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a b s t r a c t

Abiotic stresses are a major factor limiting crop growth and productivity. The Arabidopsis thaliana glu-
taredoxin S17 (AtGRXS17) gene has conserved functions in plant tolerance to heat and chilling stress in
Arabidopsis and, when expressed ectopically, in tomato. Here, we report that ectopic expression of
AtGRXS17 in tomato also enhanced tolerance to drought and oxidative stress. AtGRXS17-expressing to-
mato plants contained twice the shoot water content compared to wild-type plants under water limiting
conditions. This enhanced drought tolerance correlated with a higher maximal photosynthetic efficiency
of photosystem II (Fv/Fm). Ectopic AtGRXS17-expression was concomitant with the expression of Solanum
lycopersicum catalase 1 (SlCAT1) and mitigated defects in the growth of primary roots in response to
methyl viologen exposure. In addition, AtGRXS17 expression was found to prolong elevated expression
levels of the Solanum lycopersicum ABA-responsive element binding protein 1 (SlAREB1) during drought
stress. The findings demonstrate that expression of AtGRXS17 can simultaneously improve the tolerance
of tomato, and possibly other agriculturally important crops, to drought, heat, and chilling stresses.

© 2017 Elsevier Inc. All rights reserved.
1. Introduction

Drought stress is a major environmental factor that poses a
threat to the food security of 3 billion people [1e3]. Each year,
billions of dollars are lost in agricultural production as a result of
drought stress. In 2012, drought in the U.S. resulted in a 12%
decrease in corn production [4,5]. To meet the demands for food
and fiber in the face of an increasing world population and climatic
changes, it is critical to optimize yield stability [6,7]. Genetic en-
gineering has proven to be an effective approach to improve plant
performance under water-limiting conditions [4,8e10]. Recent
progress in deciphering the molecular, biochemical, and physio-
logical basis of plant adaptation to drought stress has expanded the
old Spring Harbor, NY, 11724,
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molecular toolbox of candidate genes for use in crop improvement
[1].

Plants have multiple means of adapting to drought stress [11].
The activation of the abscisic acid (ABA)-dependent signaling
pathway is a part of these adaptive mechanisms [11]. The phyto-
hormone, ABA, is induced by drought stress and subsequently
perceived by a receptor complex consisting of pyrabactin resistance
(PYR)/PYR1-like (PYL)/regulatory component of ABA response
(RCAR), protein phosphatase 2C (PP2C), and sucrose non-
fermenting 1-related protein kinase 2 (SnRK2) [12,13]. The acti-
vated ABA-signaling pathway coordinates a complex regulatory
network enabling plants to cope with decreased water availability
by regulating downstream transcription factors, such as a set of
AREB master regulators which are involved in the activation of
drought responsive genes [14e16]. One of the responsive genes in
tomato is the Solanum lycopersicon AREB1. A previous study has
shown that SlAREB1 antisense lines have a hypersensitivity to
drought stress while over-expression lines have increased drought
resistance [17].

Induction of the ABA-signaling pathway also leads to an increase
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in reactive oxygen species (ROS) production through the activation
of NADPH oxidase (RBOH) [18]. This accumulation of ROS triggers
stomatal closure reducing water loss during instances of drought
[19]. Although ROS can serve as a signal in stress responses
[20e23], excessive ROS accumulation can result in oxidative dam-
age to macromolecules and cellular structures, leading to an inhi-
bition of plant development [20,24,25]. Therefore, the level of ROS
must be judiciously regulated in plants through the coordination of
ROS production, signaling, and scavenging [26,27].

To maintain cellular redox homeostasis and regulate redox-
dependent signaling pathways plants have evolved a versatile
ROS scavenging system that functions in conjunction with the
regulation of ROS production to control cellular ROS concentra-
tions. Glutaredoxins (GRXs) are small ubiquitous oxidoreductases
that are involved in maintaining cellular redox homeostasis by
mediating reversible reduction of disulfide bonds of substrate
proteins in the presence of glutathione (GSH) via a dithiol or
monothiol mechanism [27,28]. Plant GRXs represent a large protein
family, the members of which have emerged as key regulators of
diverse cellular processes including oxidative stress responses
(reviewed in Refs. [27e29]). The plant GRXs can be subdivided into
four groups based on the active site motifs [30]. Class I and class II
have CxxG/S and CGFS active sitemotifs, respectively, while Class III
has a CCxx and Class IV harbors an N-terminal GRX domain with a
CxDC/S or CPxC active site motif, respectively [28].

The class II/CGFS GRXs are involved in development, iron ho-
meostasis, and abiotic stress resistance (reviewed in Ref. [28]).
GRXS17, a member of the class II GRXs, has been intensively studied
[31e37]. The AtGRXS17 was first reported to modulate auxin
signaling in response to heat stress [31], and subsequent studies
have unraveled roles for AtGRXS17 in tomato tolerance to heat and
chilling stress [32,36]. These results suggest that AtGRXS17-
expressing tomato plants could confer enhanced tolerance to
multiple abiotic stresses including drought stress via modulating
expression levels of stress-responsive genes and reducing excessive
ROS accumulation.

In this study, we investigated whether ectopic expression of
AtGRXS17 in tomato enhances toleration of drought stress. We
examine if these transgenic lines alter water content, photosyn-
thetic efficiencies, and oxidative stress signaling. These findings
coupled with those from our previous investigations demonstrate
that ectopic expression of this single gene, AtGRXS17, can improve
the performance of tomato under a variety of adverse environ-
mental conditions.

2. Materials and methods

2.1. Construct and tomato transformation

The coding region of AtGRXS17 was cloned into the pBICaMV
vector and driven by the cauliflower mosaic virus (CaMV) 35S pro-
moter as described (Wu et al., 2012). Seeds of tomato Solanum
lycopersicum L. (cv Rubion) were surface sterilized and germinated
on the Murashige and Skoog (MS) inorganic salt medium [38].
Tomato transformation was performed via Agrobacterium-medi-
ated transformation method using cotyledon and hypocotyls ex-
plants as described [39]. A. tumefaciens LBA 4404 strains containing
pBICaMV-AtGRXS17was used for generating stable transgenic lines.

2.2. Growth condition and tolerance analyses of tomato

T2 generation of AtGRXS17-expressing [32,36] or wild-type to-
mato seeds were surface-sterilized, germinated, and grown in pots
containing Micracle Gro (700) soil growing medium in a growth
chamber. The temperature of the growth chamber was maintained
at 24 �C/20 �C (day/night) under a 16-h photoperiod, and the light
intensity was maintained at 300 mmol/m2/sec. The plants were
regularly watered and fertilized on a weekly basis with 20:20:20
fertilizer (Scotts, Marysville, Ohio). For the drought treatment, 4-
week-old AtGRXS17-expressing and wild-type seedlings were
withheld from watering for 12 days, and then re-watered. The
phenotype and the chlorophyll fluorescence were measured during
the drought treatment. For oxidative stress treatment, 7-day-old
AtGRXS17-expressing and wild-type seedlings grown on the MS
mediawere transferred into theMSmediumwith or without 20 mM
methyl viologen (MV) in Magenta boxes and incubated for 14 days.
The primary root length was measured, and total RNA was
extracted from the seedlings.

2.3. Time-course analysis of drought stress-responsive genes

Drought treatments were applied using 14-day-old AtGRXS17-
expressing and wild-type seedlings grown in Petri dishes with MS
medium. The treatment and sampling were designed according to
previous reports with slight modifications [17,40]. For drought
treatment, the seedlings were transferred and incubated in Petri
dishes containing two layers of dry filter paper for 0, 0.5, 2, 4, 8, and
24 h, respectively according to the previous study [40]. The leaves
on the seedlings after drought treatments were harvested, and the
RNA was extracted using the method described below.

2.4. RNA extraction and qRT-PCR

Total RNA was isolated using the Qiagen Plant RNeasy kit from
leaves of tomato plants according to the manufacturer's in-
structions. RNA for real time qRT-PCR was treated with RNase-free
DNase prior to the synthesis of first-strand cDNA by oligo (dT)
priming using moloney murine leukaemia virus-reverse tran-
scriptase (BD Biosciences Clontech, Palo Alto, CA, USA). One
microliter of the reverse transcription reaction solutionwas used as
a template in a 25 ml PCR solution. Real-time PCR was performed in
25 ml reactions contain 10.5 ml cDNA,1 ml 10 mM of each primer, and
12.5 ml SYBRGreen PCRMaster Mix (Bio-Rad Laboratories, Hercules,
CA). Analysis was performed using the Bio-Rad IQ3 (Bio-Rad Lab-
oratories). Primer efficiencies were measured and relative expres-
sion level was calculated using the comparative Ct method [36].
SlPP2ACS was uses as a normalization control [41]. The primers for
qRT-PCR are listed below:

SlABRE1_F: ACC AAC AAT CAC AGC CAC AG; SlABRE1_R: TGC
TCT TCC CAA GTC CAT CT. SlPP2Acs_F: CGA TGT GTG ATC TCC TAT
GGT C; SlPP2Acs_R: AAG CTG ATG GGC TCT AGA AAT C. SlCAT1_F:
ATT GCT GCT GGA AAC TAT CCT GAG; SlCAT1_R: GGT CCA ATA CGG
TGT CTC TGA GTA.

2.5. Measurement of Fv/Fm ratio

Injury to plants was characterized by measuring chlorophyll
fluorescence of leaves as described by Oh et al. [42]. Chlorophyll
fluorescence from the adaxial side of the leaf wasmonitored using a
portable chlorophyll fluorometer (PEA, Hansatech Instruments, Ltd.
UK). Photochemical efficiency of leaves as determined by chloro-
phyll fluorescence ratios (Fv/Fm) was monitored during and after
drought treatment. Measurements were made during the light
cycle on the leaves using the saturation pulse method after 30 min
of dark adaption.

2.6. Shoot water content

Shoot water content (SWC) was expressed as the difference
between leaf fresh weight and dry weight, and calculated as



Fig. 1. A phenotype comparison between AtGRXS17-expressing and wild-type tomato plants in response to drought stress. (A) AtGRXS17-expressing and wild-type plants before,
during, and after drought stress. (B) Shoot water content of AtGRXS17-expressing and wild-type plants after 10-d withholding of water. (C) Chlorophyll fluorescence of AtGRXS17-
expressing and wild-type plants during drought treatment. Data represent mean ± SD from three independent biological replicates (Student's t-test, *P < 0.05, **P < 0.01).

Fig. 2. A comparison of SlAREB1 transcript levels between AtGRXS17-expressing and
wild-type tomato plants in response to drought stress. Relative SlAREB1mRNA levels in
14 day old AtGRXS17-expressing and wild-type tomato seedlings at t ¼ 0, 0.5, 2, 4, 8,
and 24 h during drought treatment. Data represent mean ± SD from three independent
biological replicates.
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follows: SWC ¼ (fresh weight-dry weight)/dry weight.

2.7. Statistical analysis

All data were subject to student's t-test analysis. Values were
considered significantly different at p-value < 0.05.

3. Results

3.1. AtGRXS17-expressing tomato plants display enhanced drought
tolerance

The four independent homozygous transgenic tomato lines
(AtGRXS17-3, �5, �6 and �9), which were previously shown to
express AtGRXS17 and to display enhanced tolerance to heat and
chilling stress [32,36], were used in this study. Thirty individual
AtGRXS17-expressing T2 plants from each of the four independent
lines along with wild-type controls were visually indistinguishable
when grown for 4 weeks under normal conditions (Fig. 1A, 0 d).
Upon exposure to drought conditions, wilt symptoms were more
evident in the wild-type controls compared to the AtGRXS17-
expressing tomato lines (Fig. 1A, 6 and 8 and 10 d). Concomitantly,
AtGRXS17-expressing lines were also found to contain twice the
shoot water content of wild-type controls after a 10-day drought
treatment (Fig. 1B). In addition, chlorophyll fluorescence of the
AtGRXS17-expressing tomato plants, as measured by determining
the Fv/Fm ratio (the maximum quantum efficiency of photosystem
II), was higher than that of the wild-type controls (Fig. 1C). Overall,
these results demonstrate that ectopic expression of the AtGRXS17
in tomato improves the plants ability to survive in conditions of
drought.
3.2. AtGRXS17-expressing tomato plants show prolonged SlAREB1
expression

To determine whether AtGRXS17 expression affected the
expression of SlAREB1, a transcriptional regulator in the ABA-
dependent signaling pathway, SlAREB1 transcript levels were
measured in response to drought stress [16]. In both wild-type and
AtGRXS17-expressing lines (AtGRXS17-3 and �6 each contain a
single copy of the AtGRXS17 gene driven by the 35S promoter),
SlAREB1 expression was found to sharply increase in response to
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drought treatment peaking around the fourth hour. After this peak,
transcript abundance appeared to dissipate in both wild-type and
transgenic lines. However, the SlAREB1 transcript abundance in the
AtGRXS17-expressing lines remained at a higher level than that of
wild-type over the entire course of these treatments, indicating
expression of AtGRXS17 prolongs the drought response (Fig. 2).

3.3. AtGRXS17-expressing tomato plants exhibit increased tolerance
to oxidative stress

To assess whether AtGRXS17 improved tolerance to oxidative
stress wild-type and AtGRXS17-expressing tomato seedlings were
incubated in MS media with or without methyl viologen (MV), a
pro-oxidant herbicide that stimulates the formation of destructive
ROS [43]. After 14-d of treatment AtGRXS17-expressing tomato
seedlings appeared healthier and had longer primary root
compared to wild-type (Fig. 3). These observations suggested that
expression of AtGRXS17 reduced the inhibiting effects of MV
Fig. 3. A phenotype comparison between AtGRXS17-expressing and wild-type tomato plants
tomato seedlings were transferred onto MS media with (lower panel) or without (upper pa
AtGRXS17-expressing tomato seedlings from control and MV groups. Data represent mean
treatment.

3.4. AtGRXS17-expressing tomato plants display increased SlCAT1
transcript abundance in response to oxidative stress

To determine if SlCAT1, a ROS scavenging catalase, expression
levels were induced by the MV treatment, qRT-PCR analysis was
performed utilizing RNA isolated from both wild-type and
AtGRXS17-expressing tomato lines. The expression of SlCAT1 was
more rapidly up-regulated and higher expression levels were
detected in AtGRXS17-expressing lines as compared to wild-type
plants after being treated by MV (Fig. 4).

4. Discussion

Ectopic expression of AtGRXS17 has been previously shown to
enhance heat and chilling stress tolerance in tomato [32,36], raising
the question as to whether GRXS17 could enhance a plant’s ability
in response to oxidative stress. (A) Seven-day-old AtGRXS17-expressing and wild-type
nel) 20 mM MV and incubated for 14 d. Bars ¼ 5 cm. (B) Root length of wild-type and
± SD from 8 independent biological replicates (Student's t-test, **P < 0.01).



Fig. 4. A comparison of SlCAT1 transcript levels between AtGRXS17-expressing and
wild-type tomato plants in response to oxidative stress. RNA was isolated from control
and MV treated wild-type and AtGRXS17-expressing tomato lines. Relative SlCAT1
expression was determined by qRT-PCR. Data represent mean ± SD from three inde-
pendent biological replicates.
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to withstand other type of environmental stress conditions,
including drought. In this study, we show that AtGRXS17 expression
in tomato also enhanced tolerance to drought and oxidative
stresses. This finding coupled with our previous work demon-
strating that AtGRXS17 confers tolerance to heat and chilling stress
indicates that a single gene can help alleviate the impact of multiple
environmental conditions that can limit crop growth and produc-
tivity [32,36]. Our working model for the effects of AtGRXS17-
mediated tolerance to heat, chilling, and drought stresses in-
volves both the regulation of stress response pathways and the
function of AtGRXS17 in controlling ROS levels.

ROS are known to accumulate during various abiotic stresses
causing damage to cell membranes and other cellular components
including DNA, proteins, and carbohydrates [24,44]. Therefore,
ectopic expression of AtGRXS17 may lead to ROS scavenging,
resulting in enhanced tolerance to drought stress. Our oxidative
stress study revealed that AtGRXS17 expression can relieve the in-
hibition of primary root growth caused by increases in ROS accu-
mulation. Catalase (CAT), an H2O2 scavenger, is an important
enzyme in the ROS-scavenging system [45]. Overexpression of CAT
in tobacco has been reported to enhance tolerance to the pro-
oxidant herbicide MV [46]. Here, ectopic expression of AtGRXS17
resulted in faster induction and higher levels of SlCAT1 expression
compared to wild-type controls in response to oxidative stress
(Fig. 4). This increase in SlCAT1 expression correlates with the
alleviation of primary root growth inhibition observed with the
AtGRXS17-expressing tomato plants in response to oxidative stress
conditions. In addition, the activity of CAT has been previously
shown to be elevated in the AtGRXS17-expressing plants compared
to wild-type after heat treatment [36]. Thus, the ectopically
expressed AtGRXS17 may be regulating CAT expression at the
transcriptional and/or posttranscriptional level in response to these
different abiotic stresses. Similarly, ectopic expression of PtADC
(Poncirus trifoliata arginine decarboxylase) was reported to enhance
drought tolerance in tobacco and tomato presumably by reducing
the accumulation of ROS [47].

As part of the drought responsive signaling pathways, the
phytohormone ABA is known to play a key role in regulating abiotic
gene expression [19]. Members of the AREB family have been
implicated as essential components in the ABA signaling pathway
[14e16]. In particular, SlAREB1 overexpression in tomato has been
shown to confer drought tolerance in tomato [17]. An increase in
SlAREB1 expression in response to drought stress was also observed
in this study (Fig. 2). Interestingly, SlAREB1 transcript abundance in
AtGRXS17-expressing lines remained at a level higher than that of
wild-type plants (Fig. 2), suggesting that the presence of AtGRXS17
sustains SlAREB1 expression during drought exposure.

We demonstrate here that ectopic expression of a member of
the class II GRX family, AtGRXS17, improves the behavior of tomato
during drought and oxidative stresses. This increase in tolerance
appears to occur through changes in ROS scavenging and through
the modulation of stress-responsive gene expression. Due to the
conserved function of GRXs in plant species, manipulation of GRXs
across different species may be a useful approach to improve
tolerance to various abiotic stresses, including drought, heat, and
chilling.

Conflict of interest statement

The authors have no conflicts of interest to declare.

Acknowledgements

This research was supported by the Kansas State University AES
project NAHF381121 (to SHP), the National Natural Science Foun-
dation of China (31601822 to QW), the U.S. National Science
Foundation (Award No. 1238189, FFW), and the U.S. Department of
Agriculture, Agricultural Research Service, (under Cooperative
agreement number 58-3092-5-001 to PAN, KDH, and NHC). The
contents of this publication do not necessarily reflect the views or
policies of the US Department of Agriculture, nor does mention of
trade names, commercial products, or organizations imply
endorsement by the US Government.

References

[1] R. Mittler, E. Blumwald, Genetic engineering for modern agriculture: chal-
lenges and perspectives, Annu. Rev. Plant Biol. 61 (2010) 443e462.

[2] R. Munns, M. Tester, Mechanisms of salinity tolerance, Annu. Rev. Plant Biol.
59 (2008) 651e681.

[3] K. Yamaguchi-Shinozaki, K. Shinozaki, Transcriptional regulatory networks in
cellular responses and tolerance to dehydration and cold stresses, Annu. Rev.
Plant Biol. 57 (2006) 781e803.

[4] D. Todaka, K. Shinozaki, K. Yamaguchi-Shinozaki, Recent advances in the
dissection of drought-stress regulatory networks and strategies for develop-
ment of drought-tolerant transgenic rice plants, Front. Plant Sci. 6 (2015) 84.

[5] USDA, Crop Production 2013 Summary, National Statistics for Corn Chester
Field, MO, 2014.

[6] N.A. Eckardt, E. Cominelli, M. Galbiati, C. Tonelli, The future of science: food
and water for life, Plant Cell. 21 (2009) 368e372.

[7] J. You, Z.L. Chan, ROS regulation during abiotic stress responses in crop plants,
Front. Plant Sci. 6 (2015).

[8] S. Park, J. Li, J.K. Pittman, G.A. Berkowitz, H. Yang, S. Undurraga, J. Morris,
K.D. Hirschi, R.A. Gaxiola, Up-regulation of a Hþ-pyrophosphatase (Hþ-PPase)
as a strategy to engineer drought-resistant crop plants, Proc. Natl. Acad. Sci. U.
S. A. 102 (2005) 18830e18835.

[9] X. Yin, Y. Cui, M. Wang, X. Xia, Overexpression of a novel MYB-related tran-
scription factor, OsMYBR1, confers improved drought tolerance and decreased
ABA sensitivity in rice, Biochem. Bioph Res. Commun. 490 (4) (2017)
1355e1361.

[10] J. Yu, Y.M. Lai, X. Wu, G. Wu, C.K. Guo, Overexpression of OsEm1 encoding a
group I LEA protein confers enhanced drought tolerance in rice, Biochem.
Bioph Res. Commun. 478 (2016) 703e709.

[11] J.K. Zhu, Abiotic stress signaling and responses in plants, Cell 167 (2016)
313e324.

[12] Y. Ma, I. Szostkiewicz, A. Korte, D. Moes, Y. Yang, A. Christmann, E. Grill,
Regulators of PP2C phosphatase activity function as abscisic acid sensors,
Science 324 (2009) 1064e1068.

[13] S.Y. Park, P. Fung, N. Nishimura, D.R. Jensen, H. Fujii, Y. Zhao, S. Lumba,
J. Santiago, A. Rodrigues, T.F.F. Chow, S.E. Alfred, D. Bonetta, R. Finkelstein,
N.J. Provart, D. Desveaux, P.L. Rodriguez, P. McCourt, J.K. Zhu, J.I. Schroeder,
B.F. Volkman, S.R. Cutler, Abscisic acid inhibits type 2C protein phosphatases
via the PYR/PYL family of START proteins, Science 324 (2009) 1068e1071.

[14] S.R. Cutler, P.L. Rodriguez, R.R. Finkelstein, S.R. Abrams, Abscisic acid: emer-
gence of a core signaling network, Annu. Rev. Plant Biol. 61 (2010) 651e679.

[15] T.H. Kim, M. Bohmer, H.H. Hu, N. Nishimura, J.I. Schroeder, Guard cell signal
transduction network: advances in understanding abscisic acid, CO2, and Ca2þ

signaling, Annu. Rev. Plant Biol. 61 (2010) 561e591.
[16] T. Yoshida, Y. Fujita, H. Sayama, S. Kidokoro, K. Maruyama, J. Mizoi,

K. Shinozaki, K. Yamaguchi-Shinozaki, AREB1, AREB2, and ABF3 are master

http://refhub.elsevier.com/S0006-291X(17)31542-5/sref1
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref1
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref1
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref2
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref2
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref2
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref3
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref3
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref3
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref3
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref4
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref4
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref4
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref5
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref5
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref6
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref6
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref6
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref7
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref7
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref8
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref8
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref8
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref8
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref8
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref8
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref8
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref9
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref9
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref9
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref9
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref9
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref10
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref10
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref10
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref10
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref11
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref11
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref11
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref12
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref12
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref12
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref12
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref13
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref13
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref13
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref13
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref13
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref13
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref14
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref14
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref14
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref15
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref15
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref15
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref15
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref15
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref16
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref16


Q. Wu et al. / Biochemical and Biophysical Research Communications 491 (2017) 1034e1039 1039
transcription factors that cooperatively regulate ABRE-dependent ABA
signaling involved in drought stress tolerance and require ABA for full acti-
vation, Plant J. 61 (2010) 672e685.

[17] S. Orellana, M. Yanez, A. Espinoza, I. Verdugo, E. Gonzalez, S. Ruiz-Lara,
J.A. Casaretto, The transcription factor SlAREB1 confers drought, salt stress
tolerance and regulates biotic and abiotic stress-related genes in tomato, Plant
Cell Environ. 33 (2010) 2191e2208.

[18] C. Sirichandra, D. Gu, H.C. Hu, M. Davanture, S. Lee, M. Djaoui, B. Valot, M. Zivy,
J. Leung, S. Merlot, J.M. Kwak, Phosphorylation of the Arabidopsis AtrbohF
NADPH oxidase by OST1 protein kinase, Febs Lett. 583 (2009) 3375.

[19] X.J. Song, M. Matsuoka, Bar the windows: an optimized strategy to survive
drought and salt adversities, Gene Dev. 23 (2009) 1709e1713.

[20] S.S. Gill, N. Tuteja, Reactive oxygen species and antioxidant machinery in
abiotic stress tolerance in crop plants, Plant Physiol. Biochem. 48 (2010)
909e930.

[21] G. Miller, V. Shulaev, R. Mittler, Reactive oxygen signaling and abiotic stress,
Physiol. Plant. 133 (2008) 481e489.

[22] G. Miller, N. Suzuki, S. Ciftci-Yilmaz, R. Mittler, Reactive oxygen species ho-
meostasis and signalling during drought and salinity stresses, Plant Cell En-
viron. 33 (2010) 453e467.

[23] S. Penfield, Temperature perception and signal transduction in plants, New
Phytol. 179 (2008) 615e628.

[24] P. Jaspers, J. Kangasjarvi, Reactive oxygen species in abiotic stress signaling,
Physiol. Plant. 138 (2010) 405e413.

[25] N. Suzuki, R. Mittler, Reactive oxygen species and temperature stresses: a
delicate balance between signaling and destruction, Physiol. Plant. 126 (2006)
45e51.

[26] C.H. Foyer, G. Noctor, Redox homeostasis and antioxidant signaling: a meta-
bolic interface between stress perception and physiological responses, Plant
Cell. 17 (2005) 1866e1875.

[27] N. Rouhier, S.D. Lemaire, J.P. Jacquot, The role of glutathione in photosynthetic
organisms: emerging functions for glutaredoxins and glutathionylation, Annu.
Rev. Plant Biol. 59 (2008) 143e166.

[28] Q.Y. Wu, J. Yang, N.H. Cheng, K.D. Hirschi, F.F. White, S. Park, Glutaredoxins in
plant development, abiotic stress response, and iron homeostasis: frommodel
organisms to crops, Environ. Exp. Bot. 139 (2017) 91e98.

[29] S. Li, Redox modulation matters: emerging functions for glutaredoxins in
plant development and stress response, Plants 3 (2014) 559e582.

[30] J. Couturier, J.P. Jacquot, N. Rouhier, Evolution and diversity of glutaredoxins
in photosynthetic organisms, Cell Mol. Life Sci. 66 (2009) 2539e2557.

[31] N.-H. Cheng, J.-Z. Liu, X. Liu, Q. Wu, S.M. Thompson, J. Lin, J. Chang,
S.A. Whitham, S. Park, J.D. Cohen, K.D. Hirschi, Arabidopsis monothiol gluta-
redoxin, AtGRXS17, is critical for temperature-dependent postembryonic
growth and development via modulating auxin response, J. Biol. Chem. 286
(2011) 20398e20406.

[32] Y. Hu, Q. Wu, S.A. Sprague, J. Park, M. Oh, C.B. Rajashekar, H. Koiwa,
P.A. Nakata, N. Cheng, K.D. Hirschi, F.F. White, S. Park, Tomato expressing
Arabidopsis glutaredoxin gene AtGRXS17 confers tolerance to chilling stress
via modulating cold responsive components, Hortic. Res. 2 (2015) 15051.

[33] S. Inigo, A.N. Durand, A. Ritter, S. Le Gall, M. Termathe, R. Klassen, T. Tohge,
B. De Coninck, J. Van Leene, R. De Clercq, B.P. Cammue, A.R. Fernie, K. Gevaert,
G. De Jaeger, S.A. Leidel, R. Schaffrath, M. Van Lijsebettens, L. Pauwels,
A. Goossens, Glutaredoxin GRXS17 associates with the cytosolic iron-sulfur
cluster assembly pathway, Plant Physiol. 172 (2016) 858e873.

[34] J. Knuesting, C. Riondet, C. Maria, I. Kruse, N. Becuwe, N. Konig, C. Berndt,
S. Tourrette, J. Guilleminot-Montoya, E. Herrero, F. Gaymard, J. Balk, G. Belli,
R. Scheibe, J.P. Reichheld, N. Rouhier, P. Rey, Arabidopsis glutaredoxin S17 and
its partner, the nuclear factor Y subunit C11/Negative cofactor 2 alpha,
contribute to maintenance of the shoot apical meristem under long-day
photoperiod, Plant Physiol. 167 (2015) 1643eU1822.

[35] A. Nagels Durand, S. Inigo, A. Ritter, E. Iniesto, R. De Clercq, A. Staes, J. Van
Leene, V. Rubio, K. Gevaert, G. De Jaeger, L. Pauwels, A. Goossens, The Ara-
bidopsis iron-sulfur protein GRXS17 is a target of the ubiquitin E3 ligases
RGLG3 and RGLG4, Plant Cell Physiol. 57 (2016) 1801e1813.

[36] Q.Y. Wu, J. Lin, J.Z. Liu, X.F. Wang, W. Lim, M. Oh, J. Park, C.B. Rajashekar,
S.A. Whitham, N.H. Cheng, K.D. Hirschi, S. Park, Ectopic expression of Arabi-
dopsis glutaredoxin AtGRXS17 enhances thermotolerance in tomato, Plant
Biotechnol. J. 10 (2012) 945e955.

[37] H. Yu, J. Yang, Y.F. Shi, J. Donelson, S.M. Thompson, S. Sprague, T. Roshan,
D.L. Wang, J.Z. Liu, S. Park, P.A. Nakata, E.L. Connolly, K.D. Hirschi, M.A. Grusak,
N.H. Cheng, Arabidopsis glutaredoxin S17 contributes to vegetative growth,
mineral accumulation, and redox balance during iron deficiency, Front. Plant
Sci. 8 (2017).

[38] T. Murashige, F. Skoog, A revised medium for rapid growth and Bio assays
with tobacco tissue cultures, Physiol. Plant. 15 (1962) 473e497.

[39] S.H. Park, J.L. Morris, J.E. Park, K.D. Hirschi, R.H. Smith, Efficient and genotype-
independent Agrobacterium - mediated tomato transformation, J.Plant
Physiol. 160 (2003) 1253e1257.

[40] X. Zhang, S.G. Fowler, H.M. Cheng, Y.G. Lou, S.Y. Rhee, E.J. Stockinger,
M.F. Thomashow, Freezing-sensitive tomato has a functional CBF cold
response pathway, but a CBF regulon that differs from that of freezing-
tolerant Arabidopsis, Plant J. 39 (2004) 905e919.

[41] T. Lovdal, C. Lillo, Reference gene selection for quantitative real-time PCR
normalization in tomato subjected to nitrogen, cold, and light stress, Anal.
Biochem. 387 (2009) 238e242.

[42] M.M. Oh, H.N. Trick, C.B. Rajashekara, Secondary metabolism and antioxidants
are involved in environmental adaptation and stress tolerance in lettuce,
J. Plant Physiol. 166 (2009) 180e191.

[43] C.H. Foyer, G. Noctor, Redox regulation in photosynthetic organisms:
signaling, acclimation, and practical implications, Antioxidants Redox Signal.
11 (2009) 861e905.

[44] I.M. Moller, P.E. Jensen, A. Hansson, Oxidative modifications to cellular com-
ponents in plants, Annu. Rev. Plant Biol. 58 (2007) 459e481.

[45] R. Mittler, S. Vanderauwera, M. Gollery, F. Van Breusegem, Reactive oxygen
gene network of plants, Trends Plant Sci. 9 (2004) 490e498.

[46] Y. Miyagawa, M. Tamoi, S. Shigeoka, Evaluation of the defense system in
chloroplasts to photooxidative stress caused by paraquat using transgenic
tobacco plants expressing catalase from Escherichia coli, Plant Cell Physiol. 41
(2000) 311e320.

[47] B.Q. Wang, Q.F. Zhang, J.H. Liu, G.H. Li, Overexpression of PtADC confers
enhanced dehydration and drought tolerance in transgenic tobacco and to-
mato: effect on ROS elimination, Biochem. Biophys. Res. Commun. 413 (2011)
10e16.

http://refhub.elsevier.com/S0006-291X(17)31542-5/sref16
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref16
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref16
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref16
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref17
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref17
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref17
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref17
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref17
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref18
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref18
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref18
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref19
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref19
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref19
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref20
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref20
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref20
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref20
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref21
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref21
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref21
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref22
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref22
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref22
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref22
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref23
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref23
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref23
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref24
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref24
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref24
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref25
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref25
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref25
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref25
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref26
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref26
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref26
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref26
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref27
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref27
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref27
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref27
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref28
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref28
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref28
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref28
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref29
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref29
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref29
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref30
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref30
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref30
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref31
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref31
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref31
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref31
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref31
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref31
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref32
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref32
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref32
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref32
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref33
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref33
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref33
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref33
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref33
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref33
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref34
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref34
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref34
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref34
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref34
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref34
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref34
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref35
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref35
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref35
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref35
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref35
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref36
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref36
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref36
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref36
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref36
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref37
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref37
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref37
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref37
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref37
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref38
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref38
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref38
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref39
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref39
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref39
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref39
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref40
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref40
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref40
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref40
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref40
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref41
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref41
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref41
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref41
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref42
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref42
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref42
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref42
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref43
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref43
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref43
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref43
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref44
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref44
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref44
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref45
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref45
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref45
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref46
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref46
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref46
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref46
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref46
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref47
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref47
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref47
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref47
http://refhub.elsevier.com/S0006-291X(17)31542-5/sref47

	Expression of a monothiol glutaredoxin, AtGRXS17, in tomato (Solanum lycopersicum) enhances drought tolerance
	1. Introduction
	2. Materials and methods
	2.1. Construct and tomato transformation
	2.2. Growth condition and tolerance analyses of tomato
	2.3. Time-course analysis of drought stress-responsive genes
	2.4. RNA extraction and qRT-PCR
	2.5. Measurement of Fv/Fm ratio
	2.6. Shoot water content
	2.7. Statistical analysis

	3. Results
	3.1. AtGRXS17-expressing tomato plants display enhanced drought tolerance
	3.2. AtGRXS17-expressing tomato plants show prolonged SlAREB1 expression
	3.3. AtGRXS17-expressing tomato plants exhibit increased tolerance to oxidative stress
	3.4. AtGRXS17-expressing tomato plants display increased SlCAT1 transcript abundance in response to oxidative stress

	4. Discussion
	Conflict of interest statement
	Acknowledgements
	References


