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Abstract

Key message By integration of transcriptional and
metabolic profiles we identified pathways and hubs
transcription factors regulated during drought condi-
tions in sunflower, useful for applications in molecular
and/or biotechnological breeding.

Abstract Drought is one of the most important environ-
mental stresses that effects crop productivity in many agri-
cultural regions. Sunflower is tolerant to drought condi-
tions but the mechanisms involved in this tolerance remain
unclear at the molecular level. The aim of this study was
to characterize and integrate transcriptional and metabolic
pathways related to drought stress in sunflower plants, by
using a system biology approach. Our results showed a
delay in plant senescence with an increase in the expres-
sion level of photosynthesis related genes as well as
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higher levels of sugars, osmoprotectant amino acids and
ionic nutrients under drought conditions. In addition, we
identified transcription factors that were upregulated dur-
ing drought conditions and that may act as hubs in the
transcriptional network. Many of these transcription fac-
tors belong to families implicated in the drought response
in model species. The integration of transcriptomic and
metabolomic data in this study, together with physiologi-
cal measurements, has improved our understanding of the
biological responses during droughts and contributes to
elucidate the molecular mechanisms involved under this
environmental condition. These findings will provide use-
ful biotechnological tools to improve stress tolerance while
maintaining crop yield under restricted water availability.
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Introduction

Drought is the most important environmental stress that
affects agriculture worldwide, particularly in terms of the
productivity of field crops (Schmidhuber and Tubiello
2007). The physiological responses to droughts are com-
plex and highly dependent on the severity, duration and
timing of the drought as well as on the affected species
(Tardieu and Tuberosa 2010). Under these conditions, plant
metabolisms are disturbed and should be reconfigured to
maintain the essential metabolism and acclimatization thus
adopting a novel steady state. The plasticity for a given trait
may have important adaptive effects, which minimize del-
eterious effects of the environment and maximize the sur-
vival, growth and reproduction (De Witt et al. 1998; Alpert
and Simms 2002; van Kleunen and Fischer 2005; Couso
and Fernandez 2012).

Drought stress can occur at any stage of plant growth
and can affect productivity depending on the timing and
duration during crop development. Droughts are generally
associated with various morphological and physiological
changes in plants including reduced aerial organ expansion,
decrease in transpiration and photosynthesis, accumulation
of osmotic compounds, activation of detoxifying processes,
and transcriptional regulation of many genes (Cramer
et al. 2007; Chaves et al. 2009; Thomas 2015). Several
efforts have been made to improve crop productivity under
drought conditions. However, a large gap remains between
yields obtained under optimal and drought conditions (Cat-
tivelli et al. 2008).

Sunflower, the fourth most important oil crop world-
wide, is normally susceptible to low temperatures and
salinity (Maas and Hoffman 1977; Kratsch and Wise 2000;
Huang et al. 2005), but with a relative tolerance to drought
conditions because of its highly explorative root system
(Connor et al. 1985; Connor and Jones 1985; Sadras et al.
1991). Recently, Andrianasolo et al. (2016) have evaluated
genotypic responses to water deficit before and after flow-
ering at the physiological level. These researchers showed
that the photosynthetic activity is more sensitive to soil
water deficit at the reproductive stage, while the transpira-
tion is more affected at the vegetative stage.

Regarding functional genomics, few research groups
have reported about gene expression in response to abiotic
stresses in this crop and these studies have been focused
on few genes (Ouvrard et al. 1996; Cellier et al. 1998;
Giordani et al. 1999; Kiani et al. 2007a, b; Manavella et al.
2008a; Moschen et al. 2014b; Raineri et al. 2015).

Transcriptomic experiments have been developed
in sunflower in relation to leaf senescence (Moschen
et al. 2016a, b) yield and flooding tolerance (Cabello
et al. 2016) as well as to assess the role of NO in root

@ Springer

architecture (Corti Monzén et al. 2014). In addition, tran-
scriptomic experiments have been carried out to study
seed germination (El-Maarouf-Bouteau et al. 2015), the
response to chilling and salt stresses (Fernandez et al.
2008) as well as to water stress (Roche et al. 2007). How-
ever, there are no studies to date reporting the analysis of
drought response in sunflower integrating transcriptom-
ics, metabolomics and physiological data.

In this study, we characterized transcriptional and
metabolic pathways related to drought conditions in sun-
flower and identified candidate genes and key metabolic
pathways involved in the response to early water deficit,
through an integrated analysis of transcriptomic and met-
abolic profiles.

Materials and methods
Plant material and experimental conditions

The experiment was conducted under field conditions
at the INTA Balcarce Experimental Station (37°45'S,
58°18'W) during the 2010/11 growing season. The sun-
flower hybrid VDH 487 (Advanta Seeds, Argentina) was
sown under a shelter at a 7.2 plants/m? with three biolog-
ical replicates (plots). Each biological replicate consisted
of three randomly selected plants from each plot. Soil fer-
tility, diseases, weeds and insects were adequately con-
trolled. Two experimental conditions were implemented.
A control condition in which plants were grown without
water and nutritional limitations, with water content close
to 40% in the first 60 cm of soil depth. The other condi-
tion was a medium-intensive drought in which the volu-
metric moisture was reduced to about 20% from 20 days
post-emergence according to previous studies in sun-
flower (Pereyra-Irujo et al. 2007) (195°CDAE) (Fig. 1).
The water content measurements were performed period-
ically using a Trase System, Model 6050X1, Soil Mois-
ture Equipment Corp., Santa Barbara, CA, USA.

Transcriptomic and metabolic profiles were performed
using the 10th leaf (numbered from the bottom to the top
of the plant) at three developmental stages, labeled as T1
(young leaf, maximum chlorophyll content), T2 (middle
age leaf, pre-anthesis) and T3 (old leaf, post-anthesis)
(Fig. 1). The experiment was performed under field con-
ditions. Thus, time was expressed on a thermal time basis
by daily integration of air temperature with a threshold
temperature of 6°C. In addition, plant emergence was
considered as thermal time origin (°CDAE: °C Days
After Emergence) as previously proposed for sunflower
(Kiniry et al. 1992).
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Fig. 1 Soil water content during plant development. Measurements
were obtained using a Trase System in the first 60 cm of soil depth.
Solid lines correspond to control conditions and dotted lines corre-
spond to drought conditions. Red arrows indicate the three evaluated

Physiological measurements

Physiological measurements were assessed as previously
described (Moschen et al. 2014a) including chlorophyll,
total soluble carbohydrates and nitrogen determinations.

Briefly, chlorophyll content of the sampled leaves was
measured by chemical extraction with N, N dimethylfor-
mamide. 6 disks of 0.5 cm-diameter for each biological
replicate were dried with tissue paper and incubated in
vials containing 6 ml of N,N-dimethylformamide over-
night at room temperature in darkness. Absorbance of
each sample was measured using a spectrophotometer
and chlorophyll content was calculated as:

Chlorophyll (mg 1_1) = 17.9 x abs (647) + 8.08 = abs (664).

Chlorophyll (mg cm™2)=Cl (mg 171/1.1775 cm? (Ins-
keep and Bloom 1985). For total soluble carbohydrates,
9 disks of 1.2 cm-diameter for each biological replicate
were quantified by a colorimetric method using a phenol
and sulfuric acid reaction and compared with a stand-
ard curve constructed with glucose standard solutions
(0—15 pg pl™!) (Dubois et al. 1956). The percentage of
total nitrogen was measured according to the Dumas
method from 60 mg of dry tissue (Dumas 1826).

Additionally, Green leaf area (GLA) was calculated
per plant as follows:

GLA(cm?) = (Leaf area Toireenness %)

where Leaf area= 1.528 x (leaf width)'7** and percent-
age of greenness was estimated visually, by comparing the
relation between green and yellow parts of each leaf (from
100 to 0%) (Aguirrezabal et al. 1996).

sampling points (T1, T2 and T3). The green arrow shows the anthesis
time and the blue arrow indicates the initiation of the drought stress
treatment. °CDAE thermal time (°C days) after emergence

Transcriptomic analysis
RNA isolation, quantification and quality controls

The sampled leaves were frozen immediately in lig-
uid nitrogen upon collection and stored at —80°C until
processing. High quality total RNA was isolated from
100 mg of frozen tissue using TriPure, according to
the manufacturer’s instructions (Roche, Buenos Aires,
Argentina). Genomic DNA was eliminated after treat-
ment with DNase I for 20 min at room temperature using
DNase I (Invitrogen, Buenos Aires, Argentina). RNA
concentration was measured using a Nanodrop ND-1000
spectrophotometer (NanoDrop Technologies, Wilming-
ton, Delaware USA). The purity and integrity of total
RNA was determined by 260/280 nm ratio and by Nano-
Bioanalyzer RNA-6000 analysis (Agilent Technologies,
Palo Alto, California USA).

Microarray analysis

Transcriptomic profile was performed using a previously
developed custom sunflower microarray, Agilent 4 x44 K
(Fernandez et al. 2012). Briefly, data pre-processing was
performed using the Limma library (Smyth 2005) from
the R-package (R Core Team 2012). Background cor-
rection was performed using the rma algorithm from the
backgroundCorrect function. Between-array normaliza-
tion was performed using the quantile method from the
normalizeBetweenArray function. Finally, fold changes
were transformed to log2 scale and the information from
technical replicates was incorporated by calculating the
median parameter.
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Differential gene expression analysis

The Sunflower Custom Oligo Microarray includes four arrays
per chip; therefore, to accommodate 6 treatments, we planned
a hybridization plan following an incomplete block design
with four replicates for treatment. Differential gene expression
was performed, gene by gene. For this, we estimated a mixed-
effects linear model and used /me function of the nlme library
of the R language (Pinheiro et al. 2012). Gene set analysis
was conducted according to the Gene Ontology terms (Ash-
burner et al. 2000) using a logistic regression model (Sartor
et al. 2009; Montaner and Dopazo 2010) integrated in the
Babelomics suite (Alonso et al. 2015). The p values correc-
tion in a multiple test context was performed using the Benja-
mini-Hochberg method (Benjamini and Hochberg 1995).

Microarray validation: qPCR analysis

The expression of selected genes was evaluated in relation
to Elongation Factor —la (EF — la), which has been pre-
viously selected as a reference gene for expression senes-
cence experiments (Fernandez et al. 2011) (Fig. S1). Spe-
cific primer pairs were designed using Primer3 software
(Rozen and Skaletsky 2000) with default parameters.

For each sample, 500 ng of RNA were treated with
DNase and reverse-transcribed (Superscript III first strand
synthesis system, Invitrogen, Buenos Aires, Argentina)
using random hexamer primers according to the manu-
facturer’s instructions as previously reported in sunflower
(Moschen et al. 2014a).

Metabolic analysis
GC-TOF-MS analysis

Metabolite extraction was performed promoting the extrac-
tion of lipophilic and polar compounds according to Roess-
ner-Tunali et al. (2003) with adaptations to sunflower tissue
(Peluffo et al. 2010). Samples were derivatised and injected
(1 ul) into the GC-TOF-MS system (LECO Corporation, St.
Joseph, Michigan, USA). Chromatography was performed
on a 30 m SPB-50 column with 0.25 mm inner diameter and
0.25 Im film thickness (Supelco, Belfonte, CA, USA). The
temperatures of injection, interface and ion source were set
to 230, 250 and 200 °C, respectively. The carrier gas was He
at a constant flow ratio of 1 ml m~!. The chromatograms and
spectra were evaluated using the ChromaTOF (LECO Cor-
poration, St. Joseph, Michigan, USA) and TagFinder (Luede-
mann et al. 2008). Ion spectra were compared to the Golm
Metabolome Database (http://gmd.mpimp-golm.mpg.de/).
Metabolite levels were normalized to fresh weight and the
internal control ribitol. Changes in metabolite levels were cal-
culated as the fold-change relative to control conditions.
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lon chromatography

ITonic nutrients were assessed by Ion chromatography. A total
of 500 wl of 4°C ULC water (Ultra Liquid Chromatography)
were added into each metabolite sample extraction. Samples
were shaken in vortex 10 s followed by centrifugation 30 min
at 14,000 rpm at 4°C. A total of 480 pl of the supernatant
was transferred into glass vials. Serial dilutions of MgCl,,
KNO;, KH,PO,, MgSO,, NH,SO, and CaCl,: 100, 50, 25,
12.5, 6.25 and 3.125 pM were used as standard solutions.
An ionic nutrient analysis was achieved using Ion Chromato-
graph Dionex IC3000 (Thermo Scientific, Wisconsin, USA).

Transcriptomic and metabolic integration
MapMan analysis

MapMan software (Thimm et al. 2004) was used to integrate
transcriptomic and metabolic profiles. For mapping genera-
tion, fasta sequences of Helianthus annuus were downloaded
from Sunflower Unigene Repository (SUR v1.0) (Fernandez
et al. 2012). Annotation was processed through Mercator
annotation pipeline (Lohse et al. 2014).

The log2 ratio of fold change (drought/control) was calcu-
lated. The expression cutoff was log2 fold change higher or
lower than 2 and with a p value lower than 0.05. The result-
ing data table was used for MapMan analysis.

Weighted gene co-expression network analysis (WGCNA)

WGCNA was performed using the WGCNA R package
(v1.51) as described by Langfelder and Horvath (2008).
The expression values for 9,684 non-redundant genes were
used to construct the network using the following settings:

power=4, minModuleSize=30, mergeCutHeight=0.2,
maxBlockSize=10,000, deepSplit=4, reassignThresh-
old=1e—6 and minKMEtoStay=0.5, networkType =

“signed”, TOMType = “signed”. The network modules were
correlated with metabolite levels and differentially expressed
transcription factors. Networks were exported for selected
modules using the function exportNetworkToCytoscape
(edge weight threshold of 0.45) and then visualized using
Cytoscape (Shannon et al. 2003).

Results

Physiological measurement

Plant development was assessed according to physiologi-
cal parameters. Progression of GLA reflected the difference

in plant size; the control plants showed a maximum GLA
of 8000 cm?, whereas the plants under drought conditions
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only reached maximum values of 5000 cm?®. Decrease rate
of green leaf area after anthesis was similar under both con-
ditions (Fig. 2a).

Chlorophyll content in the control leaf showed maximum
values, which were near to 0.03 mg/cm2 at 560°CDAE.
From this point, the chlorophyll declined slowly up to flow-
ering and more steeply from this point up to 900°CDAE. In
the drought condition, the sampled leaf always presented
higher values than the control, with a maximum value of
0.035 mg/cm® at 560°CDAE and a slower decrease up
to 970°CDAE from emergence (Fig. 2b). Likewise, the
drought treatment affected soluble sugar content with higher
values during all leaf development but a mild increase
toward the end of leaf development (Fig. 2c). However,
nitrogen content did not show any differences between treat-
ments throughout leaf development (Fig. 2d).

Transcriptomic analysis

We analyzed 9684 non-redundant genes from the microar-
ray experiment and detected 3434 differentially expressed
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Fig. 2 Physiological measurements of experimental conditions. a
Green leaf area (GLA); b chlorophyll content; ¢ soluble sugars and
d nitrogen content. Solid lines correspond to control conditions and

genes between drought vs. control conditions at the three
sampling time points (T1=512; T2=1845 and T3 =2250
genes). Values were considered significant with p values
lower than 0.05 and with a fold change higher or lower than
2. The Venn diagram in Fig. 3 shows that 101 genes were
downregulated and 41 were upregulated at all the sampling
points (Table S1).

Microarray validation through qPCR analysis yielded
similar expression profiles in all the evaluated transcripts
in comparison with microarray data (Fig. S1). To analyze
major effects in gene regulation under drought conditions,
we selected the top up- and downregulated genes with a
fold change higher or lower than 4 in at least one of the
evaluated conditions. This analysis showed 602 genes dif-
ferentially expressed in at least one of the three evaluated
sampling points (Table S2). The most represented func-
tional categories correspond to amino acid metabolism,
cell wall modification and organization, hormone, lipid
and sugar metabolism, protein degradation and modifica-

tion, transcription regulation, secondary metabolism and
transport.
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dotted lines correspond to drought conditions. Error bars corre-
spond to standard errors and asterisks indicate significant differences
(P<0.05). °CDAE thermal time (°C days) after emergence
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Fig.3 Venn diagram of ( A) T1
differentially non-redundant
expressed genes between
drought versus control condi-
tions at the three sampling
points. 71 512 probes (young
leaf, maximum chlorophyll
content), 72 1845 probes
(middle age leaf, pre-anthesis)
and 73 2250 probes (old leaf,
post-anthesis). a Downregulated
genes and b upregulated genes

T3

Functional analysis

Through gene set analysis methodology, we detected dif-
ferentially enriched functional categories represented on
the microarray. Indeed, the number of downregulated GO
categories was higher than the number of upregulated cat-
egories, under drought conditions (Fig. 4). The enriched
upregulated GO categories contained genes mainly related
to isoprenoid, glycogen and RNA metabolic processes,
chemical stimulus, carbon fixation, cellular response to
stress and DNA repair (Fig. S2). On the other hand, the
enriched downregulated GO categories contained genes
mainly related to macromolecule and organic substance
metabolic processes, asparagine and ATP biosynthetic pro-
cess, GTP catabolic process and genes related to cellular
localization (Fig. S2).

Transcription factors analysis
We then identified Sunflower Transcription Factors (TFs)

by comparing approximately 23,000 sequences of TFs from
Arabidopsis lyrata, A. thaliana, Oryza sativa, Populus

Fig. 4 Distribution of sig- 100
nificant GO terms: blologlcal 1 Biological Process
process, molecular function 80
and cellular component at the g Molecular Function
three evaluated sarn_phng points, g Cellular Component
T1 young leaf, maximum o 60
chlorophyll content, 72 middle s
age leaf, pre-anthesis and 73 old -
leaf, post-anthesis 3 40+

£

S

Z 204

0

T2

T3

trichocarpa, Vitis vinifera and Zea mays available at the
plant TF database (http://plntfdb.bio.uni-potsdam.de/v3.0/)
(Pérez-Rodriguez et al. 2010) with SUR v1.0 database (Fer-
nandez et al. 2012). Their expression analysis revealed that
42 TFs were differentially expressed under drought condi-
tions, with a log2 fold change higher or lower than 2 in at
least one of the three sampling times (Table S3). Among
the downregulated TFs, we found that most of them cor-
respond to the AP2/EREBP, WRKY, MYB and NAC TF
families. Furthermore, members of zf-HD, AP2/DREB and
Sigma70-like TF families were upregulated during drought
conditions.

Metabolic analysis
Primary metabolite analysis

By GC-TOF-MS analysis, we detected 54 primary metabo-
lites, including different amino acids, organic acids, sugars
and sugar alcohols (Fig. 5). This analysis displayed two
distinctly separated groups of metabolites that were up
or downregulated during drought conditions. Most of the
amino acid metabolites showed lower levels under drought

up-regulated
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conditions. Nevertheless, the amino acids and derivatives
proline, tyramine, glycine, malonate and y-aminobutyrate
showed higher levels under drought conditions, thus indi-
cating a putative role of these metabolites during stress
response in sunflower. By contrast, glycolysis and tricarbo-
xylic acid cycle (TCA) metabolites and all the detected car-
bohydrates showed higher levels under drought conditions.

Ionic nutrient analysis

By ion chromatography, we detected four anionic (chlo-
ride, nitrate, sulphate and phosphate) and cationic (sodium,
ammonium, potassium, magnesium and calcium) nutri-
ents (Fig. 6). Among the anionic analysis, we found an
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accumulation of chloride and decrease of nitrate in response
to drought. By contrast, the entire cationic nutrients showed
an accumulation in leaf under this condition with signifi-
cant differences in T3 after a long drought treatment.

Integrative analysis

In addition, we characterized the sunflower drought
response by integrating transcriptomic and metabolic data
and using MapMan (Thimm et al. 2004) (Fig. 7). We were
able to detect the most important biological processes
affected by drought in sunflower. Among the studied stages
(T1, T2 and T3), T2 and T3 showed the higher differences
between treatments, with a better clustering of data on
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Fig. 5 Metabolic profile analysed by GC-TOF-MS. Each graph
represents the (Log2) fold change drought versus control condi-
tion; columns represent the three evaluated sampling points for each

metabolite. Colour intensity corresponds to the expression ratio at
logarithmic scale (red upregulated, blue downregulated). The asterisk
within each graph indicates significant differences (P value <0.05)
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Fig. 6 Ionic nutrient analysis. Each graph represents the (Log2) fold
change drought versus control condition; columns represent the three
evaluated sampling points for each nutrient. Colour intensity corre-
sponds to the expression ratio at logarithmic scale (red upregulated,
blue downregulated). The asterisk indicates significant differences (P
value <0.05)

biological processes (Fig. 7 a, b). By contrast, T1 did not
display a marked differentiation between biological pro-
cesses (data not showed). We detected higher expression
levels at T2 (middle age leaf, pre-anthesis). This finding
evidences an early activation of drought tolerance mecha-
nisms before anthesis. Under drought conditions imposed
at early developmental stage (Fig. 1), the expression levels
of genes related to photosynthesis and photorespiration as
well as those involved in sugar synthesis and starch degra-
dation increased. This lead to a significant increase in sug-
ars content. Likewise, the expression levels of genes related
to sucrose degradation decreased under drought. Glycolysis
related genes and TCA cycle metabolites also showed an
overexpression under drought conditions. Ascorbate, glu-
tathione cycle genes displayed high expression levels, espe-
cially at T2, thus demonstrating an active detoxification
process under drought conditions in sunflower.

Regarding cell wall related genes, we identified high
levels of several genes associated to cell wall modification,
cellulose synthesis, pectase lyases and polygalacturonases.
Lipid metabolism related genes also exhibited high expres-
sion levels, especially those related to omega 3 desaturase
and steroids metabolism. Similarly, the genes associated to
flavonoid and terpene metabolism were upregulated during
drought.

We performed WGCNA analysis to find co-expressed
genes related to biological processes that we demonstrated
to be involved in the drought response. WGCNA allocated
7021 genes to 12 modules (Table S4); each module is rep-
resented by a color and contained between 57 and 1836
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genes. The remaining genes were allocated to the unas-
signed grey module.

We then searched for highly connected transcription fac-
tors related to differentially expressed genes and biological
processes of interest. For this purpose, we correlated each
module with metabolite levels (Fig. S3). In addition, we
determined the distribution of the 93 upregulated and 95
downregulated TFs (Table S4). The brown and blue mod-
ules were positively correlated with sugar metabolites and
contained upregulated transcription factors (mainly in the
pre-anthesis sampling). By contrast, the turquoise module
contained most of the downregulated transcription factors
and showed a negative correlation with sugars and a corre-
sponding high positive correlation with amino acid (except
for the amino acids and derivatives mentioned above) (Fig.
S3).

We then exported the selected modules and visualized
them by using Cytoscape (Shannon et al. 2003) to find
highly connected TFs associated to drought in sunflower
(Fig. 8). This analysis showed 12 upregulated and 19 down-
regulated TFs with high numbers of connections (degree of
>15 and >20 respectively) and therefore are potentially act-
ing as hubs in the gene network. Transcription factor classi-
fication showed that members of sigma like factors, zf-HD
and HD-Zip TFs families displayed higher expression lev-
els. On the other hand, the members of NAC, AP2-EREBP
and bZIP TFs families showed the lower expression lev-
els. These findings postulate these transcription factors as
potential hub genes regulated during drought in sunflower.

Discussion

Sunflower is susceptible to low temperatures and salin-
ity (Maas and Hoffman 1977; Kratsch and Wise 2000;
Huang et al. 2005), but shows a relatively high tolerance to
drought thanks to its highly explorative root system (Con-
nor et al. 1985; Connor and Jones 1985; Sadras et al. 1991).

Drought was triggered in the early stages of plant devel-
opment (Fig. 1) which allowed the plants to adapt. This
resulted in smaller plants with smaller leaves. In previous
studies, Rousseaux et al. (1996) reported that different lev-
els and quality of PAR radiation absorbed by leaves affect
the duration of green leaf area during the pre- and post-
anthesis phases.

The 10th leaf was selected for this study, as it develops
in a lower crop stratum of plants and is therefore affected
by an increased shading by the upper leaves, decreas-
ing the red/far red relationship. Under drought conditions,
this shading effect is lower owing to the minor leaf area
intercepting more quantity and quality of PAR radiation
(Fig. 1a). As a result, senescence was delayed and chloro-
phyll content showed high levels under drought (Fig. 1b).
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resent genes with few connections. Strong connections are visualized
as wider lines. The tables show the expression profile of the hAub TFs
at the different sampling points (T1, T2 and T3). Colour intensity cor-
responds to the expression ratio at logarithmic scale (red upregulated,
blue downregulated)



Plant Mol Biol

Meanwhile, sugar content displayed high levels under
drought conditions (Fig. 1c). Sugar accumulation is an
important mechanism of drought tolerance, by preventing
water loss and protecting membranes, enzymes and other
cellular structures (Sperdouli and Moustakas 2012).

Recently, transcriptomics and functional genomics anal-
ysis have been extensively used to understand the molecu-
lar basis of drought responsive mechanisms in crop plants.

In fact, Mir et al. (2012) have reported different genes
involved in cellular protection under drought conditions
(e.g. proteins involved in osmotic adjustment, degradation,
repairs, detoxification and structural adaptations) and/or in
regulation mechanisms (protein kinases and transcription
factors). Drought could affect photosynthesis by the diffu-
sion limitations through the stomata and the mesophyll or
by alterations in photosynthetic metabolism (Chaves et al.
2009).

Sunflower is a crop with low resistance to water trans-
port through the plant and low stomatal resistance (Andrade
and Gardiol 1994). Genes related to photosynthesis and
photorespiration, sugar synthesis and starch degradation are
upregulated under drought compared to control conditions,
whereas genes related to sucrose degradation are downreg-
ulated (Fig. 7). Indeed, this leads to higher levels in sugar
contents, as observed by metabolic analysis (Fig. 5). Nev-
ertheless, in addition to the photosynthesis maintenance,
sugar accumulation could be explained by growth reduc-
tion under drought stress. Sugar accumulation, which pro-
duces osmotic adjustment, is a key adaptation mechanism
for drought tolerance in plants. This mechanism avoids
cellular dehydration, by maintaining leaf turgor to improve
stomatal conductance (Kiani et al. 2007a, b) and promoting
water uptake in roots (Chimenti et al. 2006; Farooq et al.
2012). These results suggest a mechanism of drought toler-
ance in sunflower involving an increase of photosynthesis
related genes and higher sugar levels during droughts.

Furthermore, the higher levels of different amino acids
and derivatives (proline, tyramine, glycine, malonate
and y-aminobutyrate) underline the osmotic adjustment
hypothesis. Glycinebetaine and proline are two major
organic osmolytes that accumulate in some plant species
in response to environmental stresses such as drought,
salinity, among others (Ashraf and Foolad 2007). Glycine
betaine is synthesized in chloroplast from serine or direct
N-methylation of glycine (Hanson and Scott 1980) which
showed an accumulation under drought conditions (Fig. 5).
We also detected accumulation of proline under drought
conditions. Several researchers reported that proline con-
tributes to the cytoplasmic osmotic adjustment in drought
or salinity stress responses (Yamada et al. 2005; Planchet
et al. 2014; Yaish 2015; Ben Rejeb et al. 2015; Jahantigh
et al. 2016).In addition, Ashraf and Foolad (2007) dem-
onstrated that proline accumulation correlates with stress

tolerance in several species and that its concentration is
generally higher in stress tolerant plants.

Carbon accumulated under drought conditions promotes
the synthesis of secondary metabolites. Genes related to
flavonoids and terpenes metabolism pathways also showed
upregulation during drought conditions. Flavonoids are
a major component of specialized/secondary metabolites
in plants and display several physiological functions in
response to biotic and abiotic stress (Saito et al. 2013; Nak-
abayashi et al. 2014a). In Arabidopsis, Nakabayashi et al.
(2014b) demonstrated that flavonoid accumulation was key
to enhance tolerance to both oxidative and drought stresses.
Moreover, terpene accumulation is involved in many func-
tions in growth, development and resistance to environ-
mental stresses, in a number of plant species (Gershenzon
and Dudareva 2007; Palmer-Young et al. 2015). Terpenes
are involved in at least two roles during droughts. They
enhance membrane stability during transient heat stress
(Sharkey 2001; Sharkey et al. 2008) and have direct antiox-
idant effects (Vickers et al. 2009). Vickers et al. 2009 sug-
geted that that unsaturated terpene hydrocarbons react with
ROS and therefore quenched these oxidants.

Environmental factors such as drought may cause nutri-
ent deficiencies, even in fertilized fields, by reducing the
mobility and absorbance of individual nutrients (Amtmann
and Blatt 2009). The participation of each ionic nutrient
during the drought stress response is ambiguous and can
differ between different plant species (Ciriaco da Silva et al.
2011).

Among the ionic nutrients detected, we found higher
levels of chloride and lower levels of nitrate during drought
(Fig. 6). The nitrogen status of plant is highly influenced by
its water relation. Nitrogen mobility is severely affected by
a prolonged drought (Cirfaco da Silva et al. 2011). Drought
conditions cause decreased leaf nitrogen concentration in
Coffea canephora (DaMatta et al. 2002) and Lactuca sativa
(Ruiz-Lozano and Azcén 1996) grown with low soil nitro-
gen supply.

Chloride and all other cationic nutrients accumulated
with drought (Fig. 6) and this could be due to an osmotic
adjustment. Mahouachi et al. (2006) reported accumu-
lation of chloride, potassium and sodium in leaves and
roots of Carica papaya and Utrillas et al. (1995) detected
an increase in calcium content in Cynodon dactylon sub-
jected to drought. Ammonium assimilation enzymes were
differently affected under drought condition in Lotus
(Borsani et al. 1999). Glutamate dehydrogenase activ-
ity is important for ammonium assimilation (Masclaux-
Daubresse et al. 2002; Skopelitis et al. 2006) specially
during senescence and abiotic stresses in which ammo-
nium concentration increases. Under these conditions,
ammonium assimilated by glutamate dehydrogenase that
acts as a detoxification system contributes to maintain
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glutamate and glutamine levels, which are precursors of
several osmoprotectant compounds (Diaz et al. 2014).

Different methods of co-expression networks analy-
sis have been used to unravel gene function, especially
in agricultural crops, thus providing a powerful tool to
understand biological processes (Schaefer et al. 2016).
Transcription factors are key proteins in the regulation
of gene expression and signal transduction networks
that regulate different biological processes, and repre-
sent promising candidate genes for drought tolerance
improvement in crops.

In this study, we identified 12-candidate hub TFs with
high expression levels under drought conditions (Fig. 8a).
These TFs were contained in gene network modules with
a positive correlation with some sugar metabolites that
have been proposed to act as osmotic regulators. Sigma70-
like TFs were highly connected in the gene network, high-
lighting them as potential regulators of sunflower drought
responses. Plastid genes, such as sigma-like factors, are
expressed in response to developmental and environmental
signals (Allison 2000). In fact, members of this family are
induced under various stress conditions, such as high light,
low temperature, high salt and high osmotic conditions
(Nagashima et al. 2004). However, the regulation mecha-
nism for these plastid sigma factors in response to distinct
stress signals is still unknown (Chi et al. 2015).

HeAn_C_419, a sunflower zf-HD TF, showed high tran-
scription levels at a very early stage, at pre-anthesis sam-
pling (T1 and T2) (Fig. 8a). Members of the zf-HD TF fam-
ily play an important role in plant developmental and stress
responses. For instance, Arabidopsis members of zf-HD
were induced under dehydration, salt stress and abscisic
acid (ABA) treatment. Specifically, ZHD1 TF interacts
with some NAC TFs and the resulting simultaneous over-
expression of ZHD1 and NAC genes enhanced drought tol-
erance in Arabidopsis (Tran et al. 2006). Recently, a study
of the zf-HD family in Chinese cabbage reported several
members being significantly induced under photoperiod or
vernalization conditions, as well as under abiotic stresses
(Wang et al. 2016). Interestingly, our results highlight this
TF as a promising candidate gene for drought response in
plants.

Members of HD-Zip TF family, a closely related TFs
family with homeodomain (HD), has been studied in plants
as regulators of organ and vascular development, meristem
maintenance, mediating the action of hormones or involved
in responses to different environmental conditions (Ariel
et al. 2007). HeAn_C_3894 contig ID, which codes for sun-
flower HAHB1 TF, was highly expressed and co-expressed
in our analysis. HaHB1 and the Arabidopsis homologous
AtHB13 have been studied in response to cold tolerance,
which confers cell membrane stabilization and inhibit the
recrystallization of ice (Cabello et al. 2012).
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HaHB4, another member of the HD-Zip TF family,
has also been extensively studied in response to different
biotic and abiotic stresses, (Gago et al. 2002; Dezar et al.
2005a, b; Manavella et al. 2006, 2008a, b). Ectopic expres-
sion of this gene in Arabidopsis showed strong tolerance
to water stress and a reduction in the rate of growth and
development (Dezar et al. 2005b). In our study, HaHB4
(HeAn_C_11893 contig Id) showed an upregulation during
drought conditions with a strong increase of transcript lev-
els toward the post-anthesis time (T3) (Table S3).

Most of the downregulated hub TFs (Fig. 8b) corre-
spond to members of NAC, AP2-EREBP, bZIP and MYB
TFs families and showed negative correlation with sugar
accumulation. These TFs families are involved in the senes-
cence process and nutrient recycling by decreasing photo-
synthetic activity (Moschen et al. 2016a). The sugar accu-
mulation and the downregulation of these TFs evidence
photosynthesis maintenance mechanisms helping to keep
an osmotic adjustment as drought tolerance mechanism.

In a previous network analysis, we assessed the leaf
senescence process under natural growing conditions and
detected several TFs candidate genes that could activate
this recycling process, specially NAC, AP2-EREBP and
MYB TF families (Moschen et al. 2016a, b). In this study,
we compared the expression profiles of these TF families
associated to leaf development under drought condition
(Table S5). Most of these candidate genes showed lower
expression levels in drought conditions compared to natural
leaf development. This result suggests a delay in the senes-
cence process activation under drought conditions, thus
highlighting this event as a tolerance strategy in sunflower.

In sunflower, in addition to its highly explorative root
system, the osmotic adjustment mechanism seems to play
a very important role in drought tolerance. In this study, we
detected an increase in the expression level of photosynthe-
sis related genes, which lead to an accumulation of sugars,
different osmoprotectant amino acids, an increase of ionic
nutrients and a delay in senescence process under drought
condition. This mechanism of osmoprotectant accumula-
tion may act by preventing water loss and protecting mem-
branes, enzymes and other cellular structures. Moreover,
we detected promising TFs candidate genes as hubs in
network correlations, which could be involved in drought
response regulation, some of them belonging to families
with members previously reported in drought response.

In summary, the results of this study emphasised the
importance of the integration of transcriptomic and metab-
olomic data as a useful tool to identify molecular markers
and/or candidate genes that could provide a better under-
standing of the molecular basis of drought tolerance. They
also represent interesting molecular tools for applications
in molecular and/or biotechnological breeding to improve
stress tolerance and increase crop yield.
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