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Introduction

Drought is a major global phenomenon that affects growth, 
accumulation of biomass, performance and productivity in crops. 
In addition to drought stress, crop plants also face, inter alia, 
other forms of abiotic stresses1 such as salt, temperature (low and 
high), low light irradiance, flood, metal toxicity (viz. heavy metal) 
during their life cycle that reduces yield potential up to 70%.2,3 
Hydropenia, caused by drought, affects several key processes 
in plants that include stomatal opening and closure,4 decrease 
in photosynthetic carbon assimilation,5 rate of transpiration, 
water potential in tissues, and other physiological, biochemical 
and molecular parameters that ultimately lead to retardation of 
growth and development and death of the plant in severe cases.6 
Although, hydropenia triggers a cascade of physiological and 
metabolic processes, plants circumvent this stress by three differ-
ent adaptations: (1) drought escape, (2) drought avoidance and 

(3) drought tolerance.7,8 Drought stress occurs when soil moisture 
content and relative humidity in the air are low and the ambi-
ent temperature is high.9 In these conditions many plant species 
escape drought by accelerating flowering and complete their life 
cycles early though with compromised productivity. On the con-
trary, the predisposition of plants to maintain water homeostasis 
in their tissues during drought helps them in drought avoidance 
and this is accomplished by enhancing water absorption and/or 
reducing evapotranspiration. Drought tolerance refers to plants’ 
predisposition to survive and resist water deficiency below field 
capacity of soil by protoplasmic tolerance, de novo synthesis of 
osmolytes and/or compatible solutes.10,11 Both drought avoidance 
and drought tolerance traits in crops have a significant positive 
impact on agricultural production. Unlike, tolerance to biotic 
stresses which are mostly governed by monogenic traits, abiotic 
stresses are predominantly controlled by polygenic traits and 
hence are complex to study and more challenging to develop a 
comprehensive understanding of the underpinning processes.12
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A robust phenotypic plasticity to ward off adverse environmental conditions determines performance and produc-
tivity in crop plants. Flax (linseed), is an important cash crop produced for natural textile fiber (linen) or oilseed with many 
health promoting products. This crop is prone to drought stress and yield losses in many parts of the world. Despite 
recent advances in drought research in a number of important crops, related progress in flax is very limited. Since, 
response of this plant to drought stress has not been addressed at the molecular level; we conducted microarray analysis 
to capture transcriptome associated with induced drought in flax. This study identified 183 differentially expressed genes 
(DEGs) associated with diverse cellular, biophysical and metabolic programs in flax. The analysis also revealed especially 
the altered regulation of cellular and metabolic pathways governing photosynthesis. Additionally, comparative transcrip-
tome analysis identified a plethora of genes that displayed differential regulation both spatially and temporally. These 
results revealed co-regulated expression of 26 genes in both shoot and root tissues with implications for drought stress 
response. Furthermore, the data also showed that more genes are upregulated in roots compared to shoots, suggesting 
that roots may play important and additional roles in response to drought in flax. With prolonged drought treatment, 
the number of DEGs increased in both tissue types. Differential expression of selected genes was confirmed by qRT-PCR, 
thus supporting the suggested functional association of these intrinsic genes in maintaining growth and homeostasis in 
response to imminent drought stress in flax. Together the present study has developed foundational and new transcrip-
tome data sets for drought stress in flax.
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Because of its importance, drought has been investigated 
extensively and the advances and insights gained from these 
studies suggest that plants’ response to abiotic stress involves a 
plethora of genes that produce diverse responses at the biochemi-
cal, physiological and molecular levels.5,13 These genes are broadly 
classified into three main categories: (1) genes that function 
directly in the protection of membranes and proteins; water and 
ion uptake/transport, (2) regulatory genes involved in signaling 
cascades and transcriptional control, and (3) genes of unknown 
function.14 The first group consists of functional proteins which 
include chaperones, heat shock proteins, late embryogenesis 
abundant (LEA) proteins, osmotin, antifreeze proteins, mRNA-
binding proteins; key enzymes for osmolyte biosynthesis such 
as proline, mannitol, glycine betaine, trehalose; water channel 
proteins and transporters, aquaporins; detoxification enzymes 
like catalases, peroxidases and various proteases.5,15-17 The second 
class comprises regulatory proteins that control activities of key 
enzymes of stress-signal transduction pathways or modulate the 
expression of stress responsive genes. These include transcrip-
tion factors like18-22 DREB, AREB, MYC, MYB, bZIP, NAC, 
zinc finger, ERF and WRKY etc; protein kinases like mitogen-
activated protein (MAP) kinases, calcium-dependent protein 
kinases (CDPKs), receptor-like kinases and histidine kinases, 
SNF1-related protein kinase (SnRK2); protein phosphatases like 
pp2c family; enzymes involved in phospholipid metabolism like 
PLD, PLC and other signaling molecules.23-25 These two classes 
of proteins along with unassigned putative proteins either work 
in coordination or may act independently to mitigate the effects 
of drought stress in plants.

Flax (Linum usitatissimum) is one of the ancient crops culti-
vated for dual purposes of fiber and oil. Other economic products 
such as animal feed-stock, industrial solvents and omega 3 fatty 
acids for human diet supplements are also obtained from flax. 
Because of these unique attributes, flax is grown in many parts 
of the world. Globally, top producers of flax/linseed are Canada, 
India, and China, with bulk of the world production and exports 
coming from Canada.26,27 In flax growing regions, this crop is 
vulnerable to drought and high temperature and the effects are 
pronounced at seedling, flowering and early seed development 
stages.28 While water deficit has been reported to reduce seed 
yield in flax toward the end of growing cycle29; irrigation, in dry 
periods, especially at flowering stage alone has been shown to 
increase yield.30 Thus, ideal agroclimatic conditions for cultiva-
tion of flax involves light precipitation, light cloud cover, and 
moderate air temperature (18–20° C).26,31-33 These conditions 
positively influence optimal plant growth and development of 
proper anatomical structures of the stem that ensure the quan-
tity and high quality of fiber and seed yield. Currently, in many 
regions of the world, one of the main factors limiting yield of 
flax is physiological drought.34,35 This situation, predicted to be 
the result of global climatic changes,36 significantly affects India, 
which ranks 2nd in global flax production. In central India, flax 
is extensively cultivated but relies on rain-fed and irrigated con-
ditions. However, due to limited water supply the yields have 
been very low for flax in this region. To address this challenge, 

development of improved drought tolerant flax cultivars are 
required.

Because of its global importance in recent years, drought 
research has received significant attention using both model and 
crop species. Conventional approaches along with more recent 
genomic technology based tools are driving the advances in this 
field. While priority crops like corn,37 soybean,38 rice,39 wheat,40 
and canola41,42 along with Arabidopsis model system43-46 have wit-
nessed significant recent advances in drought research includ-
ing the application of molecular breeding tools in new varietal 
development; so far very limited progress has been made in the 
flax crop. To address this gap, in the present study, we performed 
genome-wide gene expression analysis to identify genetic pro-
grams associated with drought in flax. Our study identified a 
large set of differentially expressed genes with implications to 
drought response and tolerance. These findings will contribute 
to advancing the basic understanding of drought in flax with 
potential value in breeding and development of new cultivars 
with improved tolerance to drought.

Results

Drought stress phenotypes in flax
Compared with other crops, flax is relatively more susceptible 

to drought. In the present study, we used “Flax variety T-397” 
that is known to be moderately tolerant to drought stress. First, 
we assessed the growth of this line under induced drought and 
controlled conditions in green-house. The seedlings were grown 
in nine pots (30 seedlings/pot) representing three treatments each 
of which was replicated three times. Two treatments were per-
formed with seedling sets for four (4d) and five day (5d) stress and 
the third set of seedlings was used as control with no treatment. 
The control pots were irrigated from the bottom everyday while 
drought stressed pots were not irrigated and monitored for wilting 
symptoms. While there was no wilting in control plants during 
the entire period (Fig. 1A), 19 out of 30 seedlings (63%) showed 
wilting on 4th day and 24 seedlings (80%) showed aggravated 
form of wilting on the 5th day with drought stress (Fig. 1B and 
C). Relative water content (RWC) of wilted shoots as a measure 
of drought stress was 70% in 4d stress plants while by the end 
of 5d, RWC of leaves reduced to 60%. Further, on 6th and 7th 
day, severity of drought symptoms increased (data not shown) 
and these stressed plants on 8th day displayed complete wilting 
(Fig. 1D). Upon re-watering 100% recovery was obtained in 4d 
stress plants while only 50% showed recovery in 5d stress plants 
whereas plants exposed to 6 d stress did not revive, likely due to 
passing the critical recovery point. These observations suggest 
that at 4d and 5d the plants display both recovery and affected 
phenotypes. To capture the underlying gene expression programs, 
we selected these two drought treatment time points, along with 
corresponding controls, and isolated total RNAs from shoot and 
root tissues (Fig. 1E–H). Overall, the RNA yields from shoots 
were three times higher than the root samples and all samples were 
of good (A 280/ A 260 > 1.7) quality.
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Gene expression in normal vs 
drought stress conditions

To obtain global gene expression pro-
files, we used a custom designed flax 
microarray based on the CombiMatrix 
system. This array contained probes for 
48 904 predicted genes in flax.47 Equal 
amounts of RNA from flax root and 
shoot samples representing RWC 70% 
and 60% were used for microarray exper-
iments. Analysis of results from these 
experiments identified genes that were 
differentially regulated by drought stress 
by comparing gene expression in two dif-
ferent tissues (root and shoot) over two 
time points along with the correspond-
ing controls. The differentially expressed 
genes are presented in Figure 2 and addi-
tional details summarized in Fig.  S1A 
and B and Tables S1 and S2. The results 
from these experiments showed that 
drought treatment significantly altered 
expressions of 183 target genes of which 
72 genes displayed increased expression 
(≥2-fold upregulation) while 111 genes 
displayed reduced expression (≥2-fold 
downregulation) at 4d. Out of 72 highly 
expressed genes, 10 genes were identified 
with ≥4-fold upregulation. As expected, 
a high degree of overlap in gene expression profiles was observed 
between both tissue types and time points (Fig. 3A and B). In 
short, 27 and 20 genes were upregulated at 4d and 5d respectively 
while 45 and 33 genes were upregulated in root at these time 
points (Fig. S1A). Similarly, at 4d and 5d, 62, and 69 genes were 
downregulated in shoot while 49 and 61 genes were downregu-
lated in root respectively (Fig. S1B).

Our results showed LEA genes coding for late embryogenesis 
abundant protein LEA5 (7.0 fold increase), dehydrin (6.0 fold 
increase), brassinosteroid-regulated protein BRU1 precursor 
(4.6-fold increase), and calmodulin-binding heat-shock protein 
(2.2-fold increase) genes were highly induced under drought con-
ditions in flax. Multiple genes encoding cytochrome P450 fam-
ily proteins, six genes encoding serine/threonine protein kinases, 
and many lipid transfer protein 3 precursor genes were found to 
be highly induced in both root and shoot. A majority of the genes 
that were found to be significantly downregulated in drought 
treated samples correspond to unknown or hypothetical pro-
teins. Among the known genes of this group, AP2/ERF domain-
containing transcription factor (6-fold decrease), brassinosteroid 
insensitive 1-associated receptor kinase 1 (5-fold decrease), and 
histone h2b (4-fold decrease) were found to be downregulated. 
Together this microarray study identified differentially regulated 
genes associated with induced drought in shoot and root tissues 
of flax. Interestingly these include several gene candidates asso-
ciated with drought in other plant species. Detection of many 

putative/predicted genes in flax tissues signifies that root/shoot 
microarray data are revealing new useful insights in this crop.

Identification of drought induced differentially expressed 
genes in root and shoot tissues

Since drought has different effects on different tissues of the 
plant, and the root is the first organ to be affected by soil moisture 
deficit, we investigated changes in gene expression in root and 
shoot tissues separately at the two selected drought stress treated 
time points. The results of our study showed that drought treat-
ment produced some differential expression patterns in root and 
shoots. Strikingly, the number of genes upregulated in roots was 
1.5-fold higher than the shoot (Fig. S2A and B), while the num-
ber of downregulated genes (120 ± 10) was comparable. Further, 
the comparative analysis revealed that the 57 genes were expressed 
at low level in shoot compared to root (Fig. S3A) mostly belong-
ing to antioxidant and ABP transporter groups. Interestingly, 
116 genes belonging to hormone biosynthesis, lipases and dehy-
dratases involved in water homeostasis were highly expressed in 
shoot compared to root (Fig.  S3B). Additionally, Plastocyanin 
A, Photosystem I reaction center subunit IV, LEA5 were specifi-
cally induced in roots and Ferredoxin 3, phospho-2-dehydro-
aldolase 1 were specific to shoot. Similarly, microarray studies 
in Arabidopsis have reported induction of Plastocyanin A dur-
ing drought and hypoxia stresses (Uniprot KB Gene investiga-
tor - P11490; https://www.genevestigator.com/gv/plant.jsp) and 
in our study we too found them to be downregulated (2–3-fold 

Figure 1. Drought stress phenotypes. (A) Control plants during the stress treatment period. (B) Four 
day stressed plants. (C) Five day stressed plants. (D) Eight day stressed plants. RNA from 4d stressed 
(E) Shoot and (F) Root and 5d stressed (G) Shoot and (H) Root. R1, R2, R3 represent three replications 
while C represents control for each treatment.
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decrease). Since their exact role during drought in root tissue is 
still unknown, it is possible that these genes may be involved in 
the modulation of photosynthesis under drought stress condi-
tions. Additionally, PSI in chloroplast thylakoids is a major site 
of ROS generation in higher plants. Since, water is in scarcity 

during drought, photolysis of H
2
O needs to be down-

regulated to prevent further generation of ROS. This 
downregulation of PSI and plastocyanin may be an 
efficient mechanism to reduce ROS generation and 
minimize cellular damage. Moreover, several genes 
corresponding to hypothetical/predicted proteins 
were also differentially regulated in both the tissues 
and some of these may be flax specific and were not 
identified earlier from previous studies in other plant 
species.

To address the genes that were differentially 
expressed at the two time points of the treatments in 
shoot and root, we analyzed the data sets accordingly 
and identified several gene targets. These include: 
(1) AP2/ERF domain containing transcription fac-
tor was highly downregulated in the shoot tissue at 
both the time points i.e., 4d (4.0 fold decrease) and 
5d (6.9-fold decrease) but at varying level; (2) Lipid 
transfer protein3 precursor showed 2.8-fold increase 
in shoot tissue at 4d stress; (3) interestingly, brassino-
steroid regulated protein BRU1 precursor was found 
to be highly expressed (4.7-fold increase) in shoot tis-
sue at 5d stress but was found to be downregulated 
in shoot tissue of 4d stress compared with unstressed 
controls. Late embryogenesis abundant protein 
(LEA5) was found to be significantly upregulated 
in root tissue of 4d (7.0 fold increase) and 5d (7.2-
fold increase) stress; (4) zinc/iron transporter protein 
(2.4-fold increase) and photosystem I subunit O (5.1 
fold decrease) showed extremely low expression in 
root tissue of 4d and 5d stress respectively.

Drought associated biochemical pathways in flax
Flax metabolism as affected by drought stress in different tis-

sues was visualized using MapMan software.48 For assigning flax 
transcripts to MapMan bins, L. usitatissimum_200 Phytozome 
V9.0 was used for classification. To define the effects of drought 
stress, temporal (two different time points) and spatial (two dif-
ferent tissues) expression profiles of relevant genes were compared 
and depicted in MapMan graph (Fig. 4). This provided general 
view of regulation of major biochemical pathways (Fig. 5A and 
B) and gene expression patterns (Fig. 5C) involved in drought 
stress in flax. Using this approach, we analyzed expression pat-
terns of DEGs in root and shoot tissues for specific pathways. 
For root 85% of DEGs were mapped while 90% DEGs of shoot 
were mapped into several pathways. Photosystem bin created 
by MapMan represented the highest number of DEGs (30 in 
root and 25 in shoot) with most of them being downregulated 
(Table 1).

As shown in Table  1 under drought stress, downregulation 
of genes involved in photosynthetic light reactions is maximum 
(21 genes) followed by DNA synthesis (14 genes) and protein 
post-translational modification (13 genes). Among the 21 pho-
tosynthetic genes, phosphoribulokinase and ferrodoxin/iron-
sulfur-cluster binding proteins were significantly downregulated, 
whereas photosystem bQ and photosystem subunit-O are mod-
erately downregulated; Rubiscoactivase and photosystem subunit 

Figure  2. Differentially expressed genes across two tissues at two time points of 
drought treatments. SC-Shoot control, S4 and S5 – shoot four day and five day after 
stress respectively, RC- root control, R4 and R5- root four day and five day after stress 
respectively.

Table 1. Up/downregulation of important cellular genes under drought 
conditions in flax grouped into functional MapMan bins

MapMan Categories Root Shoot

Up down Up down

Abiotic stress 0 -12 1 -11

Cell wall modification 1 0 0 -1

Development 5 0 5 0

DNA synthesis 12 -2 0 -14

Hormone metabolism 0 -2 0 -2

Lipid metabolism 2 0 2 0

Misc 1 -6 3 -4

Nucleotide metabolism 0 -2 0 -2

Photosystem 3 -27 4 -21

Redox 0 -3 0 -3

RNA regulation 3 -7 3 -7

Transport 2 -3 0 -5
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were minimally downregulated. With progression of stress, 
expression of genes such as AP2/ERF, photosystem I reaction 
center, histone acetyl transferase decreased 2-fold from 4d to 
5d. Similarly, genes involved in vital plant processes viz. plastid 
specific 30S ribosomal protein and elongation factor Tu which 
were upregulated in 4 d stress exhibited rapid downregulation 
on 5th day. Reduction of plant recovery from 100% to 50% on 
fifth day of stress can be attributed to this decrease in expres-
sion of genes involved in primary plant functions. Surprisingly, 
Rubisco small subunit chain-1B and photosystem I subunit D 
were minimally upregulated. Additionally, five genes involved 
in plant development (viz. NAC) and three genes for lipid deg-
radation were found to be upregulated. Among other bins that 
contained highly induced genes, protein post-translational modi-
fication bin contained 13 genes, whereas cell wall modification 
genes are represented by few followed by amino acid metabolism 
genes. Overall, the drought induced gene expression revealed an 
important photosystem bin which is likely involved in conferring 
some tolerance in flax cultivar T-397.

Drought induced co-regulated genes in flax
The analysis of our microarray data showed that there are 22 

continuously downregulated (co-down) and four continuously 

upregulated (co-up) genes present in flax (Table 2). Prominent 
genes among these are associated with repression of photosyn-
thesis, such as Rubisco, lipid transfer proteins and photosys-
tem I reaction center were co-downregulated. In contrast, two 
of the genes belong to NAC domain proteins and one each to 
MYB transcription factor family and protein kinase APK1A 
were upregulated. Simultaneous up and downregulation of these 
genes in both the tissues and two time points suggest that several 
genes are temporally and spatially induced in response to drought 
stress.

Validation of microarray data by quantitative qRT-PCR
To validate microarray results, we used selected genes and per-

formed qRT-PCR based analysis (Fig. 6). For this we used both 
up- and downregulated genes from the microarray experiments 
(Table 3). We selected 16 genes representing both upregulated 
(dehydrin and pp2c), downregulated (lipid transfer protein3) 
and few predicted proteins. Actin gene was used as control as its 
expression did not alter with treatments in our microarray data 
sets. The qPCR analysis of all the 16 selected gene targets showed 
similar expression patterns as observed in the microarray results. 
These confirmatory studies thus further support our microarray 
results and the derived conclusions.

Figure 3. Analysis of 183 drought stress inducible genes showing differential expression in shoot and root at two time points. (A) Up- or downregulated 
genes in shoot and root after 4 d drought stress. (B) Up- or downregulated genes in shoot and root after 5 d drought stress.

Table 2. Continuously up/downregulated genes in drought stress in flax

Group
No. of genes 

downregulated
co-downregulation

[examples]
No. of genes 
upregulated

co-upregulation
[examples]

4d Leaf vs. Control 62 22
(Ribulose biphosphate carboxylase/ oxygenase 
activase-2, Lipid transfer protein, Photosystem 
I reaction center, Elongation factor-TU, Cell wall 

synthesis genes etc.)

27 4
(NAC-domain containing proteins (2), 
r2r3-MYB transcription factor (1) and 

Protein kinase APK1A (1)).

5d Leaf vs. Control 69 20

4d Root vs. Control 49 45

5d Root vs. Control 61 33
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Discussion

Yield in temperate crops is predominantly governed by pre-
vailing microclimate and edaphological conditions during their 
growth period. Nevertheless, abiotic stresses disturb both and are 
major impediments to achieve optimal yield potential in these 
crops. Drought is one of the most important yield affecting stresses 
and occurs when ambient temperature rises and soil moisture falls 
below field capacity. Synergism of both high temperature and 
low moisture results in physiological drought that has detrimen-
tal effect on yield of flax (fiber as well as seed). While drought 
during flowering and seed setting (terminal drought) affects seed 
production, seedling drought affects growth and development 
leading to reduction in linen production. For survival and pro-
ductivity, temperate plants such as flax have developed robust 
molecular and phenotypic plasticity to counter adverse climatic 
conditions. Several genes inducible under drought stress have 
been isolated and characterized viz. glycine rich RNA binding 
protein from apple,49 RING domain containing E3 ubiquitin 

ligase from rice50 and Novel NAC gene family from leguminous 
chickpea.51 De novo induction of many cellular pathways and 
biochemical processes has also been reported to operate during 
drought stress. While metabolic pathways involved in sugar, 
amino acid and nitrogen metabolism, alkaloid and flavonoid bio-
synthesis are differentially regulated, gibberellin catabolism and 
signaling have been involved in controlling growth and adapta-
tion in response to imminent adverse conditions.52

In the present study, we report a suite of gene regulation and 
metabolic changes in response to drought stress in flax using 
microarray based genome-wide gene expression analysis. Since 
response of plants to drought stress differs between tissues, dura-
tion and degree of stress, we performed the experiment in two 
different tissues, i.e., root and shoot; and at two different time 
points of four and five days after treatment. The relative water 
content of 70% and 60% observed in shoot at four and five days 
are comparable to long-term drought occurring under field con-
ditions of central India and the simulated stress can be classi-
fied in between severe seedling drought to moderate terminal 

Figure 4. Differential expression of genes (log-scale) under drought treatment in two tissues at two different time points involved in flax metabolism 
grouped into different bins. Green indicates downregulated genes; red indicates upregulated genes. (A) Four day stressed shoot. (B) Four day stressed 
root. (C) Five day stressed shoot. (D) Five day stressed root.
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drought in long-term field trials. Since yield could not be assessed 
in a short-term experiment like the present study, we relied on a 
highly reproducible53 secondary parameter - shoot survival - as an 
indicator of drought stress. We found six days of stress as break-
even point for drought tolerance in flax genotype T-397.

Hydropenia in experimental plants is induced by several 
methods such as PEG treatment,54,55 air-wilting, drydown and 
withholding water supply. While, methods such as PEG (induces 
anaerobic condition in roots), air wilting (induces sudden dehy-
dration in plants in hours) and drying plants (takes too long in 
seedling to exhibit symptoms) are used by several researchers, 

we adopted the method of “withholding water”56 that simulated 
drought as encountered by plants in field condition resulted in 
diverse response in shoot and root tissues of flax. Altogether 183 
genes were differentially expressed. Genes like protein kinase 
APK1A, leucine-rich repeat receptor, brassinosteroid insensitive1, 
and cytochrome P450 were differentially regulated in shoot and 
root (Fig.  S3A). Similarly, genes like geranyl-geranyl reductase 
involved in chlorophyll biosynthesis, chlorophyll A/B binding 
protein involved in chlorophyll stabilization and trans-ketolase 
involved in oxidative/reductive pathway were highly expressed in 
shoot compared to root (Fig. S3B).

Figure 5. Classification of stress inducible gene families showing differential expression. (A) Families of up- and downregulated DEGs in shoot tissue 
after four and five day drought. (B) Families of up- and downregulated DEGs in root tissue after four and five day drought. (C) Families of genes showing 
differential expression in shoot and root with log –fold change values.
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Simultaneous comparison of gene expression in different tis-
sues of flax at different time points (Fig.  3A and B) revealed 
interesting commonalities in transcription responses. While, 
90% of genes upregulated in shoot after 4d stress were the same 
as in root, 93% of the genes downregulated in root were identical 
to those identified to be downregulated in shoot. Additionally, 
comparison of the gene expression profiles between 4d and 5d 
shoot and root tissues revealed that 51% and 82% of genes were 
commonly upregulated and downregulated in shoot and 48% 
and 62% were up and downregulated in root respectively. This 
implies that simultaneous up/downregulation of genes in shoot 
and root is likely required to coordinate shoot-root ratio and 
water homeostasis.

Genes inducible under drought stress have been separated into 
three classes such as functional proteins, regulatory proteins14 
and proteins of unknown function. Our microarray data iden-
tified genes belonging to all the three classes (Fig. 5A and B). 
Among the first class, prominent genes we identified belonged to 
late embryogenesis proteins,57 carbohydrate metabolism,58 amino 
acid metabolism,59 lipid transfer proteins, photosynthesis and 
chloroplastic proteins, heat shock proteins,60 and developmental 
proteins. In the second group, transcription factors like zinc fin-
ger protein, HAT, AP2/ERF domain, MYB and NAC; protein 
kinases like BRASSINOSTEROID INSENSITIVE 1-associated 
receptor kinase 1 precursor, MAPK2, APK1A and APK1B, and 
signaling protein like Bri1 were identified. We also identified sev-
eral genes with unassigned/hypothetical functions. Analysis of 
nine such genes revealed that four (out of nine) genes are highly 

upregulated while five genes are downregulated by drought stress. 
It is possible that these predicted proteins are involved in yet to be 
defined functions associated with drought stress response.

Functional interpretation of genes of Linum usitatissimum 
using the Arabidopsis genome as reference revealed the gene 
expression changes in response to drought can be sorted by func-
tional categories into different bins. Genes sorted into different 
bins were involved in cell wall modification, plant development, 
DNA/RNA synthesis, protein synthesis, hormone metabolism 
and photosynthesis. This suggests that core and essential devel-
opmental and biochemical processes were significantly affected 
in flax during drought and there is a massive transition of ana-
bolic metabolism to catabolism. Although, drought induces 
cellular damage to vital organs such as cell membrane,61 toler-
ant plants exhibit immediate closure of stomata to avoid loss of 
water. But this consequently results in decreased photosynthetic 
efficiency due to reduced CO

2
 availability. In addition to sto-

matal closure, we found genes involved in photosynthetic light 
reaction were severely dampened during drought stress and our 
results are in agreement with similar findings in rice53,62 and 
barley.63,64

In root and shoot, five DEGs encoding transcription factors 
such as NAC012, NAC002, and NAC043 involved in develop-
mental process65 were upregulated while two of them are contin-
uously upregulated (co-up) (Table 2). NAC transcription factors 
are reported to impart drought stress tolerance by triggering a 
cascade of signaling pathways. In the signaling sub-group, out 
of five DEGs, we found two were upregulated in shoot while all 

Figure 6. qRT-PCR analysis of 16 genes compared with the expression levels observed in the microarray analysis. Y-axis values are log2 ratios. (A) log2-
fold expression in shoot after four day stress. (B) log2-fold expression in root after four day stress. (C) log2-fold expression in shoot after five day stress. 
(D) log2-fold expression in root after five day stress.
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were upregulated in root. Two of the DEGs were leucine-rich 
repeat trans-membrane protein kinases having higher expression 
level in root compared to shoot.

Post-translational protein modifications such as phosphory-
lation and dephosphorylation are important attributes that gov-
ern protein stability and function leading to plant growth and 
development, and modulation of ABA signaling by post transla-
tional modification.66-68 In flax, genes responsible for hormone 
biosynthesis were upregulated in 4d treatment. After drought 
treatment, genes involved in abiotic stress such as cell wall modi-
fication, photosynthesis, and transport were downregulated sug-
gesting these genes and the associated processes influence the 
drought response and tolerance in flax. These are primary plant 
processes and are severely affected by water stress. Concomitant 

downregulation of genes involved in these cardinal processes 
exert a cumulative effect on plant response to drought.

It is reported that tolerant varieties display more changes in 
gene expression patterns than sensitive varieties69 to a particular 
stress. In susceptible varieties most of the affected genes are associ-
ated with stress induced damage and damage related responses70,71 
such as upregulated enzymes for degradation of lipids and pro-
teins. Most genes that were induced by drought stress in sensitive 
but not in tolerant cultivars are related to senescence rather than 
to stress tolerance mechanisms. Interestingly, we found few genes 
involved in lipid metabolism, functional proteins, transcription 
factors etc. were upregulated in T-397 suggesting that expression 
of these genes likely confer some tolerance to this flax genotype. 
This possibility is consistent with the observation that drought 

Table 3. Validation of microarray results by qRT-PCR for 16 selected genes

Gene ID

4d L log (Fc) 5d L log (Fc) 4d R log (Fc) 5d R log (Fc)

Description
Microarray RT-PCR Microarray RT-PCR Microarray RT-PCR Microarray RT-PCR

g19736.
t1|sl-582–617 2.77 6.12 4.30 6.35 4.90 9.24 5.46 10.60 Dehydrin protein

g26187.
t1|sl-1216–1256 7.33 10.37 9.31 12.08 1.49 2.03 0.68 0.97 Cytochrome P450

g42417.
t1|sl-359–396 3.38 5.36 3.08 4.91 1.74 4.71 2.12 5.14

Protein binding protein, 
putative

g36422.
t1|sl-544–580 –4.39 –6.21 –7.17 –7.55 –5.75 –7.57 –7.83 –9.02

PREDICTED: hypothetical 
protein

g31906.
t1|sl-837–872 –6.86 –2.15 –7.08 –6.03 1.66 0.34 1.82 2.72 H0306F03.8

g7906.
t1|sl-625–664 –2.46 –2.83 –2.55 –3.22 –2.29 –4.70 –3.35 –5.26

PREDICTED: hypothetical 
protein

g11399.
t1|sl-1167–1204 –6.10 –5.15 –6.31 –3.37 –0.23 0.14 –2.27 –3.67

Monooxygenase, 
putative

g12516.
t1|sl-306–341 2.85 4.58 2.96 4.47 0.69 0.86 –4.18 –6.15

Lipid transfer protein 3 
precursor

g14285.
t1|sl-2067–2102 4.84 5.42 4.98 4.46 3.96 3.33 4.02 2.94

Unnamed protein 
product

g19282.
t1|sl-845–885 –2.37 –4.36 –3.30 –5.56 –2.36 –7.14 –2.26 –4.87 Predicted protein

g19852.
t1|sl-3275–3312 –5.58 –4.87 –5.79 –6.71 –1.49 –2.04 –4.33 –6.95

PREDICTED: hypothetical 
protein

g23961.
t1|sl-1034–1069 2.87 3.41 4.21 4.52 3.98 5.94 5.38 6.82

Protein phosphatase 2c, 
putative

g32720.
t1|sl-2017–2052 5.25 5.32 5.26 8.63 3.47 2.71 4.82 3.81

Unnamed protein 
product

g32790.
t1|sl-1040–1077 –4.66 –2.25 –4.87 –3.93 –2.53 –5.41 –2.63 –6.56 Predicted protein

g39515.
t1|sl-675–710 5.12 6.38 5.86 5.28 3.44 2.48 4.78 3.28

Hypothetical protein 
POPTRDRAFT_783792

g43821.
t1|sl-1315–1350 0.37 0.73 2.26 1.54 3.45 2.23 4.61 4.22

Amino acid 
transporter, putative
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did not evoke damage-related responses in T-397 usually found 
in a susceptible cultivars. Similar observations were reported in 
rice where, a massive change in gene expression was observed in 
a sensitive cultivar compared with a tolerant cultivar.72,73 The 
downregulation of several genes involved in photosynthetic pro-
cess suggests that it may be a regulatory response to limit further 
damage.

Drought and photosynthesis show a high level of connectivity 
where drought is the cause and reduction in photosynthesis is 
the effect. Our experiment indicates reduction of photosynthesis 
is an adaptive response rather than a regulatory mechanism to 
prevent photo-damage. Decreased CO

2
 diffusion from the atmo-

sphere to the site of carboxylation is generally considered the 
main cause for decreased photosynthesis under mild to moderate 
water limitation. Decreased stomatal conductance coupled with 
sustained high irradiance of light is an effective defense mecha-
nism in C

3
 plants to reduce generation of reactive oxygen species 

(ROS) that damages ATP synthase and Rubisco activase to slow 
down photosynthesis.74 Additionally, at molecular level, several 
TFs belonging to MYB family are involved in regulation of sto-
mata number and size, and of metabolic components of the pho-
tosynthetic system to limit photosynthesis.75 Downregulation of 
photosynthetic genes in T-397 indicates an adaptive response to 
prevent photo-damage during times of reduced CO

2
 availability 

in the mesophyll when stomata are closed due to water short-
age. Together, these factors likely contribute to minimal negative 
effect on photosynthesis and to the plant in the case of flax T-397 
genotype.

Our result is the first report of global analysis of transcriptome 
associated with drought stress in flax. To validate these microar-
ray based gene expression profiles, we performed real-time PCR 
with 16 selected differentially expressed gene targets. The expres-
sion results obtained by real-time PCR for all these genes viz., 
dehydrin, cytochome P450, lipid transfer proteins, amino acid 
transporters, and protein phosphatase 2c were in agreement with 
those obtained by microarray experiments and earlier reports. 
For example, dehydrin belonging to a class of late embryogen-
esis proteins were most abundant during water stress.76 Similarly, 
cytochrome P450 involved in the synthesis of fatty acids, second-
ary metabolites, suberin and protective tissue like cutin, may be 
involved in protecting water loss by forming a protective cover-
ing and these have been previously shown to be induced dur-
ing drought.77 Lipid transfer proteins involved in the deposition 
of cuticular wax that are important in drought tolerance78 are 
also found to be upregulated in our study. It has been reported 
that mono-oxygenases are highly upregulated79,80 during drought 
stress, but our data for the expression of mono-oxygenase is dif-
ferent and shows that this gene is downregulated in both shoot 
and root. Since T-397 is moderately tolerant to drought, rais-
ing the possibility that other genes except mono-oxygenases are 
involved to impart drought tolerant attributes.

While most drought-related studies focused on genes that 
are highly upregulated, there are genes whose downregula-
tion is equally important to sustain the plant life during stress. 
Therefore, profiling and analysis of downregulated genes is 
equally important to understand the molecular and biochemical 

basis of their functions under stress conditions. In our study, we 
regard those genes downregulated whose expression level is 2-fold 
less than the unstressed control tissue. Mostly, genes involved in 
photosynthesis like photosystem I reaction center subunit VI, 
oxygen-evolving enhancer protein 3–1; and chloroplast proteins 
like thylakoid membrane phosphoprotein 14 kDa, and chloro-
plast precursor were downregulated. This is consistent with ear-
lier reports of drought-induced responses of photosynthesis and 
metabolism in higher plants.81,82

In conclusion, we have analyzed gene expression profiles 
associated with drought stress in flax, and identified 183 differ-
entially expressed genes in shoot and root. These differentially 
regulated genes belong to 12 diverse functional categories and 
some of these display coordinated expression under stress con-
ditions suggesting functional importance to drought responses 
in flax. Although, we did not see visible bleaching in drought 
stressed shoots, our findings suggest that photosynthetic activity 
is one of the main regulatory mechanisms affected by drought. 
Future studies could potentially use key findings of this study to 
advance critical knowledge base and also contribute to the devel-
opment of drought tolerant flax cultivars.

Materials and Methods

Stress treatment
Seeds of flax variety (T-397) were obtained from project 

coordinating unit (Linseed), Kanpur, India. Seeds were sown in  
10cm × 10cm plastic pots filled with soaked 1:1:1 mixture of 
Agro-coir peat, vermiculite and river sand and grown at a 12h 
photoperiod. The temperature regime was 24 °C /18 °C (day/
night) and 75% relative humidity. Plants were grown by water-
ing to field capacity every day till 20 d after germination, dur-
ing this period plants attained 10–15cm height. Drought stress 
was standardized by with-holding irrigation over a period of 8 d 
from 21st to 28th day after germination; during which drought 
symptoms were monitored, visualized and recorded (data not 
shown). Initial symptoms were observed beginning 4th day after 
withholding irrigation and relative water content (RWC) of shoot 
was approx 70%. By end of 5th day RWC was 60% and plants 
showed distinct wilting symptoms. Thus, root and shoot samples 
were collected on 4th (4d) and 5th (5d) day. Further, on 6th, 
7th, and 8th day intensity of drought symptoms increased. Plants 
exposed to 6th day stress partially revived after irrigation and 
were assumed to cross break-even point while drought stressed 
8th day plants completely wilted. Control flax plants were grown 
normally by irrigating soil to field capacity and samples were col-
lected on 4d and 5d along with stressed plants (Fig. 1). RWC of 
shoot was estimated using 100 mg tissue of flax following the 
method of Weatherly and Barr.83 After taking fresh weight, the 
tissue was floated on water for 4 h to achieve full turgidity and 
was weighed again to estimate turgid weight. The tissue was then 
oven-dried at 80 °C for 24 h and the dry weight was estimated. 
Relative water content was measured and expressed as percentage 
according to following equation:

RWC (%) = (Fresh weight – Dry weight) / Fresh weight × 100
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RNA isolation
Total RNA was isolated by grinding 200 mg shoot and 400 

mg root tissue of control and drought stressed samples (4th and 
5th day) in liquid nitrogen using SpectrumTM plant total RNA 
kit (Sigma-Aldrich co.USA; Cat No: STRN250) according to 
manufacturer’s instructions with addition of an on-column 
DNase1 treatment (1:4 dilution of DNase 1 in DNase digestion 
buffer). Total RNA was checked for quality and quantity using a 
NanoDrop 1000 spectrophotometer (Thermo Scientific) and by 
denaturing agarose gel electrophoresis. RNA amplifications were 
performed with the MessageAmp™ aRNA Amplification Kit 
(Ambion, Cat. No.1750). Cy5 dye molecules (GE Healthcare) 
were coupled to the amplified RNA, and the dye-labeled RNA 
was fragmented before hybridization.

COMBIMATRIX Array
CombiMatrix 90K Array system was used in the design and 

synthesis of a set of 90K unique 35-mer flax oligo probes along 
with blanks and negative controls on re-useable slides. Probes 
were designed for 48 904 predicted genes (41 536 of the genes 
with 2 probes; 7368 of the genes with 1 probe; 90 controls) using 
the EST and the recent flax genome sequence information.47,84 
The quality testing of these slides with cy5 labeled random 9 
mers showed uniform spot morphology and efficient, consistent 
synthesis of probes across the slide.

Array hybridization, scanning, and image analysis
The high-density CombiMatrix 90K Flax oligonucleotide 

array was produced by the Plant Biotechnology Institute. A total 
of 90 527 probes (35–40 mer) were in situ synthesized using 
the CustomArray Synthesizer (CombiMatrix). Array hybridiza-
tion, stripping and re-hybridization were performed following 
the CustomArray™ 90K Microarray: Hybridization, imaging 
protocol, and stripping and preparation of CombiMatrix 90K 
microarrays for re-hybridization protocols, as recommended by 
CombiMatrix (http://www.combimatrix.com). The arrays were 
first rehydrated at 65 °C for 10 min then prehybridized at 45 
°C for 30 min before use. Fragmented Cy5-aRNAs (5 μg) were 
mixed with hybridization buffer (6 × SSPE, 0.05% Tween-20, 
20 mM EDTA, 25% deionized formamide, 0.1 mg/mL sheared 
salmon sperm DNA and 0.04% SDS) and hybridized to the 
Combimatrix Brassica 90K arrays at 45 °C overnight in the dark. 
After hybridization, stringent washes were performed according to 
the manufacturer’s instructions, and the slides were immediately 
coated with an imaging solution (CombiMatrix) prior to scan-
ning with a GenePix 4000B scanner (Axon Instruments) using 
450 PMT, 5 μm resolution and 100% laser power. After scan-
ning, the hybridized dye-labeled aRNA targets were stripped from 
the arrays using the CustomArray Stripping kit (CombiMatrix) 
and re-hybridized. Altogether, a single slide was used thrice for 
hybridization - de novo for the first time and twice by repeating 
the stripping followed by re-hybridization. In the present study for 
the 24 samples (12 controls and 12 drought stress treated plants) 
represented by 3 biological samples for each time point (4th and 

5th day), tissue (root and shoot) for the control, and drought stress 
induced plants, 8 flax 90K CombiMatrix slides were used. After 
each stripping we ensured, complete removal of Cy5 signals from 
previous hybridization before rehybridization.

Image analysis was performed using GenePix Pro version 6.0 
software (Axon Instruments). After automatic alignment, feature 
indicators were manually moved, resized and fine-tuned. The 
local background-corrected spot fluorescence intensities for the 
Cy5 channel were saved as GPR files.

Data processing and segregation into MapMan bins
GPR files were loaded in GeneSpring GX 12.6 (Agilent 

Technologies Inc. and Strand Life Sciences Pvt. Ltd) with per-
centile shift normalization and baseline to median of all sam-
ples. Signal intensity cut-off was set to 200. One-way ANOVA 
analysis was performed with the asymptotic P value computa-
tion method. Multiple testing correction method was performed 
using the Benjamini–Hochberg FDR.85 Only gene probes having 
an adjusted P value (FDR) < 0.05 and an absolute difference in 
expression fold-change higher than 2 were selected. Hierarchical 
clustering based on Euclidean distance was utilized to group gene 
probes in categories according to their expression profiles.

MapMan annotation of genomic positions of root and shoot 
transcripts of flax was determined by aligning transcripts against 
MapMan (ver.3.6.0RC1).The best hit was extracted. Genes 
whose array annotation and annotation of the best blast hit were 
identical were put in the MapMan bin of the blast hit.

qRT-PCR analysis
Microarray expression data were validated using real-time 

polymerase chain reactions in an optical 48-well plate with a 
StepOne™ Real-Time PCR System (Applied Biosystems), using 
SYBR® Green to monitor dsDNA synthesis. Reactions contained 
5 µl 2 × SYBR® Green Master Mix reagent (Applied Biosystems), 
1.0 ng cDNA and 200 nm of each gene-specific primer (Table S3) 
in a final volume of 10 µl. The following standard thermal 
profile was used for all PCRs: 50 °C for 2 min; 95 °C for 10 
min; 40 cycles of 95 °C for 15 s and 60 °C for 1 min. Actin 7 
(g45138F, 5′-TTGCTGACCG TATGAGCAAG-3′; g45138R, 
5′-ACCCTCCAAT CCAGACACTG-3′) gene was used as an 
endogenous reference. Data were analyzed using the StepOne™ 
Real-Time PCR System version 1.0 (Applied Biosystems).
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