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Abstract
Different stresses include nutrient deﬁciency, pathogen attack, exposure to toxic chemicals etc. Transcriptomic studies have
been mainly applied to only a few plant species including the model plant, Arabidopsis thaliana. These studies have provided valuable insights into the genetic networks of plant stress responses. Transcriptomics applied to cash crops including
barley, rice, sugarcane, wheat and maize have further helped in understanding physiological and molecular responses in terms
of genome sequence, gene regulation, gene differentiation, posttranscriptional modiﬁcations and gene splicing. On the other
hand, comparative transcriptomics has provided more information about plant’s response to diverse stresses. Thus, transcriptomics, together with other biotechnological approaches helps in development of stress tolerance in crops against the climate
change.
[Imadi S. R., Kazi A. G., Ahanger M. A., Gucel S. and Ahmad P. 2015 Plant transcriptomics and responses to environmental stress: an
overview. J. Genet. 94, 525–537]

Introduction
Transcriptomes are studied for interpreting functional elements of genome and revealing molecular constituents of
cells and tissues (Wang et al. 2009). Transcriptomics, a
genomewide measurement of messenger RNA (mRNA)
expression levels based on DNA micro-array technology, is
a prominent ﬁeld of study (Brady et al. 2006; Gomase and
Tagore 2008). The study deals with quantiﬁcation of transcriptome, complete set of transcripts in cells, and abundance
of these transcripts in a speciﬁc developmental stage, physiological or pathological condition (Wang et al. 2009). Study
of transcriptomes has a signiﬁcant impact on all the facets of
biological sciences as it provides the ability to analyse differences in gene expression of multiple mRNAs both quantitatively and qualitatively (Tan et al. 2009). The key objectives
of transcriptomics are to catalogue all the transcripts including mRNAs, noncoding RNAs and small RNAs to determine transcriptional status of genes; to determine 5′ end and
3′ end sites of genome, posttranscriptional modiﬁcations and
splicing patterns. Transcriptomics also aim to quantify the
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modulations in gene expression levels during different stress
conditions and developmental stages (Wang et al. 2009).
Different technologies used for transcriptomic studies
include hybridization-based approaches, sequence-based
approaches and RNA sequencing (Tan et al. 2009; Wang
et al. 2009), each of these has some pros and cons.
Hybridization-based approaches involve incubating
ﬂuorescently-labeled cDNA with microarrays that may be
custom made or commercial high-density oligo microarrays.
This approach is referred as microarray technology and
is used for gene expression proﬁling (Nowrousian 2007).
Microarrays with probes spanning exon junction are also
used for detection and quantiﬁcation of distinct spliced
isoforms (Clark et al. 2002). These approaches are high
throughput approaches and are inexpensive, except for few
approaches including high-resolution tiling arrays that are
used for quantifying large genomes (Yamada et al. 2003;
David et al. 2006).
Hybridization-based approaches rely upon preexisting
knowledge about genome sequences and have limited
dynamic range of detection for both background and saturation of signals (Okoniewski and Miller 2006; Royce et al.
2007). On the contrary, sequence-based approaches are used
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to determine the cDNA sequences directly. Although Sanger
sequencing comes in handy, it has low throughput, high cost
and low quantiﬁcation (Gerhard et al. 2004). In view of these
limitations, tag-based methods are nowadays used. These
include serial analysis of gene expression (SAGE), cap analysis of gene expression (CAGE) (Kodzius et al. 2006) and
massively parallel signature sequencing (MPSS). Tag-based
methods are more reliable owing to the fact that they are high
throughput and provide precise digital levels of gene expression. However, there are a few limitations of tag-based methods as only a small portion of transcript can be analysed, and
the isoforms are indistinguishable from each other (Brenner
et al. 2000).
RNA sequencing is the most recent approach used for transcriptomic studies. It does not have a reference genome to
gain useful information about the transcripts (Strickler et al.
2012). It is a recently developed deep sequencing technology. In this approach, population of total or fractionated RNA
is converted to library of cDNA with adaptors attached to
both the ends. cDNA molecules are then sequenced in high
throughput manner and short sequences are obtained (Holt
and Jones 2008; Vera et al. 2008). This technology has many
advantages: it is (i) not restricted for detection of transcripts
that correspond to existing genomic sequence, (ii) reveals
precise position of transcription boundaries, (iii) has very
low background signal and (iv) does not have any upper limit
of quantiﬁcation. RNA sequencing is the ﬁrst method that
allows entire transcriptome to be surveyed in high throughput and quantitative manner (Cloonan et al. 2008; Mortazavi
et al. 2008; Nagalakshmi et al. 2008).

Plant transcriptomics applications
Plant transcriptomics is being widely used in studying plant
responses to various stresses. Transcriptomic studies have
revealed many changes in expression levels of various genes
during exposure to environmental extremes, e.g. cDNA isolated from leaves and roots of Coffea arabica, when studied with nonredundant expressed sequence tags, showed
lower level of exact number of genes, however, competitive hybridization on C. Arabica-speciﬁc cDNA microarray
treated with benzo-(1,2,3)-thiadiazole-7-carbothionic acid
S-methylester (BTH) showed an increased level of overexpressed genes. This overexpression of stress responsive
genes reveals a wide spectrum of defense-related response
pathways against different environmental extremes. Leaf tissue metabolic pathways respond negatively in comparison
to root tissues where metabolism is downregulated with
subsequent increase in biosynthesis of proteins, which are
involved in storage processes. BTH increases resistance of
monocotyledons as well as dicotyledons against many biotic
factors, such as viruses, bacteria and fungal pathogens. However, this induction of stress tolerance by BTH treatment is
species-dependent (Pallavicini et al. 2005).
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In relation to salt stress, transcriptomic analysis of
plants helps in identifying important transcripts and relevant
associations between various physiological processes like
vascular potassium ion circulation, root–shoot translocation
of calcium ions and transition metal homeostasis (Maathius
2006). Transcriptomic analysis of allopolyploid relative of
soybean with the diploid species show a high degree of gene
space duplication. It is also observed that the tetraploids
use these redundant gene copies in novel ways (Ilut et al.
2012). Transcriptomic analysis of gene expression is also
applied to characterize the plant responses to phloem-feeding
insects (PFIs). These insects induce transcriptional reprogramming in their hosts and plant response to these insects
differ from the response to other insects or pathogens. It
has been suggested that these insects induce cell wall modiﬁcation, reduce photosynthetic activity, manipulate sourcesink relations and modify secondary metabolism in hosts
(Thompson and Goggin 2006).
Transcriptomic analysis of plastid genes in Solanum lycopersicum have shown that most of the plastid genes are
downregulated in fruits compared to leaves. These changes
are more pronounced in photosynthesis-related genes than
in other metabolic pathways related genes. Gene expression
activity in chromoplast is regulated by plastid encoded fatty
acid biosynthetic gene, accD (Kahlau and Bock 2008). In
Solanaceae, there exist distinct mechanisms for synthesis
of acyle sugars, as revealed through transcriptomic studies,
and several convergent and divergent mechanisms leading to
synthesis/production of important defensive compounds do
also exist (Slocombe et al. 2008). In addition to its application in studying salt stress tolerance mechanisms, transcriptomics can be better employed to study cold stress responses,
which is more easily and strongly made understandable as
has been reported in potato. Exposure to both the stresses
(cold and salinity) cause downregulation of majority of photosynthetic genes whereas cell rescue and transcription factor
genes are upregulated. Salt exposure also results in downregulation of genes associated with primary metabolism, signal
transduction and detoxiﬁcation (Evers et al. 2012).
Comparative transcriptomic studies applied to tomato and
its ﬁve wild species reveal footprints of positive selection in over 50 genes (Koenig et al. 2013). They also
show shift in gene expression levels and many of which
resulted from changes in selection pressure (Koenig et al.
2013). Most of these genes are stress responsive and are
involved in imparting stress tolerance. Large-scale modiﬁcations appear in response to light in wild and cultivated
species of tomato (Koenig et al. 2013). In tomato, majority of genes that are regulated by nitrogen enrichment show
almost similar expression levels, both in mycorrhizal and
nonmycorrhizal roots indicating that primary response to
nitrogen enrichment is mediated by mycorrhiza-independent
root processes (Ruzicka et al. 2012). Transcriptomic analysis
of broccoli plants treated with N6-benzylaminopurine shows
that genes encoding for molecular chaperones and stressrelated genes are upregulated and almost similar results were
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reported in plants with ipt transgenic. Both the treatments
are involved in regulation of genes associated with cytokinin
signalling, sugar transport, energy metabolism, carbohydrate
metabolism, amino acid metabolism and lipid metabolism
(Liu et al. 2013).
In plants having extremophile life style, e.g. mangroves,
show similarities in transcriptome size, habitat, tissue type,
developmental stage, biogeographic and phylogenetics in different
species which results in unique life style (Dassanayake et al.
2009). Omrane et al. (2009) demonstrated that leguminous
plant, Lotus japonicas which was incubated ﬁrst in high
nitrogen conditions for 10 days followed by transfer to low
nitrogen conditions, and subsequently, inoculated with
symbiotic fungi, showed reduced nodulation and transcriptome studies showed differential expression of genes of
metabolic pathway, cell signalling, transcriptional regulation
and stress response. Transcriptomic studies of oak plants
subjected to long term (one year) mild drought showed
upregulation of genes associated with plant cell rescue and
defense. If the stress persisted longer (two years or more),
the response was more vigorous. This long-term drought
response triggers the adaptation process of plants to evolve
these conditions and ensure the survival of the plant. But
upon rewatering, the damage so caused cannot be fully
recovered (Spieb et al. 2012).
Comparative transcriptomic analysis of closely-related C3
(Cleome spinosa) and C4 (Cleome gynandra) plant leaves
has revealed that about 603 transcripts differ in abundance
between the two leaves, out of which, 17 are transcription
factors and some are important putative transport proteins
(Brautigam et al. 2011). Comparative transcriptomics when
applied to drought-stressed populus showed that activation of
signalling cascades is speciﬁc to early response in leaves and
general in root apices (Cohen et al. 2010). GS-2 mutant of
L. japonicas, Ljgln2-2, exhibited normal sensitivity to mild
water deprivation than wild type and comparative transcriptomic analysis of both the mutant and wild type revealed signiﬁcant differences in expression pattern of genes involved
in proline metabolism. Further, it was reported that Ljgln2-2
(mutants) showed 3-fold increase in gene regulation in
response to drought as compared to wild counterparts (Diaz
et al. 2010). Transcriptomic analysis when applied to rice
oligomicroarrays revealed that there are different effects of
hybridization and genome duplication in expression patterns
of hybrids and allopolyploids, which is due to transcriptomic
evolution in allopolyploids (Chelaifa et al. 2010). Comparative transcriptomics of two actinorhizal symbiotic plants,
Casuarina glauca and Alnus glutinous, having association
with bacteria Frankia revealed that there are ∼14,000 unigenes present in roots and nodules of both the species. In connection with this, transcriptomic analysis showed that genes
regulating carbon and nitrogen exchange, defense against
pathogens and stress resistance were strongly induced. Conservation of host plant speciﬁc pathway is conserved among
the plants, which showed that these plants are phylogenetically related (Hocher et al. 2011).

Transcriptome of Urticuluria (a carnivorous plant)
showed its complex metabolic pathway that characterizes
a minimal plant genome. The transcriptomic analysis supported the hypothesis that increased nucleotide substitution
rates throughout the plant may be due to mutagenic action
of ampliﬁed reactive oxygen species production (IbarraLaclette et al. 2011). Transcriptomic analysis of Fraxinus
species revealed that there is a high occurrence of defenserelated genes. Transcription factors of several defense genes
are overexpressed and 1272 single nucleotide polymorphisms (SNP) as well as 980 microsatellite loci among which
seven microsatellites showed polymorphism were also predicted to occur in genomes of different species of Fraxinus
(Bai et al. 2011).

Transcriptomic studies on some leading plants
Arabidopsis thaliana

Transcriptome analysis of gametophyte genome of Arabidopsis showed 992 pollen expressed messenger RNAs
out of which 40% are detectable speciﬁcally in pollen.
Overexpression of mRNAs encoding proteins for cell
wall metabolism, cytoskeleton and signalling can also be
observed. There is extensive overlap of pollen transcriptome
with that of sporophyte transcriptome (Honys and Twell
2003). Transcriptome analysis of 13,977 male gametophytes
of Arabidopsis expressed mRNAs and 9.7% of these mRNAs
are male gametophyte speciﬁc. The analysis also suggested
that transition from bicellular to tricellular pollen is accompanied by decline in level of diverse mRNA species and
increase in level of male gametophyte speciﬁc mRNAs. It is
also observed that early synthesis of translation factors contribute to growth of pollen tube (Honys and Twell 2004).
Transcriptomic studies on Arabidopsis reveals that HD2B
histone deacetylase gene functions as a genetic factor associated with seed dormancy and its expression is upregulated by cold and after ripening treatments (Yano et al.
2013). Transcriptomic studies on pollen grains of A. thaliana
revealed that they have a unique and smaller transcriptome
that expresses 6587 genes with greater proportion of selectively expressed and enriched genes than any vegetative tissue. There is an accumulation of G2/M associated factors
which have a role in ﬁrst mitotic division. Moreover, in spite
of transcription-associated transcripts which are relatively
less presented, nonclassical MAD boxes are expressed as
class with putative unique roles in pollen (Pina et al. 2005).
Female gametophyte transcriptome analysis on Arabidopsis
revealed that there are up to 225 genes that are speciﬁc to
female gametophyte (Yu et al. 2005).
Transcriptomic studies carried on Arabidopsis plants
grown under high carbon dioxide levels for ﬁve weeks under
short days and subsequently transferred to normal conditions under short as well as long days revealed that 1549
genes were differentially expressed after the transfer from
high carbon dioxide in short days (hCO2 ) to normal. Among
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CO2 conditions, half of the genes were associated with redox
reactions, stress and abscissic acid. Light signalling and
clock genes were also differentially expressed. When the
same experiment was done with hydrogen peroxide replacing carbon dioxide, the sensitive plants showed upregulation
of hydrogen peroxide responsive genes indicating that carbon dioxide and hydrogen peroxide interact with day length
and photoreceptor pathways, which show a close crosstalk
between these three stimuli (Queval et al. 2012). Comparative analysis of Arabidopsis sperm cell transcriptome with
that of representative sporophyte tissues and pollen reveals
that sperm has a diverse and distinct transcriptional proﬁle
and DNA repair genes. Ubiquitin-mediated-proteolytic genes
as well as cell cycle progressive genes are overexpressed in
sperm cells (Borges et al. 2008). Transcriptomic analysis of
Arabidopsis roots affected by sugar beet cyst nematode (a
condition called Syncytia) showed that 3893 genes are upregulated and 3338 genes are downregulated. Genes that are
related to high metabolic activity are upregulated (Szakasits
et al. 2009).
Transcriptome analysis of pollen germination and tube
growth in Arabidopsis showed high expression of genes
related to cell rescue, transcription, signal transduction
and cellular transport. Calmodulin, calmodulin-like proteins,
cation/hydrogen exchanger and heat-shock proteins show the
highest expression during tube growth and pollen germination (Wang et al. 2008). In Arabidopsis, early embryogenesis is under zygotic control which was proved by transcriptomic analysis of hybrid embryos of two polymorphic inbred
lines. There are some transcripts which are inherited from
either of the parents or are transcribed by imprinted loci and
most of the transcripts are those produced in equal amounts
by both the parents. Widespread zygotic transcription is also
observed as there are some transcripts that are not expressed
in sperms and eggs (Nodine and Bartel 2012).
Analysis of Arabidopsis transcriptome during oxidative
stress revealed that there are 175 nonredundant-expressed
sequence tags that are regulated by hydrogen peroxide.
Out of these 175 nonredundant-expressed sequence tags,
113 were induced by hydrogen peroxide whereas 62 were
repressed by it. These expressed tags have been predicted
to function in cell defense and rescue processes (Desikan
et al. 2001). Kreps et al. (2002) demonstrated that exposure of Arabidopsis to stress conditions (temperature, salt
and drought), induced regulation of 30% sensitive transcriptome. They further reported that roots and leaves displayed very different changes, however, 14% of cold-speciﬁc
gene expression is common in both roots and leaves. Gene
(At5G52310) showed highest expression levels of 250, 40
and 57 fold in response to cold, drought and salinity, respectively in Arabidopsis roots (Kreps et al. 2002). Transcriptome proﬁling of Arabidopsis plant showed that under low
temperatures, multiple regulatory pathways related to low
temperature in addition to CBF (DREB1) cold response pathway exists and these pathways help in cold acclimation of the
plant. A total of 306 genes are proved to be cold-responsive
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genes and has been reported that several genes are downregulated during cold acclimation. Out of these cold-responsive
genes, 48 were putative transcription factors and two of
these transcription factors were regulated by CBF expression. CBF expression in warm temperature results in repression of eight genes, which were also downregulated during
the low temperatures (Fowler and Thomashow 2002).
Expression proﬁling analysis of Arabidopsis genome in
response to cold stress showed 939 cold-regulated genes of
which 655 were upregulated and 284 were downregulated.
Early cold-responsive genes encode for transcription factors that control late-responsive genes and many posttranscriptional as well as chromatin level regulators. Moreover,
genes important for synthesis of hormones and signalling
molecules are also cold regulated (Lee et al. 2005). Transcriptomic analysis of Sel1, a mutant with defective sulphur transporter gene, revealed that dysfunction of sulphur
transporter can mimic general sulphur symptoms. Clustering
of sulphur transporter genes indicated that sulphur uptake,
reductive sulphur assimilation and turnover of secondary sulphur metabolites are activated under sulphur. Proﬁling of
sulphur-responsive genes showed that expression of sulphurresponsive genes is enhanced by decreased expression of glutathione. These sulphur-responsive genes induce high expression of genes associated with alleviation in oxidative damage
(Maruyama-Nakashita et al. 2003). Hybridization transcript
proﬁling of Arabidopsis subjected to 6, 10 and 13 days of
constitutive and induced sulphur starvation revealed that 632
genes were overexpressed speciﬁcally to sulphur deﬁciency.
The results also suggested upregulation of genes involved
in ﬂavonoid, auxin and jasmonate synthetic pathways during
sulphur deﬁciency (Nikiforova et al. 2003).
To analyse the effects of 2,4,6-trinitrotoluene of Arabidopsis roots, transcript proﬁling by serial analysis of
gene expression leads to the identiﬁcation of 19,000 unique
tags. Besides inducing expression of cytochrome P450
enzymes, ABC transporter and nitroreductases, a highly
induced tag which increases upto 27-fold in response
to 2,4,6-trinitrotoluene (TNT), represents glutathione S
transferase. Unsuspected conjugation pathways are also
observed (Ekman et al. 2003). Treatment of Arabidopsis seedlings with low concentration of indole acetic acid
(auxin) decreases the expression levels of 23 genes and
increases the expression level of 47 genes within the ﬁrst
20 min of treatment and genes coding for transcription factors are expressed after 40 min of treatment. The response
also revealed the presence of abscisic acid-responsive DC3
promoter-binding factor which suggest that there is a possible role of abscisic acid in regulating auxin-induced
responses (Pufky et al. 2003). Transcriptional proﬁling analysis performed on Arabidopsis seedlings exposed to an
allelochemical benzoxazolin-2(3H)-one (BOA) revealed that
major responsive genes were involved in cell rescue and
defense, and most of these rescue genes were associated with
chemical detoxiﬁcation pathways which are also induced by
a variety of xenobiotic compounds (Baerson et al. 2005). In
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wild-type Arabidopsis, transcript proﬁling showed that 262
genes were upregulated and 125 genes were downregulated
by abscissic acid treatment (Xin et al. 2005). A genomewide
analysis of transporter genes expressed in male gametophyte
of Arabidopsis at different developmental stages was performed and it was reported that out of 1269 genes isolated
from the genome encoding for classiﬁed transporters, 124
genes were preferentially expressed relative to sporophytic
tissues while some genes like COPT3, STP2 and OPT9 were
highly expressed in microspores and bicellular pollens, while
other genes, STP11 and LHT7 were speciﬁcally expressed in
tricellular and mature pollen (Bock et al. 2006).
Transcriptomic proﬁling of Arabidopsis suspension culture cell responses to sucrose (Suc) starvation showed that
after 24 h of starvation autophagy and increased expression
of vacuolar proteases is induced which contribute in degradation of cytoplasmic components delivered to the vacuole and
help in nutrient recycling. Culture viability decreases after
48 h of starvation and after 72 h, substantial cell death occurs.
Increase in expression levels of 343 genes after 48 h of starvation indicates the response to nutrient stress while starvation for 72 h the cells are protected from death by activation
of various defense and stress response pathways regulated by
speciﬁc protein kinases and transcription factors (Contento
et al. 2004).
Armengaud et al. (2004) studied transcriptional responses
of Arabidopsis seedlings to changing external supply of
essential macronutrient potassium (K) and reported that
genes which responded most prominently are linked to a
phytohormone, jasmonic acid. Potassium starvation causes
an increase in transcript levels of jasmonic acid biosynthetic enzymes lipoxygenase, allene and allene oxide synthase. Interestingly the level of these enzymes decreases
as the potassium ions are resupplied. They proved a novel
role of jasmonic acid in nutrient signalling and stress
management through various processes, including nutrient
storage, recycling and reallocation. Cell wall proteins (extensions and arabinogalactans), having putative role as calcium
signalling molecule (Calmodulin) and ion transporter (high
afﬁnity potassium ion transporter HAK5) are discovered to
be highly signiﬁcant potassium ion responsive genes.
Transcriptome analysis of Arabidopsis showed that in
response to phosphorus starvation 171 genes were induced
and 16 genes were repressed, whereas in response to incubation with sucrose, 337 genes were induced and 307 genes
were repressed. It has also been observed that several genes,
which are thought to be regulated by phosphorus starvation, are also regulated by sucrose incubation and vice versa.
Nearly 150 genes are responsive to both the factors antagonistically or synergistically. These genes give prominent
response to these factors in combination relative when they
are applied individually. These genes represent, (i) regulatory programme to increase growth when phosphorus and
carbohydrates are in excess, (ii) gene set which is induced to
alleviate phosphorus starvation and they are further induced
by accumulation of sucrose (Muller et al. 2007). Hermans

et al. (2010) studied early transcriptomic response to magnesium deprivation in Arabidopsis and response at whole
plant level was observed after removing magnesium from the
nutrients. Highest number of regulated genes was observed
in roots of the plant. Major responses were perturbation
of central oscillator of circardian clock and triggering of
abscissic acid signals (Hermans et al. 2010). Arabidopsis
infected by pathogens and insects showed a high level of
transcriptional modiﬁcation. Infected plants overexpressed
the stress-related genes. Salicylic acid, jasmonic acid and
ethylene in orchestration have been identiﬁed as key players in plant defense responses (De Vos et al. 2005). Silverleaf whiteﬂy (SLWF) is phloem-feeding pest which affects
Arabidopsis and transcript proﬁling of SLWF affected Arabidopsis revealed that 700 transcripts are upregulated and
556 transcripts are downregulated. Defense pathway of these
plants showed that responses to SLWF infection are different from that of chewing insects and aphids. After SLWF
feeding, jasmonic acid genes are repressed and salicylic acid
genes are upregulated. Further studies showed that pathogen
defense pathways are not activated (Kempema et al. 2007).
Recent analysis on transcriptome of Arabidopsis showed
existence of different defense systems and target overlapping
gene sets. A quantitative mechanism is common to multiple defense systems and it modulates the transcript levels of
these defense-associated genes (Eulgem 2004). Responses of
Arabidopsis gene regulation to different stresses are provided
in table 1.
Gossypium (cotton)

Comparative transcriptomic analysis of ﬁbre cells of two cotton plants, wild (K101) and domesticated (Pima S-7) at three
stages of elongation (early, mid and late), showed differential
expression of 4200 genes between wild and domesticated
accessions. In domesticated plants there is an upregulation
of expression of genes for cellular redox reactions and a
downregulation of genes for stress. Upregulation of signal
transduction genes and hormone regulation genes result in
prolonged growth of ﬁbre (Chaudhary et al. 2008). Comparative transcriptomic analysis of cotton anther of wild type
and genetic male sterility (GMS) mutant showed that in GMS
mutant, 9595 genes are differentially expressed in meiosis,
10,407 in tetrad and 3139 genes are differentially expressed
in uninucleate microspore stage of GMS mutant anther
formation. Expression of genes associated with hormone
synthesis, sucrose metabolism, starch metabolism, pentose
phosphate pathway, glycolysis, histone protein synthesis and
ﬂavonoid metabolism is highly upregulated during tetrad
stage and is downregulated during meiosis and uninucleate
stage (Wei et al. 2013).
Cytoplasmic male sterility (CMS) is a maternally transferred trait due to which functional pollen is not produced.
CMS can be restored by restorer genes. A comparative
transcriptomic analysis performed to compare differentiallyexpressed genes between ﬂower buds and CMS restorers in
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Table 1. Responses of Arabidopsis thaliana to different stress conditions.
Stress condition

Response of plant by expression level of genes

Oxidative stress
Cold stress
Sulphur stress
Indole acetic acid treatment
Abscisic acid treatment
Sucrose stress
Phosphorus starvation
Pathogen attack

113 genes upregulated, 62 genes downregulated
655 upregulated, 284 downregulated
632 upregulated
47 upregulated, 23 downregulated
262 upregulated, 125 downregulated
343 upregulated
171 upregulated, 16 downregulated
700 upregulated, 556 downregulated

cotton revealed that 458 genes are differentially expressed in
restorers of which 127 are upregulated and 331 are downregulated. Most differentially expressed genes encoded putative
proteins which are involved in cell wall expansion, cell elongation and cell division (Suzuki et al. 2013). Fasciclin-like
arabinogalactan (FLA) genes are expressed during the ﬁbre
development in cotton and transcriptomic studies revealed
that 10 days after anthesis, three FLA were highly expressed
while four genes were accumulated in ﬁbres. The expression of these genes is also regulated by ﬁbre development,
light and sodium chloride (Huang et al. 2008). During ﬁbre
development, genes involved in vesicle coating and trafﬁcking are highly upregulated, thus they have major role in
maintaining growth of ﬁbres (Hovav et al. 2008). Comparative transcriptomic studies on ﬁbres of domesticated and
wild cotton species showed dynamic range of differentiallyexpressed genes and a total of 9465 genes are differentially
expressed (Rapp et al. 2010). Cotton transcriptome studied during water stress showed a total of 519 differentiallyexpressed genes, which are associated with stress, defense,
metabolism and gene regulation. Moreover, pathways related
to heat shock proteins and reactive oxygen species are also
regulated (Park et al. 2012).
Transcriptomic analysis of cotton under somatic embryogenesis revealed that numerous genes are differentially
expressed. The upregulated genes are associated to auxin
biosynthesis, cytokinin biosynthesis and signal transduction pathways (Xu et al. 2013). Transcriptomic analysis
under drought stress also showed number of differentiallyexpressed genes (Shanker et al. 2014). Upregulation of genes
linked to pectin modiﬁcation and cytoskeleton proteins is
also observed. Genes encoding transcription factors, osmoprotectants, ion transporters, heat shock proteins and hormone biosynthesis are also highly upregulated. Whereas
genes involved in pathways of phenylpropanoid synthesis,
ﬂavonoid biosynthesis, pentose and glucuronate interconversion, starch and sucrose metabolism are downregulated
during ﬁbre elongation (Padmalatha et al. 2012).

sensitivity, and 2 members of lipid phosphate phosphatase
(LPP) family were differentially expressed (Barrero et al.
2009). Transcript proﬁling of steam girdled (used for carbohydrate accumulation) leaves of barley showed an increased
level of aminopeptidases (cnd41), thiol and serine proteases
with concomitant upregulation of SAG12, hexokinases and
some other senescence speciﬁc genes (Parrott et al. 2007).
Transcriptomic examination of barley revealed that there
is six well-characterized germination stages comprising of
early, late and postgermination phases. Transcription factors and signalling modiﬁcation molecules are upregulated
in early stage of germination, whereas histone families and
metabolic pathways are upregulated in late phase. Postgermination phase refers to the upregulation of photosynthesis pathway and seed reserve mobilization pathway. Stress
related and storage pathways are downregulated during
whole germination process (An and Lin 2011).
RNA proﬁling of B trichothecene deoxynivalenol (DON)
treated barley spikes showed upregulation of ABC transporters, UDP-glucosyltransferases, glutathione S-transferases
and cytochrome P450. Moreover, cysteine synthases were
largely upregulated and showed role in defense (Gardiner
et al. 2010). Transcriptomic analysis of barley under salt
stress revealed that 48 genes are highly upregulated whereas
62 genes are downregulated (Zeimann et al. 2013).
Transcriptomic analysis of barley roots subjected to low
temperature (4◦ C) for four weeks showed that 2577 genes
were found to be cold responsive as revealed by their twofold increase. Among these, 185 genes showed increase
in expression levels upto 10-fold. AGL19 is considered as
most important regulator in vernalization response. FAD7
is proved to be active against many cold stress pathways
(Wu 2010). Through transcriptome proﬁling, 11 genes have
been reported to be upregulated in barley exposed to salinity (Lee et al. 2009). Further, the transcriptomic analysis also
showed upregulation of genes like leucine-rich repeat transmembrane protein kinases, glycine-rich RNA-binding protein involved in leaf senescence. Accelerated leaf senescence
is also associated with upregulation of plastidial and extra
plastidial proteases in the germplasm (Jukanti et al. 2008).

Hordeum vulgare (barley)

Comparative transcriptomics of dormant and after ripened
barley embryos showed that after ripened embryos have
promoted abscissic acid catabolism, reduced abscissic acid
530

Oryza sativa (rice)

Transcriptomic analysis of mature rice embryos showed
differentially-expressed genes that are involved in stress

Journal of Genetics, Vol. 94, No. 3, September 2015

Plant transcriptomics and environmental stress
tolerance. There are 191 differentially-expressed genes
between LYP9 and its parents. These differential genes represent overdominance, high parent dominance, low parent
dominance, additivity and underdominance (Ge et al. 2008).
Transcriptomic studies of rice genome showed a total of 3646
tandem repeats and 3633 pairs of segmental genes which
together make up about 30% of total annotated rice genes,
excluding transposons, and share different physical
locations and exhibit biased subset of functions. Their regulation depends upon tissues and existing environmental
conditions. Divergence in their expression is also related
to promoter differentiation and DNA methylation status
(Jiang et al. 2013).
Transcriptomic studies of rice panicle and grains under
ozone stress revealed regulation of 620 genes in panicle
and 130 genes in grains. In panicles, 176 genes are upregulated and 444 genes are downregulated, whereas in grains,
24 genes are upregulated and 106 genes are downregulated. Among these differentially-expressed genes majority are involved in processes like cell signalling, hormone
synthesis, cell wall formation, transcription, proteolysis and
defense (Cho et al. 2013).
Transcriptomic proﬁling of rice roots, grown in phosphorus deﬁcient conditions, conﬁrmed upregulation of certain genes involved in responses to phosphorous starvation.
Changes in expression of genes involved in response to
metal stress like aluminum, iron and zinc are also observed
(Wasaki et al. 2003; Li et al. 2010). Ospl1 gene is the most
differentially-expressed gene in phosphorus stress. Starch
metabolic genes and inorganic phosphorus liberating genes
are also upregulated (Wasaki et al. 2006). Two-week-old rice
plants subjected to ozone stress, when analysed transcriptomically showed ﬁve-fold increase in expression of 135
genes. These genes belong to eight major families, which
are involved in storage, cellular processing, as transcriptional factor, in signal transduction and metabolism (Cho
et al. 2008). Transcriptomic analysis of rice plants subjected to oxygen availability showed 730 genes are anaerobic responders and are upregulated in the absence of oxygen
(Narsai et al. 2009). Transcriptomic analysis of arsenate
tolerant rice plants exposed to sodium arsenate showed
two-fold increase in upregulation of 576 genes and downregulation of 622 genes with concomitant expression of
transcription factors, transporters and stress protein genes
(Norton et al. 2008). Moreover, genes involved in glutathione synthesis, metabolism and transport were majorly
affected by the arsenate treatment (Norton et al. 2008).
Sucrose-starved rice plants upon transcriptomic analysis
showed that hydrogen pyrophosphatases are upregulated and
most of the upregulated genes are involved in degradation
pathways, whereas the downregulated genes are involved in
biosynthetic pathways (Wang et al. 2007). Jasmonic acidtreated rice seedlings when subjected to transcriptomic analysis showed that genes involved in photosynthesis, cellular
respiration and protein modiﬁcation were highly upregulated
in the shoots whereas, genes representing antioxidants and

defense molecules are upregulated in roots. Overall, 107
genes were upregulated and 34 genes were downregulated
in shoots; and 325 genes were upregulated and 213 genes
were suppressed in roots (Cho et al. 2007). Transcriptomic
analysis of transgenic rice overexpressing TERF1 revealed
increased tolerance to high salt and drought stress. TERF1
is shown to regulate the expression of other stress-related
functional genes including Lip5, Wcor413-l, OsPrx and
OsABA2 (Gao et al. 2008). Transcriptomic analysis of rice
exposed to oxidative stress revealed that seven mRNA families are differentially expressed and these families include
genes for transcriptional regulation, nutrient transport, auxin
homeostasis, programmed cell death and cell proliferation
(Li et al. 2010).

Saccharum (sugarcane)

Saccharum transcriptome reﬂects that Saccharum constitutes a highly polyploid genome (Manners and Casu 2011)
and two-third of its genome is approximately same as that
of Arabidopsis as shown by comparative transcriptomic
studies. In sugarcane, 3500 genes are reported to be involved
in signal transduction including genes coding for 600 transcription factors, 510 protein kinases, 477 receptors, 114
calcium and inositol metabolism proteins, 107 protein phosphatases, 75 small GTPases and 17 G proteins (Papini-Terzi
et al. 2005). Regulation of signal transduction genes of
sugarcane is provided in table 2. Transcriptomic studies of
signal transduction pathways involved in sucrose synthesis
in sugarcane (both low and high sucrose producing cultivars)
had revealed differential expression of 24 genes and of them
19 were reported in low sucrose producing plants. Three of
these genes are involved in reducing sucrose phosphate synthase (Felix et al. 2009). Expression of 165 genes has been
reported in tolerant sugarcane through transcriptomic studies
(Rodrigues et al. 2009).
Transcriptomic analysis of plants subjected to polyethylene glycol (PEG) stress for 2–4 h showed upregulation
of sodium proton antiporter, sucrose transporter 1, proline
dehydrogenase and catalase-2. When these plants were subjected to salt stress, they showed a decrease in expression
Table 2. Transcriptome proﬁling for signal transduction in
Saccharum.
Gene name

Number

Transcription factors
Protein kinases
Receptors
Calcium/inositol metabolism proteins
Protein phosphatases
GTPases
G proteins
Others
Total genes involved in signal transduction

600
510
477
114
107
75
17
1600
3500
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of sodium proton antiporter, proline dehydrogenase and
catalase-2. The results indicate differential expression of
sugarcane genes to different types of stress (Patade et al.
2012). Drought-stressed sugarcane plants showed differential expression of 987 genes of these 928 were sense transcripts and 59 were antisense transcripts (Lembke et al.
2012). Osmoprotectants accumulation increases on exposure to stress and transcriptomic studies of sugarcane plants
reported upregulation of 56 clusters of osmoprotectant candidate genes (Dos Santos et al. 2011). Sugarcane plant infected
by Leifsonia xyli when subjected to transcriptome proﬁling
showed differential expression of 49 genes and of these 44
were expressed in tolerant variety while ﬁve in susceptible
variety. Genes expressed in tolerant variety are related to
pathogen resistance, protein phosphorylation, cellulose synthesis, cell division, saline stress, RNA cleavage and transcription factors (Barros et al. 2004). Expression proﬁle of
nodulin genes when examined using transcriptomics showed
existence of 129 clusters of nodulin genes and their expression is higher in ﬂowers, roots and mixed tissues which
uncovered their multiple functions (Vieira-de-Melo et al.
2011).
Triticum (wheat)

Transcriptome studies of developing caryopses in wheat
showed 14,550 genes that are differentially expressed
between 6 and 42 days after anthesis (Wan et al. 2008).
In wheat plant, transcriptomic analysis during early stages
of meiosis showed 1350 transcripts that are regulated on
temporary basis. These temporarily expressing transcripts
belong to chromatin condensation, synaptonemal complex
formation, recombination and fertility (Crismani et al. 2006).
There are a total of 129 genes which are shown to have meiotic roles (Crismani et al. 2011). Studies on gene expression during cold acclimation of two wheat cultivars showed
that expression levels of more than 300 genes are altered by
freezing temperatures. These genes include protein kinases,
putative transcription factors, calcium-binding proteins,
inorganic pyrophosphatase, Golgi-localized proteins, proteins involved in photosynthesis and cell wall hydrolase
(Gulick et al. 2005).
Comparative transcriptomic analysis of wheat cultivars,
Shanrong no. 3 (SR3) and Jinan 177 (JN177), under salt
and polyethylene glycol stress showed genes responsive to
stress are more highly expressed in SR3 as compared to
JN177 (Liu et al. 2012). In SR3, unsaturated fatty acid content and ﬂavonoid synthesis are also enhanced and there is an
increase in pentose phosphate metabolism (Liu et al. 2012).
Transcriptomic analysis of sense and antisense strands of
wheat showed 110 sense to antisense transcripts pairs and 80
antisense-speciﬁc transcripts. It is also shown that antisense
transcription is tissue speciﬁc (Coram et al. 2009). Transcriptomic proﬁling of dormant wheat seeds revealed that
the genes which are expressed in these seeds are extremely
related to maintenance of seed dormancy. Analysis of after
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ripened seeds showed activation of biological processes
which include, DNA replication, nitrogen metabolism, jasmonate biosynthesis, cytoplasmic membrane bound vesicle
and cell wall modiﬁcation. These after ripened responses are
due to epigenetic factors (Gao et al. 2012). Tricothecene
deoxynivalenol (DON) treated wheat (Remus variety) when
subjected to transcriptome proﬁling showed that expression
of genes involved in metabolite transformation, metabolite detoxiﬁcation, phenylpropanoid biosynthesis, carbohydrate metabolism, jasmonate biosynthesis and signalling and
ubiquitin proteasome proteolytic pathway are highly upregulated (Walter and Doohan 2011). Transcriptomic analysis of embryo at postanthesis developmental stage (21 and
40 days postanthesis.) revealed that 392 genes are upregulated by two-fold including genes for ribosomal composition,
initiation of translation, initiation of transcription, respiration, protein turnover, energy production, lipid metabolism,
signal transduction, cell development, cell division, amino
acid biosynthesis and metabolism. It is also observed that
163 genes are downregulated by at least two-fold (Wilson
et al. 2005). Transcriptomic analysis of developing starchy
endosperm of wheat revealed that 124 glucosyltransferases
and 72 glucosylhydralses are associated with cell wall.
Most highly expressed glucosyltransferase is GT47 followed
by GT61. Genes related to glucomannan, pectin, cellulose
and callose are also highly upregulated in endosperm (Pellny
et al. 2012).
Zea mays (maize)

Comparative transcriptomic analysis of two transgenic maize
lines showed that the environment plays a very important
role in controlling the gene expression of maize samples.
Environmental variations caused change in expression of 65
genes (Barros et al. 2010). Pericycle cell transcriptomic analysis of B73 inbred maize lines revealed that 32 genes preferentially expressed in pericycle as compared to all other root
cells. Transcriptomic analysis of nitrogen-deﬁcient maize
plants showed that a number of genes are either upregulated or downregulated by nitrogen deﬁciency, which mainly
effects photosynthesis, carbon metabolism and downstream
metabolic pathways (Amiour et al. 2012).
Transcriptomic studies on maize diurnal rhythms, reveal
that 23% of total expressed transcripts exhibit diurnal cycling
pattern (Hayes et al. 2010). Transcript proﬁling of maize
exposed that canonical mRNAs and endogenous small interfering RNAs are organ speciﬁc, i.e. they are involved
in tissue-speciﬁc biogenesis. Further studies revealed that
decreasing levels of mop1 leads to a concomitant decrease
of 21 nucleotide small interfering RNAs relative to 21 nucleotide miRNAs in tissue-speciﬁc manner (Wang et al. 2009).
Transcriptomic proﬁling of maize cells to study the regulatory and functional differentiation of mesophyll and bundle
sheath cells showed that the genes which are expressed in
mesophyll cells include 53 mesophyll-enriched transcription
factors, whereas bundle sheath cells express 214 enriched
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transcription factor genes. Further analysis revealed that
mesophyll plays major role in light reactions, protein synthesis, protein folding, tetra pyrole synthesis and RNA binding.
Bundle sheath cells play a role in transport, signalling protein degradation and posttranslational modiﬁcations (Chang
et al. 2012).
Two maize inbred lines, Huangzao (HZ4) and Chang 7-2
(C7-2), were subjected to comparative transcriptomic studies and showed that C7-2 seedlings are more tolerant towards
progressive water deﬁcit than HZ4 since C7-2 seedlings have
large stomatal resistance, stronger water holding capacity in
leaf, and timely increase in activities of antioxidant enzymes
in roots. The reason behind high water deﬁcit tolerance is ﬁne
transcriptional coordination between maize leaves and roots
(Li et al. 2009). Transcriptome studies of maize (inbred lines
HZ32) roots at late stage of water logging revealed that a
large number of genes are upregulated which are involved in
signal transduction, transcriptional regulation, protein degradation, translational regulation, ion transport and amino acid
metabolism (Zou et al. 2010).
Exposure to UV-B light alters the transcriptome of irradiated organs. There are some phenyl propanoid pathway genes
that are expressed only in irradiated leaves (Casati et al.
2011a) and moreover number of UV-B regulated transcripts
increases with the exposure length (Casati et al. 2011b).
Comparative transcriptomic analyses of maize embryos
exposed to camptothecin, a chemical which inhibits activity of topoisomerase showed that camptothecin effects the
expression of genes involved in stress responses and calciumdependent nucleases (Sanchez-Pons et al. 2011). Expression of posttranslational regulatory genes is also observed
(Sanchez-Pons et al. 2011). By comparing the transcriptomes
of mature silk, mature pollen, mature ovary and seedlings of
maize, it was observed that there are 1427 genes which are
preferentially expressed in maize silk. These genes encode
peptide and oligo-peptide transporters, amino acid transporters and cysteine-rich receptor-like kinases. These genes
are potentially involved in stigma-mediated reproductive
process (Xu et al. 2012).
Microarray analysis of maize dwarf mutant dwarf11
(D11) showed upregulation of transcripts encoding for giberellic acid biosynthetic as well as catabolic enzymes (Wang
et al. 2013). Aluminum sensitive genotype (S1587-17) when
subjected to transcriptome proﬁling at toxic levels of aluminum showed that a large number of genes are differentially expressed. Root growth inhibition was seen as a result
of upregulation of genes for biosynthesis of auxin, ethylene
and lignin (Mattiello et al. 2010).

Future prospects
Plant transcriptomics is an integral component of systems
biology and is widely applied in plant sciences in both model
as well as crop plants. Transcriptomic analysis is expected

to ﬂourish in near future with the development of new technologies in systems biology. Plant transcriptomics can be
applied widely to improve marker discovery, relevance of
resources developed for related species and characterize the
genes associated with different functions in different varieties of plants (Casu et al. 2010). Transcriptomic analysis is
widely used in comparing wild relatives of crops and hence
helps in improvement of domesticated crops (Xu et al. 2012).
Emerging area of multispecies transcriptomics holds promise
to provide knowledge for the understanding of complex plant
microbe interactions (Schenk et al. 2012). Future development in plant molecular biology, computational biology and
systems biology is based on plant transcriptomics for several
aspects, thus, this ﬁeld is expected to play a major role in
future research on plant sciences.
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