B., Singh, A., & Cao, K.-A. L. (2017). mixOmics: An R
package for ‘omics feature selection and multiple data integration’.
PLoS Computational Biology, 13, e1005752.

Ruiz-Perez, D., Guan, H., Madhivanan, P., Mathee, K., & Narasimhan, G.
(2020). So you think you can PLS-DA? BMC Bioinformatics, 21, 2.

Saddhe, A. A., Manuka, R., & Penna, S. (2021). Plant sugars: Homeostasis
and transport under abiotic stress in plants. Physiologia Plantarum,
171,739-755.

Saibil, H. (2013). Chaperone machines for protein folding, unfolding
and disaggregation. Nature Reviews. Molecular Cell Biology, 14,
630-642.

Schuetz, M., Benske, A., Smith, R. A., Watanabe, Y., Tobimatsu, Y., Ralph,
J., Demura, T., Ellis, B., & Lacey Samuels, A. (2014). Laccases direct
lignification in the discrete secondary cell wall domains of protoxy-
lem. Plant Physiology, 166, 798-807.

Sengupta, S., Mukherjee, S., Basak, P., & Majumder, A. L. (2015).
Significance of galactinol and raffinose family oligosaccharide
synthesis in plants. Frontiers in Plant Science, 6, 656. https://doi.
org/10.3389/pls.2015.00656

Serraj, R., Kumar, A., McNally, K. L., Slamet-Loedin, I., Bruskiewich,
R., Mauleon, R., Cairns, J.,, & Hijmans, R. J. (2009). Chapter
2—Improvement of drought resistance in rice. In D. L. Sparks (Ed.),
Advances in agronomy (pp. 41-99). Academic Press.

Sheoran, I. S., & Saini, H. S. (1996). Drought-induced male sterility in rice:
Changes in carbohydrate levels and enzyme activities associated
with the inhibition of starch accumulation in pollen. Sexual Plant
Reproduction, 9, 161-169.

Si, L., Chen, J,, Huang, X., Gong, H., Luo, J., Hou, Q., Zhou, T., Lu, T., Zhu,
J., Shangguan, Y., Chen, E., Gong, C., Zhao, Q., Jing, Y., Zhao, Y., Li,
Y., Cui, L., Fan, D., Lu, Y., ... Han, B. (2016). OsSPL13 controls grain
size in cultivated rice. Nature Genetics, 48, 447-456.

Sinclair, T. R., & Ludlow, M. M. (1986). Influence of soil water supply on
the plant water balance of four tropical grain legumes. Functional
Plant Biology, 13, 329-341.

Smalle, J., & Vierstra, R. D. (2004). The ubiquitin 26S proteasome proteo-
lytic pathway. Annual Review of Plant Biology, 55, 555-590.

Sullivan, J. A., Shirasu, K., & Deng, X. W. (2003). The diverse roles of
ubiquitin and the 26S proteasome in the life of plants. Nature
Reviews Genetics, 4, 948-958.

Takahashi, F., Kuromori, T., Urano, K., Yamaguchi-Shinozaki, K., &
Shinozaki, K. (2020). Drought stress responses and resistance
in plants: From cellular responses to long-distance intercellular
communication. Frontiers in Plant Science, 11, 556972. https://doi.
org/10.3389/pls.2020.556972

Tobias, C. M., & Chow, E. K. (2005). Structure of the cinnamyl-alcohol de-
hydrogenase gene family in rice and promoter activity of a member
associated with lignification. Planta, 220, 678-688.

Tong, H., & Chu, C. (2018). Functional specificities of brassinosteroid and
potential utilization for crop improvement. Trends in Plant Science,
23,1016-1028.

Torres, R. O., & Henry, A. (2018). Yield stability of selected rice breed-
ing lines and donors across conditions of mild to moderately severe
drought stress. Field Crops Research, 220, 37-45.

Tsugama, D, Liu, S., & Takano, T. (2012). A bZIP protein, VIP1, is a regu-
lator of osmosensory signaling in Arabidopsis. Plant Physiology, 159,
144-155.

Tsukagoshi, H., Busch, W., & Benfey, P. N. (2010). Transcriptional regula-
tion of ROS controls transition from proliferation to differentiation
in the root. Cell, 143, 606-616.

Ullah, H., Santiago Arenas, R., Ferdous, Z., Attia, A., & Datta, A. (2019).
Improving water use efficiency, nitrogen use efficiency, and radi-
ation use efficiency in field crops under drought stress: A review.
Advances in Agronomy, 156, 109-157.

Upadhyaya, H., & Panda, S. K. (2019). Drought stress responses and its
Management in Rice. In M. Hasanuzzaman, M. Fujita, K. Nahar, & J.

K. Biswas (Eds.), Advances in rice research for abiotic stress tolerance
(pp. 177-200). Woodhead Publishing.

Van den Broeck, L., Gordon, M., Inzé, D., Williams, C., & Sozzani, R.
(2020). Gene regulatory network inference: Connecting plant bi-
ology and mathematical modeling. Frontiers in Genetics, 11, 457.
https://doi.org/10.3389/fgene.2020.00457

Vanstraelen, M., & Benkova, E. (2012). Hormonal interactions in
the regulation of plant development. Annual Review of Cell and
Developmental Biology, 28, 463-487.

Verma, G., Dhar, Y. V,, Srivastava, D., Kidwai, M., Chauhan, P. S., Bag,
S. K., Asif, M. H., & Chakrabarty, D. (2017). Genome-wide analysis
of rice dehydrin gene family: Its evolutionary conservedness and
expression pattern in response to PEG induced dehydration stress.
PLoS ONE, 12,e0176399.

Wang, C., Zhang, L., & Chen, W. (2011). Plant cortical microtubules are
putative sensors under abiotic stresses. Biochemistry, 76, 320-326.

Wang, D., Pan, Y., Zhao, X., Zhu, L., Binying, F., & Li, Z. (2011). Genome-
wide temporal-spatial gene expression profiling of drought respon-
siveness in rice. BMC Genomics, 12, 149.

Wang, T., McFarlane, H. E., & Persson, S. (2015). The impact of abiotic
factors on cellulose synthesis. Journal of Experimental Botany, 67,
543-552.

Wilkins, O., Hafemeister, C., Plessis, A., Holloway-Phillips, M.-M.,
Pham, G. M., Nicotra, A. B., Gregorio, G. B., Krishna Jagadish,
S. V., Septiningsih, E. M., Bonneau, R., & Purugganan, M. (2016).
EGRINs (environmental gene regulatory influence networks) in
rice that function in the response to water deficit, high tem-
perature, and agricultural environments. The Plant Cell, 28,
2365-2384.

Wittkopp, P. J., Haerum, B. K., & Clark, A. G. (2004). Evolutionary changes
in cis and trans gene regulation. Nature, 430, 85-88.

Xie, K., Wu, C., & Xiong, L. (2006). Genomic organization, differential
expression, and interaction of SQUAMOSA promoter-binding-like
transcription factors and microRNA156 in rice. Plant Physiology,
142, 280-293.

Xiong, L., & Zhu, J.-K. (2003). Regulation of abscisic acid biosynthesis.
Plant Physiology, 133, 29-36.

Yamaguchi-Shinozaki, K., & Shinozaki, K. (2006). Transcriptional
regulatory networks in cellular responses and tolerance to de-
hydration and cold stresses. Annual Review of Plant Biology, 57,
781-803.

Yan, Y., Wei, M., Yu, L., Tao, H., Wu, H., Chen, Z., Li, C., & Jian-Hong, X.
(2021). MiR529a controls plant height, tiller number, panicle archi-
tecture and grain size by regulating SPL target genes in rice (Oryza
sativa L.). Plant Science, 302, 110728.

Yang, C., Hu, H., Ren, H., Kong, Y., Lin, H., Guo, J., Wang, L., He, Y., Ding,
X., Grabsztunowicz, M., Mulo, P., Chen, T, Yu, L., Wu, Z., Wu, Y.,
Mao, C., Wu, P., & Mo, X. (2016). LIGHT-INDUCED RICE1 regulates
light-dependent attachment of LEAF-TYPE FERREDOXIN-NADP*
OXIDOREDUCTASE to the thylakoid membrane in RICE and
Arabidopsis. The Plant Cell, 28, 712-728. https://doi.org/10.1105/
tpc.15.01027

Yang, L., Wang, C. C., Guo, W. D., Li, X. B,, Lu, M., & Yu, C. L. (2006).
Differential expression of cell wall related genes in the elonga-
tion zone of rice roots under water deficit. Russian Journal of Plant
Physiology, 53, 390-395.

Yoo, Y.-H., Nalini Chandran, A. K., Park, J.-C., Gho, Y.-S,, Lee, S.-W., An,
G., & Jung, K.-H. (2017). OsPhyB-mediating novel regulatory path-
way for drought tolerance in Rice root identified by a global RNA-
Seq transcriptome analysis of rice genes in response to water defi-
ciencies. Frontiers in Plant Science, 8, 580. https://doi.org/10.3389/
fpls.2017.00580

Zablackis, E., Huang, J., Muller, B., Darvill, A. G., & Albersheim, P. (1995).
Characterization of the Cell-Wall polysaccharides of Arabidopsis
thaliana leaves. Plant Physiology, 107, 1129-1138.

85U80|7 SUOWIWOD A0 3|edldde aup Aq peusenob ae ssjplie YO ‘8sN JO Se|ni 1oy ArIqiT8ulIUO A8]1M U (SUOTPUOD-PUe-SLLBYL0D A8 1M ATeJq 1 BUIUO//:SANY) SUORIPUOD pue Swie | 8 88s *[£202/2T/02] uo ArigiTauluo ABIM ‘1S1a - S4a9d - avdio Aq TZT0T €Rd/Z00T 0T/10pA0d A8 im AreIq Ul uo//:Sdny Wolj pepeolumod ‘S ‘€202 ‘S929G.52


https://doi.org/10.3389/fpls.2015.00656
https://doi.org/10.3389/fpls.2015.00656
https://doi.org/10.3389/fpls.2020.556972
https://doi.org/10.3389/fpls.2020.556972
https://doi.org/10.3389/fgene.2020.00457
https://doi.org/10.1105/tpc.15.01027
https://doi.org/10.1105/tpc.15.01027
https://doi.org/10.3389/fpls.2017.00580
https://doi.org/10.3389/fpls.2017.00580

FAVREAU ET AL.

PLANT-ENVIRONMENT | 257

Zhang, H., Zhao, Y., & Zhu, J.-K. (2020). Thriving under stress: How plants
balance growth and the stress response. Developmental Cell, 55,
529-543.

Zhang, X., Gou, M., & Liu, C. J. (2013). Arabidopsis Kelch repeat F-box
proteins regulate phenylpropanoid biosynthesis via controlling
the turnover of phenylalanine ammonia-lyase. Plant Cell, 25,
4994-5010.

Zhang, Z. F,, Li, Y. Y., & Xiao, B. Z. (2016). Comparative transcriptome
analysis highlights the crucial roles of photosynthetic system
in drought stress adaptation in upland rice. Scientific Reports, 6,
19349.

SUPPORTING INFORMATION
Additional supporting information can be found online in the
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