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Considering global climate change, the incidence of combined drought and heat stress is likely to increase in the future and will
considerably influence plant-pathogen interactions. Until now, little has been known about plants exposed to simultaneously
occurring abiotic and biotic stresses. To shed some light on molecular plant responses to multiple stress factors, a versatile
multifactorial test system, allowing simultaneous application of heat, drought, and virus stress, was developed in Arabidopsis
(Arabidopsis thaliana). Comparative analysis of single, double, and triple stress responses by transcriptome and metabolome
analysis revealed that gene expression under multifactorial stress is not predictable from single stress treatments. Hierarchical
cluster and principal component analyses identified heat as the major stress factor, clearly separating heat-stressed from non-
heat-stressed plants. We identified 11 genes differentially regulated in all stress combinations as well as 23 genes specifically
regulated under triple stress. Furthermore, we showed that virus-treated plants displayed enhanced expression of defense genes,
which was abolished in plants additionally subjected to heat and drought stress. Triple stress also reduced the expression of
genes involved in the R-mediated disease response and increased the cytoplasmic protein response, which was not seen under
single stress conditions. These observations suggested that abiotic stress factors significantly altered turnip mosaic virus-specific
signaling networks, which led to a deactivation of defense responses and a higher susceptibility of plants. Collectively, our
transcriptome and metabolome data provide a powerful resource to study plant responses during multifactorial stress and allow
identifying metabolic processes and functional networks involved in tripartite interactions of plants with their environment.

Current climate prediction models indicate a gradual
increase in ambient temperature and an enhancement
of the frequency and amplitude of heat episodes
(Ahuja et al., 2010; Mittler and Blumwald, 2010; Mittler
et al., 2012; Li et al., 2013). Furthermore, global warming
will be accompanied by drought, flood, and heat waves
that drastically affect the conditions under which crop
plants are grown (IPCC, 2008; Atkinson and Urwin,
2012). Due to their sessile lifestyle, plants are continu-
ously exposed to a wide range of environmental stimuli
and stresses. Several of the most frequently occurring
abiotic stresses in nature, such as heat, cold, drought,
salinity, solar radiation, and nutrient deficiency, affect
many physiological processes in plants and have a large
impact on world agriculture (Naika et al., 2013). More-
over, plants have to face attacks by various pests and
pathogens, including bacteria, fungi, viruses, nematodes,

and herbivores. Several environmental factors influence
interactions between plants and pathogens and act on
pathogenicity and host defense responses (Colhoun,
1973; Browder, 1985). Thus, abiotic stress may weaken or
enhance plant defense responses, the outcome depend-
ing on the timing, nature, and severity of each stress
(Atkinson and Urwin, 2012). An early study suggested
that high temperatures suppress plant immunity
(Dropkin, 1969), and low temperatures were found to
impair gene silencing, a potent plant defense against
viral pathogens (Szittya et al., 2003). More recent studies
provided confirmation that increasing temperatures
promote pathogen spread (Luck et al., 2011; Madgwick
et al., 2011). Plant viruses benefit from elevated tem-
peratures by an increased availability of insect vectors
and possibly by weakened host resistance. Temperature-
dependent suppression of host resistance has been
reported for Tobacco mosaic virus (TMV) and Tomato
spotted wilt virus (TSWV). TMV is able to overcome
the N gene-mediated resistance at temperatures above
28°C in tobacco (Nicotiana tabacum; Kiraly et al., 2008),
while TSWV is able to suppress the TSWV-mediated
resistance in pepper (Capsicum annuum) plants at high
temperatures (Moury et al., 1998). Although the first
reports on the impact of heat stress on plant virus in-
fection date back to 1931, little is known concerning
the molecular basis of the observed suppression of
host resistance. Only recently could it be demonstrated
that the temperature sensitivity of the N gene-mediated
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TMV resistance of tobacco is caused by temperature-
induced conformational changes of the R protein (Zhu
et al., 2010). The temperature sensitivity of the R gene
could be overcome by specific mutations in the R protein
conferring heat-stable virus resistance. Since temperature-
sensitive resistance is not only observed in plant-virus
interactions but also in plant-bacteria, plant-fungi,
and plant-nematode interactions, multiple cellular
processes are likely to cause the observed phenotypes.
In addition, opposite effects have been reported. One
example is the high-temperature adult plant resistance
to stripe rust (Puccinia striiformis f. sp. tritici) in spring
wheat (Triticum aestivum; Carter et al., 2009). There-
fore, studying the complex interrelationship between
biotic and abiotic stress responses is required to
understand the molecular basis of plant responses
exposed to climate changes and to breed for durable
plant resistance to viruses.

To date, most studies on plant responses to en-
vironmental changes include single or double
stress scenarios, and experiments are generally
short term (Garrett et al., 2006). Although comparing
molecular responses to single stress conditions
allowed the identification of genes that are up-
regulated under more or less all stress situations
(Swindell, 2006; Kilian et al., 2007; Weston et al., 2008),
studies investigating stress factors in isolation fail to
explain complex plant responses to more than one
stress factor (Atkinson and Urwin, 2012). So far, only
a few researchers have studied different stress
factors occurring simultaneously and analyzed
combined stress situations. Initial studies com-
bining heat and drought stress revealed altered
gene expression patterns when subjected to a combi-
nation of both (Rizhsky et al., 2004). The authors
concluded that specific programs are activated and
plant responses to multiple stresses differ from single
stress applications. These differences are to be ex-
pected, since drought and heat result in partly op-
posing physiological changes that are reflected at the
transcriptional level (Rizhsky et al., 2004). Under
drought stress, plants tend to close their stomata to
avoid unnecessary water loss. Under heat conditions,
stomata are open to reduce leaf temperature. There-
fore, simultaneously applied heat and drought must
influence signals controlling gas exchange and, hence,
will also play an important role in regulating the in-
teraction of plants with bacteria or fungi entering
leaves via stomata. In a recent article, plant responses
to single stress factors (cold, heat, high light, salt, and
flagellin) as well as their double combinations were
studied (Rasmussen et al., 2013). Transcriptome
changes in response to double stress revealed that 61%
of the transcripts were not predictable from the re-
sponses to single stress treatments, and only for 6% of
the transcripts did plants prioritize between antago-
nistic responses to stress combinations (Rasmussen
et al., 2013). These data further support the need for
additional studies concentrating on combined stress
responses.

Plants are able to sense changes in ambient tem-
perature via signaling pathways in order to adjust
their metabolism and cellular functions to prevent
heat-related damage (Mittler et al., 2012). Several
studies indicated that many plant temperature re-
sponses share common signaling components, which
are integrated in temperature signaling networks (for
review, see Penfield, 2008). During heat stress, un-
folded proteins accumulating in the cytosol, which is
usually called cytoplasmic protein response (CPR) or
the endoplasmic reticulum (ER; unfolded protein re-
sponse [UPR]) induce specific heat shock responses
(Howell, 2013). These include the induction of so-
called heat shock proteins (HSPs), which help to bind
and stabilize misfolded proteins. Thereby, HSPs func-
tion as molecular chaperones preventing protein ag-
gregation (Jakob et al., 1993; Hartl and Hayer-Hartl,
2002). The expression of HSPs is known to be con-
trolled by heat shock factors (HSFs). Compared with
animals, plants possess a large number of HSF genes.
This led to the hypothesis that HSFs have gained ad-
ditional functions in plants (Von Koskull-Doring et al.,
2007). Support for this hypothesis comes from the
overexpression of HEAT SHOCK FACTOR A2
(HSFA2) in Arabidopsis (Arabidopsis thaliana), which
resulted in a higher tolerance to combined light and
heat stress of the transgenic plants as compared with
the untransformed control (Nishizawa et al., 2006). In
addition, different biotic stresses are known to induce
HSF expression (Von Koskull-Doring et al., 2007), in-
dicating that they may also play a role in pathogen
defense. Since biotic- and abiotic-induced signaling
pathways may act antagonistically (Anderson et al.,
2004; Asselbergh et al., 2008), temporal and spatial
control of these pathways will be essential for an ef-
fective plant response (Lee et al., 2012). Mutant anal-
ysis and integrated genome-wide network analysis have
started to uncover significant parts of these complex
networks (Ferrier et al., 2011; Gechev and Hille, 2012).

In this study, we established a multifactorial test
system allowing simultaneous application of heat,
drought, and virus stress. Transcriptome and meta-
bolome analysis was applied for comparison of the
molecular and biochemical responses of Arabidopsis
plants exposed to these multifactorial stress scenarios.
Here, we show that the number of differentially reg-
ulated features increased with the complexity and se-
verity of stress. Comparative analysis of differentially
expressed genes revealed stress-regulated candidate
genes specifically expressed in one or more situations.
Eleven genes were found to be differentially expressed
under all experimental stress conditions, while 23
genes were specifically regulated under triple stress
conditions. Moreover, virus infection combined with
heat and drought stress revealed that basal and
R-mediated disease resistance is compromised, which is
paralleled by an increased CPR. Subsequently, differ-
ent signaling coexpression networks have been found
to be activated in single and combined stress situa-
tions. Our results show both interesting candidates
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involved in different stress conditions and changed
plant defense mechanisms when virus infection is com-
bined with other abiotic factors, indicating different
regulatory components involved in single and multiple
stress responses.

RESULTS AND DISCUSSION

Physiological Characterization of Arabidopsis Plants
Subjected to Different Combinations of Abiotic and Biotic
Stress Conditions

To study the impact of different stress combinations
on metabolic and transcriptional plant responses,
Arabidopsis plants were exposed to Turnip mosaic virus
(TuMV), heat, and drought in single, double, and triple
combinations. The optimal individual conditions were
defined first and combined as shown in Figure 1. Mild
conditions were chosen to simulate naturally occurring
long-term stress and to make sure that combinations of
different stresses were not lethal to plants. Drought
stress was applied by withholding water and adjust-
ment of the water status to a soil moisture content of
30% field capacity (Harb et al., 2010). To guarantee
accurate experimental conditions, the water potential
of plants was measured as well (Supplemental Table
S1). For the application of heat stress in the initial ex-
periment, plants were exposed to elevated tempera-
tures (32°C day/28°C night) for 3 d, which represents
a long-term stress under mild conditions compared
with the heat shock used by other researchers in
comparable studies (Rizhsky et al., 2004; Pecinka et al.,
2010; Zhang et al., 2010). As the virus infection spreads
rather slowly within Arabidopsis plants, inoculation
was performed at 21 d after germination. The appli-
cation of combined stress conditions is demonstrated
in Figure 1. First, we inoculated plants with TuMV and
then applied drought stress for 5 d followed by 3 d of

heat stress. As a control, well-watered plants under
ambient temperatures (22°C day/18°C night) were
used. Furthermore, Arabidopsis plants were exposed
to a single severe heat stress (37°C day/33°C night) to
mimic the severity of the triple stress experiment.
After the heat treatment, systemically infected leaves
from plants treated either with a single stress or a
combination of different stress conditions were sam-
pled in both experiments. In the end, leaf samples from
nine differentially treated plant groups were harvested
(Fig. 1).

As a starting point for the analysis, fresh and dry
weight as well as leaf number of stressed plants were
determined. It was expected that stress treatments
would result in growth retardation (Smith and Stitt,
2007; Bechtold et al., 2010; Hummel et al., 2010). At the
time of harvest, a significant reduction in biomass was
found for all single stress conditions, which was em-
phasized even more when different stresses were
combined. This was mainly due to a reduced number
of leaves, especially in combination with heat; the
combination of virus and heat as well as the triple
stress showed the lowest biomass and the lowest
number of leaves (Table I). Leaves of plants exposed to
heat stress stayed vertical, avoiding direct exposure to
sunlight, overheating, and extended water loss (Fig. 1;
Pastenes et al., 2005). The smallest leaves of infected
plants already started to develop clear TuMV symp-
toms after 9 d, such as reduced growth; nevertheless,
the application of TuMV had only minor influence on
overall biomass production, may be due to the fact that
the locally applied virus needed time to spread
through the whole plant. Initial studies suggested that
stomata are closed during combined heat and drought
stress (Rizhsky et al., 2002), which is in line with our
microscopy observations (Table I). Additionally, we
found that stomata were closed during a combination
of virus and drought as well as during triple stress.

Figure 1. Design of multifactorial stress experiments. The scheme illustrates the experimental design for exposing Arabidopsis
plants to heat, drought, and viral stress (TuMV) separately or in the different combinations as described in “Materials and
Methods.” To mimic the severity of the triple stress experiment, plants were additionally treated with severe heat in an inde-
pendent experiment. Leaves of all conditions were harvested: heat, drought, TuMV, drought and heat, TuMV and heat, drought
and TuMV, TuMV, drought, and heat, and severe heat. The photograph shows the phenotypes of control and heat-treated plants.
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Strikingly, during a combination of virus and heat,
stomata were also closed, while single heat or virus
treatment resulted in stomata opening (Table I). This
result strongly suggests that molecular and physio-
logical responses of plants exposed to multifactorial
stresses cannot be foreseen and need to be tested.

Transcriptome and Metabolome Profiles of Plants Exposed
to Multifactorial Stress

To further improve our understanding of the mo-
lecular responses of plants subjected to single or mul-
tifactorial stress, whole-genome Agilent microarray
mRNA hybridizations were performed using RNA
samples isolated from leaves harvested from plants
grown under nine different environmental conditions
(Fig. 1). After conducting an ANOVA test on all sam-
ples of the initial triple stress experiment, a condition
tree based on the hierarchical clustering of expression
values of the remaining 27,870 entities showed that
replicates of differentially treated plants clustered
together (Fig. 2A). In one case, principal component

analysis (PCA) revealed an outlier (single virus stress),
which was removed from the analysis (Supplemental
Fig. S1). Moreover, replicate grouping was strongly
influenced by different treatments, especially heat-
stressed samples, which formed an isolated branch,
indicating that heat treatment obviously had the
greatest influence on gene expression under our ex-
perimental conditions. An earlier study focusing on a
double combination of stresses also found responses of
heat more dominant than salt stress (Rasmussen et al.,
2013). Within this isolated branch, a separation of
drought-stressed and virus-stressed plants can be ob-
served. However, if no heat stress was applied, the
separation of virus from virus in combination with
drought stress was not that strong, possibly reflecting
the mild nature of the applied stresses. To validate the
data, a PCA was performed. The first principal com-
ponent was heat (63.2%), followed by drought (14.8%),
and virus (9.9%), supporting a clear influence of all
three parameters on the microarray data set (Supplemental
Fig. S2, A and B).

Additionally, metabolic profiling of different abiotic-
and biotic-stressed plants was performed in parallel to

Table I. Influence of single and multifactorial stress on biomass, leaf number, and stomata

The table shows if stomata are more opened or closed under single and multiple stress influence compared with control plants. Stomata on the
abaxial side of Arabidopsis plants were analyzed using a Leica DMR light microscope. The fresh weight of whole rosettes of differentially treated
plants was determined. In parallel, 10 plants of each condition were dried at 80˚C for 3 d for determination of plant dry weight. As the control plants
of the triple stress experiment and the severe heat experiment had comparable controls, data were combined. Data points (plant, leaf) represent
averages from 10 or more plants 6 SD. n.d., Not determined. On average, 12 or more stomata were analyzed per treatment. Asterisks indicate
statistically significant differences from the wild type (P # 0.05). Conditions are as follows: heat (h), drought (d), TuMV (v), drought and heat (dh),
TuMV and heat (vh), drought and TuMV (dv), TuMV, drought, and heat (vdh), and severe heat (severe h).

Condition Plant Fresh Weight Plant Dry Weight Leaf No. Stomata, Length-Width Ratio

mg

c 148.83 6 26.45 11.86 6 1.18 7.70 6 0.73 1.36 6 0.09
h 106.44 6 15.81* 8.16 6 1.31* 8.13 6 0.87 1.18 6 0.11*
d 101.63 6 16.23* 9.09 6 0.93* 7.70 6 0.67 1.53 6 0.09*
v 127.53 6 11.72* 9.92 6 1.19* 7.45 6 0.83 1.27 6 0.14*
vd 86.93 6 8.70* 8.21 6 1.00* 7.66 6 0.55 1.58 6 0.09*
dh 75.23 6 4.79* 8.53 6 1.12* 6.96 6 0.60 1.51 6 0.08*
vh 113.03 6 6.44* 8.23 6 1.00* 6.79* 6 0.86 1.46 6 0.10*
vdh 76.99 6 10.95* 7.46 6 0.84* 6.19* 6 0.83 1.58 6 0.15*
severe h 95.80 6 18.53* 7.80 6 0.72* 7.76 6 0.88 n.d.

Figure 2. Transcriptome and metabolome profiles of triple-stressed plants. A, Condition tree based on hierarchical clustering of
expression data separating replicates of each condition. For the analysis, four biological replicates were hybridized. Colored
boxes at the bottom indicate different treatments. B, Condition tree based on hierarchical clustering of metabolome data
separating treatments of each condition. Metabolome data are given as mean values with n = 3. Conditions are as follows: heat
(h), drought (d), TuMV (v), drought and heat (dh), TuMV and heat (vh), drought and TuMV (dv), and TuMV, drought, and heat
(vdh).
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the transcriptional analysis. Again, metabolome data
of heat-treated samples could be clearly distinguished
from samples without heat stress in a hierarchical
clustering analysis (Fig. 2B; Supplemental Fig. S3). This
was further supported by PCA, separating the differ-
ent stress conditions (Supplemental Fig. S2, C and D).
Thereby, one component, responsible for 47.9% of the
variance, could be associated with heat stress. The
most important metabolites for the loading included
L-His as well as L-Tyr, which has already been de-
scribed to increase under heat stress (Kaplan et al.,
2004; Guy et al., 2008). The second component of the
PCA, accounting for 21.5% of the variance, was
drought treatment, and the biggest influences on that
separation were L-Pro, L-Met, L-Ser, and L-Gly. Accu-
mulation of Pro during drought stress is well known
and has already been reviewed by Hanson and Hitz
(1982). Pro acts as a compatible solute and protects
plants against osmotic stress (Hare and Cress, 1996).
To our knowledge, L-Met, L-Ser, and L-Gly, have not
been shown to accumulate after drought stress, but
they are known to be increased under cold shock
(Kaplan et al., 2004), indicating that they may be stress
responsive. Nevertheless, the PCA results of metabo-
lites also demonstrated that our stress applications
were adequate for studying plant responses under
multiparallel stress treatments.
Next, we examined how many genes were specif-

ically regulated in each stress condition compared
with control plants using volcano-plot analysis. Se-
vere heat stress samples were compared with their
respective controls. Figure 3A illustrates the num-
bers of statistically significant identified entities of
each stress condition, showing large differences be-
tween applied stresses (lists of all features are given
in Supplemental Table S2). Remarkably, the number
of regulated features increased with the complexity
or severity of the stress applied. For instance, the
number of regulated features in single drought and
virus stress was 518 and 682, respectively, but rose to
1,744 when both stresses were applied in combina-
tion. This effect was even more pronounced if plants
were additionally exposed to heat stress: the number
of regulated genes was more than three times higher
(6,681; Fig. 3A). In addition, a high number of sig-
nificantly regulated genes (8,651) were also regu-
lated by severe heat stress (37°C day/33°C night).
For experimental reasons, heat stress and control
treatments were carried out in two separate growth
chambers. Therefore, the difference between the two
chambers might have some influence on the number
of differentially expressed genes. Based on this ob-
servation, we conclude that the number of regulated
genes increases with (1) the severity and (2) the
complexity of stress. Since we were particularly in-
terested in multifactorial stress, the triple stress ex-
periment was repeated twice in independent experiments.
Combining data from all three experiments reduced
the number of statistically significant genes to 2,715
features.

Intersections provide an overview showing the dis-
tribution of stress-specific and commonly regulated
genes and allow the identification of genes important
for the adaptation of plants to different stress condi-
tions (lists of all features are given in Supplemental
Table S3). Using our microarray data set, this analysis
revealed 11 genes regulated under all the different
stress conditions (Fig. 3B; Supplemental Fig. S4A). In-
terestingly, among these 11 genes were two transcription
factors, Rap2.9 and G-BOX BINDING FACTOR3
(GBF3). Both have been suggested to be involved in
stress responses.

Rap2.9, also called DEAR5, belongs to the DREB
subfamily, characterized by a conserved WLG motif
and an AP2 domain (Magnani et al., 2004), which has
been described to be involved in stress responses
(Sakuma et al., 2002; Shen et al., 2003). Rap2.9 is
known to be a homolog of DEAR1, with significant
homology in the DREB domain and EAR motif (Tsutsui

Figure 3. Transcriptome profiles of multifactorially stressed plants.
A, Number of statistically significant features for each stress condition
identified by volcano-plot analysis. The significance threshold was set
at change greater than 2-fold and false discovery rate less than 0.05.
B, Intersection identifying at least 2-fold statistically significant entities
present in all stress conditions as well as features unique to individual
treatments. Conditions are as follows: heat (h), drought (d), TuMV (v),
drought and heat (dh), TuMV and heat (vh), drought and TuMV (dv),
TuMV, drought, and heat (vdh), and severe heat (severe h).
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et al., 2009). Using an overexpression construct, Tsutsui
et al. (2009) have suggested that DEAR1 is a transcrip-
tional repressor upstream of the freezing tolerance.
Under normal conditions, DEAR1 is up-regulated to
keep stress responses under tight control, whereas un-
der stress, the repressor is down-regulated to avoid
further inhibition of stress-related gene expression and
corresponding tolerance mechanisms. This model
would be in agreement with our data, as Rap2.9 was
down-regulated under abiotic stress conditions. This
indicated that Rap2.9 functions as a repressor under
heat and drought stress. As the overexpression of DEAR1
showed pathogen resistance against Pseudomonas syringae
DC3000, Tsutsui et al. (2009) concluded that DEAR1
is a positive regulator of pathogen defense. For
DEAR5, the authors have shown pathogen inducibility
against bacteria via reverse transcription (RT)-PCR
analysis, assuming a similar function. However,
TuMV infection results in a down-regulation of
Rap2.9, suggesting different roles of Rap2.9 in stress
adaption to bacteria and viruses. In a combination of
biotic and abiotic stresses, Rap2.9 was also down-
regulated, supporting a repressor function of de-
fense responses of Rap2.9 under normal growth
conditions.

The second commonly regulated transcription fac-
tor, GBF3, was strongly up-regulated under all stress
conditions. Interestingly, GBF3 is abscisic acid (ABA)
inducible, and it has been proposed that GBF3 is re-
sponsive to multiple stress conditions (Fujita et al.,
2005). This view is supported by public microarray
data (www.bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi;
Winter et al., 2007) showing GBF3 to be up-regulated
by osmotic stress, salt stress, cold stress, and after in-
filtration with P. syringae DC3000 after 24 h. A role in
multifactorial stress adaptations has not been shown.
Among the 11 commonly regulated genes were two genes
annotated as hypothetical protein as well as two genes
with hydrolase activity acting on O-glycosyl compounds,
b-glucosidase, and a xyloglucan endotransglycosylase.

Besides these commonly regulated genes, closer in-
spection of the Venn diagram allows the identification
of stress-specific genes, which were only significantly
regulated under one stress situation (Fig. 3B). This
analysis revealed 29 features, corresponding to 23 in-
dividual genes, specifically expressed under triple
stress conditions (Supplemental Fig. S4B). Most of
them could be associated with stress: among them
were three transcription factors, including DREB2A,
and two zinc finger proteins as well as other candidates
that had already been described as stress associated,
like COLD-REGULATED47, ABI5 BINDING PRO-
TEIN (AFP1), a PENTATRICOPEPTIDE REPEATING-
CONTAINING PROTEIN, and a gene classified as
UNIVERSAL STRESS PROTEIN FAMILY PROTEIN.
Induction of AFP1 is counterintuitive, since it is sup-
posed to be a negative regulator of ABA by targeting
ABI5 for proteolytic degradation (Lopez-Molina et al.,
2003). This finding is even more perplexing, since
another member of the ABA response network,

ATL43, is up-regulated under triple stress conditions.
This protein belongs to a gene family encoding RING-
H2 finger proteins and is essential for ABA responses
(Serrano et al., 2006). These contrasting results may
reflect the complicated situation of plants treated
with multiple and partly contrasting stress conditions
and highlight the importance of analyzing complex
interactions.

Altogether, the described comparative analysis re-
veals a small group of genes expressed under all stress
conditions and genes that are only expressed under
individual stress treatments of this study. General
stress-responsive genes may be candidates to improve
the stress tolerance of crop plants, while analysis of the
stress-specific genes may shed some light into the
complex adjustment of stress-specific signal transduc-
tion pathways under multifactorial stress conditions.

Down-Regulation of Primary Carbon Metabolism Is a
General Stress Response

Beyond the analysis of single candidate genes, we
were interested to determine processes mainly influ-
enced under different stress situations. To get a com-
prehensive overview of gradual and complex changes
in plant responses to altering environmental stimuli,
differentially expressed features were categorized into
functional groups using categories defined by MAPMAN
(mapman.gabipd.org/web/guest/mapmanstore). For
each category, a ratio comparing the number of sig-
nificantly regulated features within a given treatment
compared with the whole array was determined. The
functional assignments and corresponding enrichments
are given in Table II.

Based on functional categorization, photosynthetic
genes involved in PSI, PSII, and ATP synthesis were
strongly down-regulated under almost all stress con-
ditions (Supplemental Fig. S5). Under single drought
stress, photosynthetic genes were less affected. The
relative insensitivity of photosynthetic genes to
drought stress had been described before (Chaves
et al., 2009). The general down-regulation of photo-
synthetic genes is in agreement with other studies
focusing on stress experiments (Law and Crafts-
Brandner, 1999; Jung et al., 2003; Wong et al., 2006).
In leaves, several thousand genes, including photo-
synthetic genes, are regulated by the circadian clock
(Gibon et al., 2006). The clock itself is modulated by
environmental factors, including water deficit, light,
and temperature (Bieniawska et al., 2008; Baerenfaller
et al., 2012). While the effects of low temperature on
the expression of clock-regulated genes have been ex-
tensively studied, adaption of clock genes to elevated
temperatures has received little attention so far. Gould
et al. (2006) demonstrated in Arabidopsis that the
amplitude of clock genes is changed under elevated
temperatures. The authors showed increased TIMING
OF CAB1 (TOC1) and decreased CIRCADIAN CLOCK
ASSOCIATED1 (CCA1) amplitudes under elevated (27°C)
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compared with ambient (17°C) temperatures. Baerenfaller
et al. (2012) nicely demonstrated that water deficit led to
significant changes in TOC1 and CCA1 expression, with
TOC1 being up-regulated at the end of the day and CCA1
being up-regulated at the end of the night. Interestingly,
CCA1, the molecular oscillator component of the morning
loop of the circadian clock (Alabadi et al., 2001; Yakir et al.,
2007), showed highly increased expression under
combined stress conditions in our microarray analysis
(Supplemental Fig. S6). Inspired by this observation,
the expression of clock-associated genes was studied in
more detail in a time-course experiment. Columbia
plants were exposed to severe heat stress (37°C), and
leaf material was sampled at different time points
during the day. Quantitative PCR (qPCR) analysis
revealed a strong decline during the day for CCA1 and
increased amounts of TOC1 mRNA levels for control
plants (Supplemental Fig. S7). However, qPCR analysis

of stressed plants compared with control plants showed
a slower reduction of CCA1 and a dampened increase
of TOC1 transcripts, which indicate an altered ratio of
the main clock regulators under combined stress.

Functional categorization further revealed that most
enzymes of the Calvin-Benson cycle followed the same
transcriptional trend in response to stress. By contrast,
the expression of genes involved in photorespiration,
for instance glycolate oxidase and Glu:glyoxylate
aminotransferase, were up-regulated under multifac-
torial and severe stress (Supplemental Fig. S8). As all
plants exposed to stress conditions showed reduced
dry weight (Table I), this could indicate an up-regulation
of photorespiration under stress, which has also been
described by Rivero et al. (2009).

Further analysis of metabolites and genes encoding
enzymes of primary metabolism, including glycolysis
and the tricarboxylic acid (TCA) cycle, revealed a

Table II. Functional assignment of up- and down-regulated features of plants exposed to individual and combined stress

Transcripts found to be differentially regulated in each treatment in comparison with control plants were divided into up- and down-regulated
groups and grouped according to a classification of features based on bins provided by MAPMAN. Numbers illustrate the percentage of significantly
regulated features from a specific functional group relative to the percentage of features from that specific group to the entire chip. Up-regulated
features have been marked as positive values and down-regulated ones as negative values. Conditions are as follows: heat (h), drought (d), TuMV (v),
drought and heat (dh), TuMV and heat (vh), drought and TuMV (dv), TuMV, drought, and heat (vdh), and severe heat (severe h).

Category Relative Enrichment of Up-Regulated Features Relative Enrichment of Down-Regulated Features

h d v vd dh vh vdh severe h h d v vd dh vh vdh severe h

Photosynthesis 0.04 0.00 0.00 0.09 0.21 0.14 0.21 0.31 27.04 0.00 28.07 25.87 25.54 27.73 25.15 23.56

Major carbohydrates 0.55 0.00 0.55 0.50 0.65 0.63 0.67 0.99 24.54 22.54 0.00 20.63 23.45 24.70 22.94 22.60

Minor carbohydrates 1.57 1.81 0.84 1.12 1.13 1.62 1.01 1.44 21.29 0.00 0.00 21.91 21.39 21.37 21.36 21.38

Glycolysis 0.00 0.00 0.00 0.00 0.00 0.00 0.12 0.10 22.43 0.00 0.00 21.62 22.35 21.17 20.85 22.08

Fermentation 0.72 0.00 0.00 0.00 0.61 0.83 0.00 0.50 26.24 0.00 0.00 0.00 22.13 24.00 20.63 20.46

Gluconeogenesis 2.26 4.13 0.00 1.28 1.93 1.96 1.98 3.16 20.98 0.00 0.00 0.00 20.56 0.00 20.49 0.00
Oxidative pentose

phosphate pathway

1.90 0.00 0.00 0.00 1.08 1.10 1.11 0.88 22.20 0.00 0.00 21.83 20.94 20.88 20.28 20.61

TCA 0.67 0.98 0.00 0.00 0.34 0.62 0.47 0.56 22.33 0.00 0.00 0.00 22.12 22.42 22.10 22.42

ATP synthesis 1.85 0.00 0.37 0.50 1.64 2.06 1.55 2.01 20.51 0.00 0.00 20.86 20.51 20.82 20.39 20.38

Cell wall 0.92 2.68 2.21 1.09 0.68 1.01 0.58 0.80 21.03 21.06 22.02 20.80 21.86 21.08 22.17 22.07

Lipid metabolism 0.86 0.81 0.42 0.82 1.16 1.06 1.09 0.89 21.11 0.00 20.61 20.96 21.40 21.16 21.40 21.72

Nitrogen metabolism 2.21 0.00 1.87 0.84 1.88 2.56 1.93 1.03 0.00 0.00 0.00 22.13 22.55 21.53 22.56 22.14

Amino acid metabolism 0.83 0.55 0.38 0.69 0.93 0.92 0.89 0.90 21.38 22.63 0.00 20.22 21.34 20.89 21.08 21.22

Sulfur assimilation 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.58 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Metal handling 1.53 0.86 2.39 1.34 0.81 1.78 0.72 0.58 23.48 0.00 0.00 0.00 22.34 22.63 22.26 21.83

Secondary metabolism 1.26 1.29 1.04 2.00 1.20 1.50 1.49 1.35 21.58 22.05 0.00 20.68 21.42 21.31 21.28 21.08

Hormone metabolism 2.09 3.05 2.34 2.10 1.67 1.73 1.33 1.27 21.60 23.58 26.80 23.56 22.28 21.53 21.93 21.56

Cofactor 0.00 0.00 0.00 0.00 0.19 0.00 0.20 0.16 20.78 0.00 0.00 0.00 20.67 20.63 20.79 20.58

Tetrapyrrole synthesis 0.22 0.00 1.13 0.00 0.19 0.00 0.00 0.00 27.35 215.55 0.00 211.61 25.95 26.82 24.84 24.46

Stress 1.45 1.38 1.86 2.03 1.58 1.50 1.54 1.20 21.62 22.07 20.88 21.32 21.25 21.60 21.33 21.32

Redox regulation 1.00 1.10 1.02 1.25 0.60 1.16 0.70 0.73 22.87 26.99 0.00 22.90 22.77 23.41 22.48 21.68

Polyamine metabolism 1.27 0.00 0.00 2.88 2.70 0.00 2.77 2.21 0.00 0.00 0.00 0.00 0.00 0.00 21.10 20.82

Nucleotide metabolism 0.76 0.00 0.00 0.35 1.04 1.23 1.40 0.80 21.58 21.77 0.00 21.32 22.18 21.27 21.46 21.62
Xenobiotics 0.00 0.00 0.00 0.00 0.00 0.00 0.40 2.21 20.78 0.00 0.00 0.00 20.45 20.63 20.39 20.87

C1 metabolism 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.39 22.45 0.00 0.00 0.00 21.40 20.39 21.47 21.28

Miscellaneous 1.35 1.12 1.55 1.71 1.14 1.39 1.18 1.19 21.52 21.43 21.35 21.11 21.42 21.38 21.41 21.25

RNA 1.16 0.88 0.85 0.90 1.26 1.13 1.34 1.25 20.65 21.63 21.55 21.24 20.70 20.70 20.71 20.68

DNA 0.45 0.48 0.04 0.21 0.51 0.56 0.58 0.58 20.29 20.19 20.36 20.29 20.44 20.40 20.47 20.74

Protein 0.71 0.43 0.55 0.58 0.77 0.72 0.82 0.90 20.65 20.27 20.65 20.77 20.65 20.61 20.60 20.58

Signaling 1.12 2.21 3.40 2.69 1.05 0.89 0.66 0.77 20.75 20.64 20.41 20.69 20.93 20.82 21.21 21.67

Cell 0.72 0.66 0.91 0.85 0.82 0.68 0.70 0.71 20.60 20.35 20.66 20.52 20.99 20.81 20.85 21.34

MicroRNA 0.62 0.82 0.28 0.38 1.10 1.24 1.28 1.29 20.88 21.30 21.24 21.95 20.67 20.94 20.73 20.58

Development 1.45 0.62 0.94 1.00 1.34 1.33 1.56 1.31 20.79 20.39 21.12 20.68 21.05 21.06 21.14 20.86

Transport 1.03 0.64 1.66 1.51 1.05 1.09 1.14 1.29 21.47 22.79 20.72 21.45 21.52 21.36 21.48 21.29

Not assigned 1.00 1.10 0.85 0.85 0.99 0.97 0.98 0.98 20.83 20.70 20.84 20.82 20.78 20.83 20.83 20.85
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preferential down-regulation of both associated tran-
scripts and metabolites (Supplemental Fig. S9). How-
ever, some TCA cycle intermediates and their derived
amino acids accumulated under some stress condi-
tions, which was paralleled by an increase in associ-
ated transcripts. For instance, Pro originated from Glu,
which itself is derived from a-ketoglutarate. Under
single drought stress, L-Pro is up-regulated. This is in
agreement with many similar studies focusing on
drought (for review, see Verbruggen and Hermans,
2008). TCA cycle genes encoding enzymes producing
a-ketoglutarate were up-regulated during drought
stress, namely aconitase, and isocitrate dehydrogen-
ase. However, a combination of drought and heat
showed no accumulation of Pro, which is in line with
findings from Rizhsky et al. (2004). They found ele-
vated Suc levels instead of Pro under combined
drought and heat stress. Interestingly, a combination
of drought and virus showed increased Pro amounts.
Obviously, drought stress is responsible for increased
contents of Pro, whereas heat, also in combination
with virus infection, seems to change the energy and
redox metabolism. With the exception of drought, vi-
rus, and combined virus and drought treatment, the
expression of most genes encoding proteins of the
mitochondrial electron transport chain was also down-
regulated. This includes all complexes I to V. By con-
trast, alternative oxidase (AOX), a sole component of
the alternative respiratory pathway, was slightly up-
regulated (Supplemental Fig. S10). Although the exact
role of AOX under stress conditions is under debate
(for review, see Van Aken et al., 2009), the expression
of AOX genes has been found to be increased under
different stress conditions. For instance, elevated ex-
pression levels of AOX were determined under com-
bined drought and heat stress in tobacco plants
(Rizhsky et al., 2002). Interestingly, it has been as-
sumed that AOX acts as negative regulator of induced
resistance to viruses (Gilliland, 2003). The authors used
transgenic tobacco plants with an increased capacity of
the alternative pathway and showed that TMV resis-
tance was impaired. The interaction of TuMV and
plants exposed to multiparallel stress will be discussed
in the following sections in more detail. The observa-
tion that drought stress leads to pronounced growth
reductions in the absence of significant transcriptional
changes in genes of the respiratory pathway is in
agreement with previous observations that mild and
severe drought stress do not alter dark respiration but
plant growth (Hummel et al., 2010). This might indicate
that carbon flux does not limit leaf growth under water
deficit but does under combined stress conditions.

Altogether, pathway analysis shows that the ex-
pression of most genes encoding enzymes of the cen-
tral carbon metabolism and respiration is reduced, and
only a few differences in the response to single and
multifactorial stress could be identified. This suggests
that the expression of genes encoding enzymes of the
central metabolism responds to general stress signals
and/or altered demand rather than specific signals.

Combined Heat and Drought Stress Increases the
Susceptibility of Arabidopsis Plants to Virus Infections

Previous studies have shown that R gene-mediated
virus resistance can be disturbed under elevated tem-
peratures. To the best of our knowledge, no data exist
describing the effect of abiotic stress on the susceptible
plant-virus interaction. To study the effect of heat and
drought on the susceptible interaction, TuMV replica-
tion in differentially stressed plants was determined
using quantitative RT-PCR. As a marker for viral
replication, the P3 gene was chosen, and primers were
used as described earlier (Kim et al., 2010). As illus-
trated in Figure 4, there was no difference detectable
comparing single virus stress and the combination of
virus and drought stress. However, combining virus
infections with heat or heat and drought increased the
level of detectable P3 2-fold or 3-fold, respectively. As
discussed above, earlier studies have already indicated
that abiotic stress applied for longer periods is able to
compromise plant defense (Xiong, 2003; Goel et al.,
2008). For avirulent P. syringae strains, enhanced rep-
lication on drought-stressed Arabidopsis plants has
been reported (Mohr and Cahill, 2003). In another
study, virus infection of tobacco plants led to an in-
creased drought tolerance of infected plants as com-
pared with the uninfected controls (Xu et al., 2008). In
our study, plants simultaneously exposed to virus and
drought stress showed significantly less biomass as
compared with plants treated with either virus or
drought alone. Therefore, we do not have evidence
that virus infection would enhance the drought toler-
ance of infected plants. However, due to overlapping
and possibly counterbalancing effects, a positive im-
pact of virus infection on drought tolerance may have
been overlooked.

Nevertheless, our study clearly shows that heat or
heat and drought increases the susceptibility of Arab-
idopsis plants to virus infections. The cause for this
increased susceptibility may reside in an altered ex-
pression of components of the signal transduction

Figure 4. qPCR analysis of the viral P3 gene in TuMV-infected Arab-
idopsis plants. Accumulation of P3 mRNA was quantified by quanti-
tative RT-PCR using primers published by Kim et al. (2010). Relative
expression levels were normalized to tubulin expression. Error bars
represent SE (n = 3). v, Virus infection; vd, combined virus infection and
drought stress; vh, combined virus infection and heat stress; vdh,
combined virus infection, drought, and heat stress.
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pathway or in a modified metabolite composition leading
to altered metabolite signaling.

Plant Defense Responses Are Altered under
Multifactorial Stress

Elevated temperatures have been implicated in in-
terfering with plant-pathogen interactions. In general,
it is believed that high temperatures compromise
R gene-mediated disease responses including the hy-
persensitive response, in different plant systems
against biotrophic, hemibiotrophic, and necrotrophic
microbes (Koeda et al., 2012). This view is supported
by the observation that moderate increases in tem-
perature inhibit the R gene-mediated hypersensitive
response of Arabidopsis infected with the bacterial
pathogen P. syringae (Wang et al., 2009). Plants ex-
posed to 28°C compared with 22°C were more sus-
ceptible to the virulent bacteria strain, indicating that
elevated temperatures influence defense responses.
Mild increases in temperature also compromised the
R gene-mediated hypersensitive response following
potato virus X coat protein or TMV helicase expression
in Nicotiana benthamiana (Wang et al., 2009). As TuMV
propagated much better in plants exposed to heat and
drought in our approach, the question arose whether
plant defense mechanisms were influenced. In general,
plant immunity occurs at different levels and can be
divided into basal and R gene-mediated resistance
(Chisholm et al., 2006; Jones and Dangl, 2006).
To investigate whether R gene-mediated resistance

might be altered by the application of multifactorial
stress, the functional group of stress-associated fea-
tures (Table II) was analyzed in detail. Figure 5A
illustrates the number of statistically significantly up-
regulated genes according to functional group stress.
This analysis showed that stress-associated features

were strongly up-regulated under heat (110 up-regulated
genes), virus and drought (72 up-regulated genes),
drought and heat (146 up-regulated genes), heat and
virus (108 up-regulated genes), triple stress (135 up-
regulated genes), and severe heat stress (132 up-
regulated genes). Single drought (16 up-regulated
genes) or virus treatment (29 up-regulated genes)
only moderately induced general stress features. The
largest class of R proteins contained a nucleotide-
binding site (NBS) and leucine-rich repeats (LRRs)
and is termed NBS-HSFs (Dangl and Jones, 2001).
There are two major subfamilies of plant NBS-LRR
proteins, which can be distinguished by the presence
of Toll/Interleukin1 receptor (TIR) or coiled-coil motifs
in the N-terminal domain (Gohre and Robatzek, 2008).

Our analysis showed that TIR-NBS-LRR genes are
differentially expressed under the different stress
conditions (Fig. 5B; Supplemental Table S4). Intrigu-
ingly, the highest number of TIR-NBS-LRR genes was
induced under heat stress (16) and in the combination
of heat and drought (21), which can be explained by
studies suggesting that the function of NBS-LRR pro-
teins is regulated by HSPs such as HSP90 (for review,
see Belkhadir et al., 2004). For instance, for HSP90, in
vivo interactions with RPM1, a disease resistance
protein, has been shown (Hubert et al., 2003). How-
ever, different TIR-NBS-LRR genes are regulated un-
der the different treatments. Figure 5C shows that out
of the 16 TIR-NBS-LRR genes regulated under mod-
erate heat stress (32°C), only six TIR-NBS-LRR genes
are differentially regulated under single virus stress.
Interestingly, the overlap between mild heat stress and
the combination of virus and heat stress still gives five
differentially regulated TIR-NBS-LRR genes, but from
these five, only two genes are shared with single virus
stress (Fig. 5C). These data already showed that dif-
ferent TIR-NBS-LRR genes are activated under single

Figure 5. Shifts of gene expression patterns ana-
lyzing defense systems of plants exposed to single
stress compared with multifactorial or severe heat
stress. A, Number of differentially regulated genes
according to the functional group “stress” is given
for each treatment. B, Distribution of stress-
regulated features annotated as TIR-NBS-LRR
genes between different stress treatments. C, Table
showing the number of treatment-specific TIR-
NBS-LRR genes found to be coexpressed within
one treatment (shaded) and the number of com-
monly shared genes compared with coexpressed
TIR-NBS-LRR genes of other stress conditions (not
shaded). Conditions are as follows: heat (h),
drought (d), TuMV (v), drought and heat (dh),
TuMV and heat (vh), drought and TuMV (dv),
TuMV, drought, and heat (vdh), and severe heat
(severe h).
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and multifactorial stress situations. However, in the
triple stress situation, not only a reduction of regulated
TIR-NBS-LRR genes can be found (from 16 to six), but
out of the six TIR-NBS-LRR genes regulated under
triple stress, only three genes are common to mild heat
stress. Moreover, these six TIR-NBS-LRR genes regu-
lated under triple stress shared no commonly regu-
lated genes between virus and triple stress, indicating
changes in the defense programs, which could not be
predicted from single-stressed plants (Fig. 5C).

Unfortunately, little information is available for
most of the individual TIR-NBS-LRR genes. Interest-
ingly, RPS6 can be found among the TIR-NBS-LRR
genes only regulated under triple stress but not under
mild heat and single virus stress. RPS6 has been shown
to mediate resistance via EDS1 to the P. syringae pv
syringae effector HopA1 (Kim et al., 2009). Further-
more, the deduced amino acid sequence of RPS6
shows highest similarity to the Toll/Interleukin-1 re-
ceptor (TIR)-NBS-LRR class resistance protein RAC1
that determines resistance to the oomycete pathogen
Albugo candida (Borhan et al., 2004; Kim et al., 2009).
Probably, RPS6 is an important component against
many pathogens. For viruses, many resistance genes
have been described to operate specifically, especially
in crop plants (Palukaitis and Carr, 2008). Those re-
sistance genes are assumed to operate as quantitative
trait loci and thus function additively in conferring
resistance (Maule et al., 2007). Turnip mosaic potyvi-
ruses systemically infect susceptible plants (Whitham
et al., 2003). Therefore, specific resistance genes might
play only a minor role in our virus-plant interaction
under multiparallel stress. Nevertheless, as TIR-NBS-
LRR genes showed altered transcript gene expression
under multiparallel stress situations, they can be as-
sumed to be important for general defense mechanisms
against various pathogens. The still uncharacterized
genes found to be regulated under different stress sit-
uations provide interesting candidates on the way to
more resistant plants.

As the R gene-mediated resistance seems to be al-
tered, it was interesting to see how basal defense
mechanisms, which normally restrict the growth of
virulent pathogens, are influenced under multiparallel
stress. An interesting expression pattern for pathogen-
related (PR) genes has been found: virus infection led
to an up-regulation of PR gene transcripts, including
PR1 (9-fold), PR2 (8-fold), and PR5 (3-fold), which was
not altered by additional drought stress (Fig. 6A). By
contrast, PR genes were down-regulated under com-
bined heat stress situations, which suggest that basal
defense is compromised under multiparallel stress condi-
tions. As sugars (hexoses) are known to be signaling
molecules leading to an up-regulation of defense gene
expression (Herbers et al., 1996), the question arose if
the accumulation of Suc and hexoses was involved
in defense processes of multiparallel stressed Arabi-
dopsis plants. Suc levels increased under all stress
conditions with the exception of single virus treatment
(Fig. 6B). In agreement with previous publications,

hexoses accumulate in virus-infected leaves. This ac-
cumulation is not affected by additional drought
stress. Combinations of virus with heat or heat and
drought further increased the levels of hexoses (Fig. 6,
C and D). Hexose accumulation in virus-infected
leaves has been shown to correlate with the induc-
tion of cell wall-bound invertase expression and
activity (Herbers et al., 2000). Parallel to the up-
regulation of PR genes, transcripts encoding cell
wall-bound invertase were found to be induced, which
is in line with an earlier study speculating that apo-
plastically released hexoses are sensed and lead to
enhanced expression of PR genes (Kocal et al., 2008).
By contrast, cell wall-bound invertase transcripts were
not up-regulated when heat or heat and drought were
applied together with TuMV. This observation is in
disagreement with the large amount of hexoses found
in leaves harvested from plants subjected to double
(heat and virus) and triple stress. However, Suc hy-
drolysis not only takes place in the cell wall but also
occurs in the vacuole, cytosol, and plastids (Roitsch
and Gonzalez, 2004). To test whether the failure of
accumulated sugars to induce PR gene expression may
be caused by their subcellular compartmentation, the
expression of vacuolar and neutral invertases was in-
vestigated using a previously published classification
of Arabidopsis invertase genes (Xiang et al., 2011). As
shown in Figure 6A, heat application leads to a strong
down-regulation of all major cell wall-bound invertase
isoforms. In contrast, the expression of vacuolar and
cytosolic invertases is up-regulated (Fig. 6A). This
observation suggests that heat treatment alters Suc
degradation in leaves and results in intracellular sugar
hydrolysis. This would circumvent sugar signals gen-
erated in the cell wall compartment and, hence, might
explain why heat treatment causes an increased sus-
ceptibility of infected plants.

In conclusion, our transcriptome data suggest that
infected plants show altered defense mechanisms in
combination with abiotic stress components. As basal
defense and R-mediated disease resistance was com-
promised, this might have implications for other path-
ogens being recognized by R genes.

Different Coexpression Networks Are Active under
Different Stress Conditions

Plants continuously monitor environmental signals
to allow adaptations to changing environments. How-
ever, little is known about the integration of different
stress signals to allow optimal responses. To improve our
understanding of signaling networks in plants exposed
to multifactorial stress, transcriptional data of genes as-
sociated with signaling were compared between differ-
entially treated plants. An enrichment of entities within
the category signaling could be detected in the case of
drought stress, virus stress, and the combination of both
stresses (Table II). The total numbers of regulated genes
involved in signaling for each treatment are shown in
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Figure 7A. Most genes were up-regulated under heat
(100), the combination of drought and heat (107), and
drought in combination with virus (104). In the case of
drought as well as virus stress, still a large number of
genes were regulated, 28 and 52, respectively, explaining
the enrichment in the category signaling (Table II). Stress
responses are often regulated by complex signaling net-
works (Balbi and Devoto, 2008). In order to illustrate the
differences between single and combined stress situa-
tions in more detail, coexpression analysis of signaling
genes using the ARANET tool (www.functionalnet.org/
aranet/) was performed. As a starting point, out of the
100 signaling genes found to be differentially regulated
under mild heat stress compared with control plants,
quite a large number (54 genes) were found to be coex-
pressed in one network (Fig. 7B). Among the group of
signaling genes in the other stress situations, a similar
picture could be observed: quite a large number fell into
a network within a given treatment; in the situation of
severe heat stress, 31% (30 out of 98), up to 63% in the
case of virus stress (33 out of 52) as well as in a combi-
nation of virus and drought stress (65 out of 104; Fig. 7C;

Supplemental Table S5). Moreover, the overlap between
the identified networks between treatments was limited,
indicating that different signaling networks are activated.
In this context, it is remarkable that between heat and
virus networks, 12 genes overlap; however, triple stress
remodels the inner network in a way that only one of the
virus and only 12 of the heat network members are
represented. Interestingly, two transcription factors were
found in the overlap between signaling genes under heat
and triple stress: LONG HYPOCOTYL IN FARRED
(HFR1) and PHYTOCHROME-INTERACTING FAC-
TOR (PIF3). It was recently demonstrated that PIF3 is at
least partly responsible for the light-mediated induction
of CCA1, through binding directly to the CCA1 pro-
moter (Martinez-Garcia et al., 2000), giving a link for
signaling and influence of the circadian clock rhythms.
HFR1, a helix-loop-helix transcription factor, is known to
be a light signaling component. But interestingly, HFR1
shows a light-dependent accumulation and activity,
which is highly temperature dependent (Foreman et al.,
2011). The authors showed that HFR1 acts to minimize
the potentially devastating effects of elevated temperature

Figure 6. Altered sugar accumulation and expression of invertase isoforms in multifactorial stressed plants. A, Transcriptional
changes of PR genes and invertases expressed in different compartments under different stress conditions. Categorization was
done according to data from Xiang et al. (2011). B to D, Levels of Suc, Fru, and Glc in differentially treated plants compared
with control plants. Values represent means 6 SD of three to four replicates for log2 values of the fold change compared with
control plants. FW, Fresh weight. The colors saturate at 1.3-fold change. Red represents an increase and blue represents a
decrease in transcript levels. n.d., Not determined. Statistically significant differences from control plants were determined
using a two-tailed t test assuming a normal distribution and are indicated by asterisks (P, 0.05). Conditions are as follows: heat
(h), drought (d), TuMV (v), drought and heat (dh), TuMV and heat (vh), drought and TuMV (dv), and TuMV, drought, and heat
(vdh).
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on plant metabolism. Obviously, as HFR1 is found under
single and multifactorial stress in our analysis, HFR1
probably serves in a general stress response. This is sup-
ported by Rasmussen et al. (2013) studying transcriptional
changes among different double stresses occurring at the
same time. In that study, HFR1 was found in a weighted
gene co-expression analysis module described as cold and
high light associated.

As virus-induced signaling genes were not enriched
under triple stress and an enhanced amount of viral
RNA has been detected (see above), TuMV-specific
networks were obviously deactivated, which might
have caused the down-regulation of signaling com-
ponents relevant for innate immunity. Interestingly, no
signaling gene was shared between all treatments (Fig.
7C). By contrast, we also detected genes in the overlap
of virus and different abiotic stress combinations, in-
dicating a common role in both biotic and abiotic stress
signaling.

Further distribution analysis between signaling
genes under severe heat stress revealed that 50% of the

genes are shared with that of triple stress, but the
others are unique to severe heat application, indicating
partially shared genes but also specific signaling pro-
cesses between triple and severe stress. Our results
suggest that each stress treatment activates a distinct
signaling network, which changes according to the spe-
cific conditions. These changes may explain why specific
combinations of abiotic or biotic stress act synergistically
or antagonistically, respectively.

The Expression of Genes Indicative of a Cytosolic Protein
Response Is Elevated under Triple and Severe Heat Stress

Heat stress results in altered protein homeostasis,
which leads to the induction/activation of complex
regulatory networks of transcription factors (HSFs).
This causes the induction of molecular chaperones that,
among other effects, prevent protein aggregation and
target misfolded proteins for degradation (Alzhanova
et al., 2001; Sugio et al., 2009). Molecular triggers for

Figure 7. Coexpression analysis of signaling genes under single and combined stress conditions. A, Number of differentially
regulated genes according to the functional group “signaling” is given for each stress condition. B, Significant regulated sig-
naling genes within the heat network from A visualized in a network of coexpressed genes provided by the ARANET Web tool
(www.functionalnet.org/aranet/). C, Table shows the number of treatment-specific signaling genes found to be coexpressed
within one treatment (shaded) and the number of commonly shared genes compared with coexpressed signaling genes of other
stress conditions (not shaded). Conditions are as follows: heat (h), drought (d), TuMV (v), drought and heat (dh), TuMV and heat
(vh), drought and TuMV (dv), TuMV, drought, and heat (vdh), and severe heat (severe h).
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these heat-shock responses are unfolded proteins that
accumulate in the cytosol or ER, leading to CPR or UPR,
respectively. Transcriptional changes induced by CPR
are mainly regulated by HSFA2. Overexpression of
HSFA2 in transgenic Arabidopsis plants revealed 46
up-regulated target genes compared with untrans-
formed control plants under ambient growth conditions
(Nishizawa et al., 2006). These target genes can be taken
as molecular markers for CPR. To investigate whether
CPR marker genes are up-regulated under the different
stress conditions applied in our study, the expression of
HSFA2 target genes was analyzed (Supplemental Table
S6). This analysis revealed only a few of the CPR
marker genes being up-regulated under mild heat
stress. The expression of CPR marker genes increased
under combined or severe heat stress conditions (Fig.
8A). Triple stress as well as severe heat stress led to the
up-regulation of 29 and 30 out of 46 CPR marker genes,
respectively. An earlier study revealed that combina-
tions of drought and virus infections resulted in addi-
tive effects (Clover et al., 1999). Nevertheless, heat is
obviously the major trigger for elevated CPR, but the
level of CPR seems to be enhanced by the severity of
stress. TuMV replication occurs in the cytosol of infec-
ted plant cells and is dependent on different host fac-
tors, including host chaperones (Ahlquist et al., 2003).
In previous studies, we could show that TuMV and
other potyviruses require functional HSP40/HSP70
complexes for replication (Hofius et al., 2007; Hafren
et al., 2010; Jungkunz et al., 2011). Interestingly, virus
infection triggers the induction of HSPs in the absence
of heat stress (Aranda et al., 1996; Whitham et al.,
2003). It has been speculated that this induction is due
to the massive protein production observed during
late stages of viral infection. These newly synthesized
proteins compete for endogenous chaperones, proba-
bly resulting in an increased accumulation of unfolded
proteins triggering CPR (Mayer and Bukau, 2005). In a
combination of heat and virus infections, enhanced
chaperone expression might be expected, providing a
potential advantage for viral replication. This is further
supported by data provided from Aparicio et al. (2005).
The authors showed that a generic response to ecotypic
protein expression and accumulation, involving chap-
erones, is induced by high-level production of proteins
in the cytosol. This response can be due to enhanced
viral replication and the production of virus-specific
proteins or other processes promoting increased pro-
tein expression. Systemic viral spread requires cell-to-
cell transport via plasmodesmata. Since chaperones
are also involved in protein transport processes
(Sullivan et al., 2000), the induction of these pro-
teins might accelerate viral movement and, hence,
systemic infections.
Based on the above described results, CPR is en-

hanced under combined or severe stress conditions.
Heat shock responses are not only triggered by CPR
but may also occur due to ER stress. ER stress results
from the accumulation of misfolded proteins in the
ER (Howell, 2013), which induce the UPR. By treating

plants with chemicals influencing protein folding in
the ER, the UPR can be induced (Patil and Walter,
2001). One such agent is tunicamycin, which is known
to be an inhibitor of N-glycosylation (Koizumi et al.,
1999). Previously, tunicamycin-induced transcriptional
changes have been studied in Arabidopsis using an
Affymetrix GeneChip (Martinez and Chrispeels, 2003;
Noh et al., 2003), a fluid microarray (Kamauchi et al.,
2005), and Agilent Arabidopsis 2-Oligo microarrays
(Iwata et al., 2008, 2010). We compared these studies
and identified eight commonly tunicamycin-regulated
genes (Supplemental Table S7). As the overlap be-
tween these studies was quite low, it is uncertain
whether these genes can be classified as UPR markers.
Therefore, we looked at genes only found in some of
the considered studies and compared the expression of
up-regulated genes under the different stress condi-
tions applied in our study (Fig. 8B; Supplemental Table
S7). Of the eight conserved tunicamycin-inducible
genes, three (38%) were found to be up-regulated un-
der moderate heat stress and the combination of virus
and drought stress. By contrast, none of the conserved

Figure 8. Expression pattern of CPR and UPR genes of plants exposed
to single stress compared with multifactorial or severe heat stress.
A, Diagram shows the distribution of HSFA2-regulated genes identified
by Nishizawa et al. (2006) under single and multifactorial stress. B,
Distribution of tunicamycin-regulated genes under different stress sit-
uations. Genes of five studies describing tunicamycin-regulated genes
(Martinez and Chrispeels, 2003; Noh et al., 2003; Kamauchi et al.,
2005; Iwata et al., 2008, 2010) were compared with genes differen-
tially regulated under single and combined stress. Conditions are as
follows: heat (h), drought (d), TuMV (v), drought and heat (dh), TuMV
and heat (vh), drought and TuMV (dv), TuMV, drought, and heat (vdh),
and severe heat (severe h).
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tunicamycin-inducible genes could be found under mul-
tifactorial or severe heat stress. An analysis of genes
found to be regulated in three out of five tunicamycin
studies revealed 10 out of 38 genes to be up-regulated
under mild heat stress. This number decreased when
moderate heat stress was combined with drought (three
up-regulated genes), virus (four up-regulated genes), or
in the triple stress experiment (three up-regulated genes).
Interestingly, also severe heat stress reduced the number
of tunicamycin-induced genes (three up-regulated genes).
The same tendency can be found analyzing only two out
of five studies, indicating a general trend of reduction
from mild heat stress-induced UPR genes (approximately
30%) to only approximately 10% regulated genes in the
case of multifactorial or severe heat stress. Heat stress-
induced UPR has been reported by Liu and Howell
(2010). So far, no correlation between the expression of
UPR genes and the severity of the applied heat stress
has been published. Although it seems difficult to define
UPR marker genes, these data give, to our knowledge, a
first hint that moderate heat stress results primarily in
the UPR, while severe heat stress shifts the stress re-
sponse to the CPR. The observed up-regulation of UPR
genes by TuMV is in agreement with earlier studies
showing that potato virus X infection of N. benthamiana
results in mild ER stress, resulting in an enhanced UPR
(Ye et al., 2011).

Depending on the severity of stress, the UPR can
either lead to autophagy or cell death (for review, see
Howell, 2013). In our study, few autophagy genes
were found to be up-regulated, indicating that this
process may not be triggered under our experimental
conditions. In this context, it is worth mentioning that
senescence-regulated genes were also not enriched un-
der any stress situation (Supplemental Fig. S11).

In summary, the expression of UPR-related genes seems
to be negatively affected by combined stress conditions,
while the expression of marker genes of CPR is strongly
induced under multifactorial and severe stress conditions,
which might support viral replication and increased sus-
ceptibility of host plants.

CONCLUSION

In this study, we developed a controlled experi-
mental system to apply single, double, and triple stress
to Arabidopsis plants. To the best of our knowledge,
this is this first study investigating molecular re-
sponses of plants to triple stress. This study revealed
an inhibition of heat-induced stomata opening by vi-
ruses, suggesting that viruses might negatively affect
heat responses in Arabidopsis. Transcript and metabo-
lite profiling allowed us to distinguish all stress treat-
ments. Thus, molecular and biochemical responses to
single, double, and triple stress are specific. From this
analysis, specific and common molecular processes can
be identified. Down-regulation of primary carbon me-
tabolism was observed under all stress conditions and
seems to be a general stress response. By contrast, genes

involved in plant defense showed significantly different
expression patterns when compared between the differ-
ent treatments. Especially, the expression of TIR-NBS-
LRR genes differed in number and isoform specificity.
Interestingly, multiple stresses led to a shift in expression
of Suc hydrolytic enzymes, which potentially interfered
with sugar signaling. Analysis of genes encoding sig-
naling components revealed a stress-specific regulation
of gene networks. Combined heat and drought stress
as well as severe heat stress led to enhanced expression
of CPR genes, whereas the expression of UPR-related
genes declined with increasing stress. In multifactorial
stressed plants, fewer TIR-NBS-LRR genes were found
to be differentially expressed, indicating different regu-
latory mechanisms induced under single or combined
stresses. Additionally, signaling components were found
to be reduced under multiparallel stress, probably deac-
tivating TuMV-specific signaling networks.

MATERIALS AND METHODS

Plants and Growth Conditions

Three days after vernalization in darkness at 4°C, Arabidopsis (Arabidopsis
thaliana) plants (ecotype Columbia) were grown on soil under short-day
conditions (8 h of light, 16 h of dark), 60% humidity, and 22°C (day) or
18°C/19°C (night). Twelve days after germination, young seedlings were
transferred to single plant pots containing 160 g of soil. Plants were watered
with defined volumes of water (see below). Further plant cultivation was
implemented in a plant climate chamber (Plant-Master PGR 3045; CLF Plant
Climatics) that guarantees a diurnal rhythm of 12 h of light at approximately
80 mmol m22 s21 and exactly 60% humidity at day and night. Growth cham-
bers used in this experiment were in a similar state, same time and age. The
temperature regime followed the light/dark cycle with 22°C and 18°C. Three
weeks after germination, plants were treated with the virus TuMV (see below).
Control plants were treated with water to equalize damaging effects on locally
infected leaves. Eight days later, approximately 85% of the young Arabidopsis
leaves, which had been infected systemically, showed typical virus symptoms.
The obviously infected plants were exposed to drought stress by reducing
water amounts (see below). After 2 d of mild drought influence, heat stress
was applied by increasing temperature for 3 d (see below). Plants exposed
to the different stress treatments were randomly mixed and distributed
throughout the growth chamber. Harvest of plant material started 4 h before
the end of the light period and was completed before the start of the dark
period. To avoid systematic errors, plants of different stress treatments were
sampled in a randomized fashion. The triple stress experiment has been re-
peated two times in independent plant cultivations. For the time-course ex-
periment, Arabidopsis plants were exposed to severe heat stress.

Application of Mild Drought Stress

Mild drought stress was controlled by using soil moisture content mea-
surements. To determine the volumetric water content, a Decagon Devices
sensor was used to measure the dielectric constant of water. This constant is
very different from the surrounding soil components, which allows a direct
correlation between dielectric constant and water content and was subse-
quently used for field capacity measurements. The correlation between certain
amounts of soil and the corresponding field capacity values resulted in a
calibration curve. To define an upper limit, the field capacity of soil moisture
content was set to 100%. Therefore, plant pots were watered to saturation and
measured. By contrast, the lowest field capacity was given by drying 160 g of
soil overnight, reweighing, and measuring field capacity values. Field capacity
values in between were determined starting from 160 g of soil and watering
with 10 mL. According to the calibration curve, well-watered plants were
watered according to 55% of field capacity with a deviation of 10%, whereas
mild drought stress was given by 30% of field capacity with a deviation of 10%.
A progressive drought stress procedure was initiated by withholding water.
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Water losswasmonitored byweighing each pot every day andwatering after the
lower limit of mild drought stress was achieved. Control plants were watered
daily to maintain the soil humidity at the field capacity.

Application of Heat Stress

Mild heat stress was applied by increasing air temperature to 32°C during
the day and 28°C during the night for 3 d. Increased air temperature of 37°C
during the day and 33°C during the night for 3 d guaranteed severe heat stress
in an independent experiment. Humidity of 60% was not changed, and water
was not restricted for plants without drought stress.

Application of Mild TuMV Stress

TuMV infection was performed by inoculating the two largest leaves with
TuMV-infected plant material ground in 5 mM sodium phosphate buffer (pH
7.2). In addition, silicon carbide powder was used to damage the leaf surface,
ensuring a successful virus penetration. After a few minutes, the leaves were
washed with water.

Sampling and RNA Extraction

Thirty-four days after germination, the fresh weights of whole rosettes of
differentially treated plants were determined, and individual systemically
infected Arabidopsis leaves were harvested and immediately frozen in liquid
nitrogen. Leaves from five to eight plants were grouped for one biological
replicate. For each treatment, four biological replicates were sampled. After
sampling, material was stored at280°C. In parallel, 10 plants of each condition
were dried at 80°C for 3 d for determination of plant dry weight. As the
control plants of the triple stress experiment and the severe heat experiment
had comparable controls, data have been combined in Table I. For the time-
course experiment, leaves of stressed and control plants were harvested at the
beginning of the day (0 h), followed by sampling leaves every 4 h and at the
end of the day (12 h). Isolation of total RNA from 80 mg of frozen leaf material
was performed after the method published by Logemann et al. (1987). Four
biological replicates were used for both microarray hybridization and me-
tabolite analysis.

Microarray Hybridization

RNA quality and quantity were tested with an Agilent RNA 6000 Nano
Chip on an Agilent 2100 BioAnalyzer (version B.02.03 BSI307) following by
Agilent RNA 6000 Nano Assay Protocol2. The synthesis of complementary
DNA (cDNA) and following antisense copy RNA were performed according
to the one-color microarray-based gene expression analysis protocol provided
by Agilent including the one-color RNA spike-in kit (Agilent Technologies).
After fragmentation, Cy3-labeled samples were loaded on the array (Agilent
Arabidopsis V4, design no. 21169) and hybridized overnight (17 h/65°C).
After washing, slides were scanned on the Agilent Microarray Scanner with
extended dynamic range at high resolution.

Data Extraction and Analysis

After importing text files via feature extraction software (version 11.7.1;
Agilent Technologies) into GeneSpring GX 11.0 (Silicon Genetics), microarray
data were log2 transformed followed by normalization to the 75th percentile
and corrected to the median of all samples. Only one virus-treated sample did
not pass the quality control parameter and was excluded from further anal-
ysis. A one-way ANOVA (P # 0.05; variance assumed as equal) enabled us to
select genes that show differential behavior and also pronounced similarities
within the groups. Finally, hierarchical clustering of genes was performed
using a Euclidian single algorithm. A total of 27,870 genes remained, and a
volcano plot was applied to identify statistically significant (P # 0.05; equal
variances assumed), more than 2-fold differentially expressed genes between
two conditions, including the multiple test correction of Benjamini and
Hochberg (1995). The selected features were divided into up- and down-
regulated groups. Up-regulated features have been marked as positive
values, and down-regulated ones as negative values. Functional category as-
signment was performed by using MAPMAN bins (http://mapman.gabipd.
org/web/guest/mapman). Therefore, the percentage of significantly regulated
features from a specific functional group was determined relative to the

percentage of features from that specific group to the entire chip. Venn dia-
grams containing up to three lists were created by the Agilent GeneSpring
GX11.0 program, whereas higher numbers of lists were compared using a
software provided by the University of Ghent (http://bioinformatics.psb.ugent.
be/webtools/Venn/). Data were visualized by VANTED (Junker et al., 2006)
and the Multiexperiment Viewer (Saeed et al., 2003). PCA of transcriptome data
was performed by Analyst 1.5 software using the Pareto algorithm. For coex-
pression analysis, lists of significantly regulated genes were filtered for cate-
gories of specific interest (e.g. signaling), and networks were determined by
input of these selected lists into the ARANET Web tool (http://www.
functionalnet.org/aranet/; Lee et al., 2010).

qPCR

For quantitative detection of transcripts, real-time PCR analyses were
performed using the Mx3000P qPCR system (Stratagene) using Brilliant II
SYBR Green QPCR master mix (Stratagene). Template cDNA was diluted.
Primers and temperature cycles for the detection of viral mRNA were used as
described by Kim et al. (2010). Expression values were normalized to the
expression of tubulin as an internal control. TOC1 and CCA1 transcript
abundance was measured in each sample relative to an ACTIN control. Gene-
specific primers used in this study were as follows: CCA1 forward primer,
59-ACGGGTGTGAATGATGGAA-39; CCA1 reverse primer, 59-TGCTT-
GCGTTTGATGTCTCT-39; TOC1 forward primer, 59-ACCAACCCACAGA-
GAGGAAA-39; TOC1 reverse primer, 59-GGTGAGACCCAGCAAGATG-39;
ACTIN forward primer, 59-GCCAACAGAGAGAAGATGACCCAGA-39; and
ACTIN reverse primer, 59-ACACCATCACCAGAGTCCAACACAAT-39. The
efficiency value of amplification for each set of primers was determined be-
forehand by measuring the abundance of transcripts from a cDNA dilution
series. Relative expression of transcripts was calculated by MxPro version 4.10
software (Stratagene).

Measurement of Water Potential

Arabidopsis leaf water potential wasmeasured with a C-52 sample chamber
plus the PSYPRO eight-channel water potential datalogger (WESCOR). Leaf
discs from the differentially stressed plants were placed in the sample chamber,
and after 10 min of temperature and water vapor equilibrium, measurements
were done by the dew-point method using the following parameters: cooling
time, 10 s; plateau delay, 5.6 s; read average time, 2.4 s; measurement period,
10 s.

Metabolite Extraction, Measurement, and Analysis

Organic acids and phosphorylated intermediates were extracted and
measured after a protocol previously published by Horst et al. (2010). Mea-
surements of major soluble sugars and starch were performed after the
method described by Jones et al. (1977). For PCA, the log2 fold change, relative
to the control, was determined and used for further analysis. Statistical anal-
ysis of metabolites was performed with the VANTED software (Junker et al.,
2006) using the integrated Welch-Satterthwaite t test. PCA of metabolite data
was performed by Analyst 1.5 software using the Pareto algorithm.

Array data from this article can be found in the National Center for Bio-
technology Information Gene Expression Omnibus database under accession
number GSE46760.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. PCA of transcriptome profiles of triple stressed
plants.

Supplemental Figure S2. PCA of transcript and metabolite data.

Supplemental Figure S3. Metabolome profiles of multifactorial stressed
plants.

Supplemental Figure S4. Identification of stress-responsive genes.

Supplemental Figure S5. Transcriptional changes involved in the light
reaction of photosynthesis under stress conditions.
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Supplemental Figure S6. Transcriptional changes involved the circadian
clock under different stress conditions.

Supplemental Figure S7. qPCR analysis of CCA1 and TOC1 in Arabidop-
sis plants exposed to severe heat during the day.

Supplemental Figure S8. Effects of single and multifactorial stress situa-
tions on primary carbon and nitrogen metabolism.

Supplemental Figure S9. Transcriptional and metabolite changes of the
TCA cycle under different stress treatments.

Supplemental Figure S10. Transcriptional changes of genes associated
with the electron transport chain in mitochondria under different stress
conditions.

Supplemental Figure S11. Transcripts with involvement in senescence in
plants exposed to multiparallel stress.

Supplemental Table S1. Influence of single and multifactorial stress in
Arabidopsis plant water potential.

Supplemental Table S2. Numbers of statistically significant identified
entities of each stress condition in the multiparallel stress experiment
and the severe heat stress experiment compared with their respective
controls.

Supplemental Table S3. Specific regulated features for each stress situation.

Supplemental Table S4. TIR-NBS-LRR genes differentially regulated in
each stress situation in the multiparallel stress experiment.

Supplemental Table S5. Signaling genes differentially regulated in each
stress situation.

Supplemental Table S6. Differentially regulated HSF2A regulated in each
stress situation.

Supplemental Table S7. Tunicamycin-regulated differentially regulated
genes for each stress situation.
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