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Global environmental temperature changes threaten innu-
merable plant species. Although various signaling networks reg-
ulate plant responses to temperature fluctuations, the mecha-
nisms unifying these diverse processes are largely unknown.
Here, we demonstrate that an Arabidopsis monothiol glutare-
doxin, AtGRXS17 (At4g04950), plays a critical role in redox
homeostasis and hormone perception to mediate temperature-de-
pendent postembryonic growth. AtGRXS17 expression was
induced by elevated temperatures. Lines altered in AtGRXS17
expression were hypersensitive to elevated temperatures and phe-
nocopied mutants altered in the perception of the phytohormone
auxin. We show that auxin sensitivity and polar auxin transport
were perturbed in these mutants, whereas auxin biosynthesis was
notaltered. In addition, atgrxs17 plants displayed phenotypes con-
sistent with defects in proliferation and/or cell cycle control while
accumulating higher levels of reactive oxygen species and cellular
membrane damage under high temperature. Together, our find-
ings provide a nexus between reactive oxygen species homeostasis,
auxin signaling, and temperature responses.

Postembryonic growth and development in plants is drasti-
cally affected by many external factors, including light and tem-
perature (1, 2). Plants have developed elaborate measures to
sense environmental changes and adapt their growth and
development accordingly (3). In particular, temperature per-
ception and heat stress responses involve many genes and sig-
naling pathways (4-7). For example, both hormone and reac-
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tive oxygen species (ROS)? are key mediators in regulating plant
responses to temperature variations. However, the identity of
early molecular components in this signal transduction path-
way has remained enigmatic (5, 6).

Auxin is a phytohormone that is involved in most of, if not all,
aspects of plant growth and development (8 —11). It has been
postulated that auxin plays an essential role in stress-induced
growth and morphogenic responses (2). Previous studies also
indicated that elevated temperature can regulate hormone bio-
synthesis and subsequently alter cell growth, morphology, and
flowering time (12-15). The complexity of auxin signaling
often obscures efforts to integrate this seemingly ubiquitous
signal with specific signaling pathways.

ROS can be formed as by-products in all oxygenic organisms
during aerobic metabolism (16). Plants also actively generate
ROS as signals through activation of various oxidases and per-
oxidases in different cellular compartments in response to
internal developmental cues and/or external environmental
changes (17-19). There is growing evidence that there is cross-
talk between the ROS-mediated redox signal (redox homeosta-
sis) and hormonal action and response during plant develop-
ment and adaptation to stress conditions, as occurs during seed
germination, root hair development, stomata closure, and root
gravitropic responses (20 —24). Recent work suggests that redox
status directly affects auxin signaling to alter growth (25). Tri-
ple mutants of Arabidopsis altered in key components of redox
signaling display phenotypes consistent with perturbed auxin
transport and metabolism (25). However, in that study (25), the
contribution of specific ROS gene products to auxin signaling
could not be determined, and no efforts were made to establish
cross-talk between these pathways and the temperature
response.

The thioredoxin and Grx enzyme systems help to control
cellular redox potential (26). Grxs are ubiquitous small heat-
stable disulfide oxidoreductases which are conserved in both
prokaryotes and eukaryotes (27). Although plant genomes con-

2 The abbreviations used are: ROS, reactive oxygen species; Grx, glutaredoxin;
ANOVA, analysis of variance; NPA, N-1-naphthylphthalamic acid; IAN,
indoleacetonitrile; SPE, solid phase extraction; GC-SIM-MS, gas chroma-
tography-selected ion monitoring-mass spectrometry; GUS, B-glucuroni-
dase; IAA, indole-3-acetic acid.
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tain many Grxs (28, 29), only a few have been characterized
(30). A recent report indicates that an Arabidopsis Grx interacts
with a transcription factor to alter defense responses (31). We
previously demonstrated that both AtGRXcp (also termed
AtGRXS14) and AtGRX4 (also termed AtGRXSI15) play a piv-
otal role in protecting the cell against oxidative stress (32, 33).
However, the function of plant Grxs in diverse stress responses
remains to be explored.

In the present study, we have characterized an Arabidopsis
monothiol Grx, AtGRXS17, and describe altered expression of
AtGRXS17 at an elevated temperature. Characterization of
mutant phenotypes indicated alterations in ROS signaling,
auxin responses, and thermo-sensitivity. These findings offer a
clue to the elaborate regulatory interplay between ROS and
auxin signaling in response to a heat stress.

EXPERIMENTAL PROCEDURES

Isolation of AtGRXS17-null Alleles and Creation of
AtGRXS17 RNAi Lines—To isolate atgrxs17 alleles, a T-DNA
insertional mutant line, was obtained from the SALK T-DNA
collection (SALK_021301) (34). Homozygous plants from the
T3 generation were obtained by PCR screening using an
AtGRXS17reverse primer (5'-TAGCTC GGA TAGAGT TGC
TTT-3') and a T-DNA left border primer (5'-GCG TGG ACC
GCT TGCTGC A-3') for atgrxs17 allele; an AtGRXS17 forward
primer: 5'-ATG AGC GGT ACG GTG AAG GAT-3' and the
AtGRXS17 reverse primer were used for identifying the wild
type. The location of the T-DNA insertion was determined by
sequencing the PCR product. The atgrxs17 allele was back-
crossed to wild type to remove any potential unlinked muta-
tions. To generate AtGRXS17RNAilines, the AtGRXS17 cDNA
was cloned into the binary vector pCHF3 with opposite orien-
tation (supplemental Fig. 1B; 35). The antisense construct was
transformed into Agrobacterium GV3101 strain, and then the
positive strains were used to transform Arabidopsis Col-0
plants using the floral-dip method (36). The transgenic progeny
were selected by kanamycin resistance. ALGRXS17 expression
levels in both atgrxs17 knock-out and AtGRXSI17 RNAI plants
were examined using semi-quantitative RT-PCR.

Plant Growth Conditions—Wild type (ecotype Columbia,
Col-0), atgrxs17 KO, AtGRXS17 RNAIi seeds were surface-ster-
ilized, germinated, and grown on one-half strength Murashige
and Skoog (MS) medium solidified with 0.8% agar or MS sup-
plemented with various concentrations of phytohormones, as
described previously (37). For quantitative RT-PCR analysis of
AtGRXS17 tissue distribution, total RNA was extracted from
5-week-old Arabidopsis wild type leaves, roots, stems, and flow-
ers. To examine AtGRXS17 expression under heat stress, seeds
were germinated and grown at 22 °C for 10 days, and seedlings
were moved to 28 °C for 3, 6, 24, and 48 h, respectively, whereas
control seedlings were kept at 22 °C. Root tips (~3 mm from the
tip) were collected and pooled from each treatment. Total RNA
was extracted and quantitative RT-PCR was performed with 18
S rRNA used for normalizing the data (38). For the root gravit-
ropism assay, surface-sterilized wild type, atgrxs17 KO, and
AtGRXS17RNAijseeds were germinated and grown on one-half
strength MS medium. All plates were sealed with 3M surgical
tape and cultured vertically at 22 or at 28 °C with illumination
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by cool white fluorescent light under a 16 h light/8 h dark cycle
for 5 days. Digital images were taken before the seedlings were
gravistimulated for 24 h. (The plates were turned 90° clock-
wise.) Digital images were again taken to determine the angle of
root growth deviation following gravistimulation. The angles of
the root deviation were scored in 30° segments as described
previously (39). For each line, three independent replicates
were assayed using 140-144 seedlings. Data were analyzed
using three-way ANOVA.

AtGRXS17-GUS Transgenic Plants, GUS Reporter Lines, and
Histochemical Analysis—A 2.0-kb DNA sequence upstream of
the ATG of the AtGRXS17 ORF was amplified from genomic
DNA using the AtGRXS17 promoter forward and reverse prim-
ers (forward primer, 5'-CCC AAG CTT ATT GCT TGT TGT
AAC TAA TGT-3’; reverse primer, 5'-GGC TCT AGA CTT
CGA AGA GGG AGA AGG ATC-3’). The PCR fragment was
cloned into pBI121 to replace the 35 S promoter, resulting in
the plasmid pAtGRXS17-GUS. Agrobacterium-mediated
transformation of Arabidopsis plants was performed as des-
cribed previously (32). A DR5-GUS reporter line and a Cyclin
B1;1-GUS reporter lines (a gift from Dr. Robert Sablowski) (40)
were intergressed into atgrxs17 KO and AtGRXS17 RNAi lines.
Histochemical analysis was performed following the previously
published protocol (32). Thirty seedlings from each genotype
and treatment were scored for GUS activity. Expression levels
were considered strong when meristematic tissues and vascular
bundle tissues displayed GUS activity. Weak expression was
scored when few or no cells in the root meristematic region
stained for GUS activity. Data were analyzed using two-way
ANOVA.

Ion Leakage Measurement and Anthocaynin Determination—
Four-week-old wild type and atgrxs17 KO plants were sub-
jected to heat stress at 38 °C in a growth chamber for 10, 20, and
40 h, respectively. During heat stress, plants were maintained at
a relatively high humidity (~85%) in the growth chamber to
minimize water loss from the plants. For electrolyte leakage,
leaf samples were incubated in 15 ml of distilled water for 10 h
to measure the initial electrolyte leakage using a conductance
meter (Model 32, YSI, Inc., Yellow Springs, OH). The samples
were subjected to 80 °C for 2 h to release the total electrolytes
and then held at room temperature for 10 h. The final conduc-
tivity of the leachate was measured to determine the percent
electrolyte leakage from the leaf samples. For anthocyanin
quantitation, 0.1 g of fresh weight of wild type and atgrxs17 KO
seedlings, grown on one-half strength MS medium for 2 weeks
at either 22 or 28 °C, homogenized in 1.6 ml of extraction buffer
(0.6 ml of methanol-1% HCl, 0.4 ml of H,O, and 0.6 ml of chlo-
roform), and mixed well before spinning for 2 min at 16,000 X g.
One ml of supernatant was used to measure the absorbance at
535 nm. The amount of anthocyanin is expressed as cyanidin
3-glucoside equivalents (mg-0.1 g of fresh weight ") (41).

Quantification of Free and Conjugated IAA—Ten-day-old
wild type, atgrxs17 KO, and AtGRXS17 RNAI seedlings were
harvested after growth at 22 or 28 °C. For each seedling type,
150-200 mg of frozen tissue was homogenized using a Mixer
Mill (MM 300; Qiagen, Valencia, CA), with a 3-mm tungsten
carbide bead in 300 ul of homogenization buffer (35% of 0.2 M
imidazole, 65% isopropanol, pH 7) containing 20 ng of
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["3C4]TAA and 200 ng of [**C]indoleacetonitrile (IAN) as inter-
nal standards (42). After 1 h on ice, 150 ul of the homogenate
was purified through two sequential solid phase extraction
(SPE) columns, anion exchange and plastic affinity, using a Gil-
son SPE 215 system, methylated, dried, and redissolved in ethyl
acetate exactly as described previously (43). The flow-through
from the amino anion exchange SPE column was collected for
IAN analysis. The samples were then analyzed using gas chro-
matography-selected ion monitoring-mass spectrometry (GC-
SIM-MS) on an Agilent 6890/5973 system. The level of free IAA
was quantified by isotope dilution analysis based on the
['3C4]IAA internal standard (43). For IAN analysis, the flow-
through collected from the amino SPE column was passed
through a C18 SPE column (100 mg; Varian) and then washed
with 3 X 0.6 ml water, eluted with 3 X 0.3 ml acetonitrile,
evaporated to complete dryness, and derivatized with 50 ul of
bis(trimethylsily)trifluoroacetamide plus 1% trimethylchlorosi-
lane at 45 °C for 45 min. The samples were analyzed using GC-
SIM-MS, and the correction factor for nonenzymatic conver-
sion of IAN to IAA was determined (42). For the rest of the
homogenate, 100 wl was hydrolyzed in 1 N NaOH (1 h, room
temperature) for measurement of free plus ester-linked IAA,
and 50 pl was hydrolyzed in 7 N NaOH (3 h, 100 °C under
nitrogen gas) for measurement of total IAA. After hydrolysis,
the pH of the homogenate was adjusted to 2.7 and desalted by
passing through a C18 SPE column (100 mg; Varian), washed
with 3 X 0.6 ml water, eluted with 3 X 0.3 ml methanol, evap-
orated to dryness, and redissolved in 150 ul of homogenization
buffer. The purification of IAA released from the conjugates
was subsequently the same as used for the purification of free
IAA. The samples were analyzed using GC-SIM-MS, and the
levels of free plus ester-linked IAA and total IAA were quanti-
fied with correction for IAN hydrolysis (42).

Polar Auxin Transport in Arabidopsis Hypocotyls—The
hypocotyl basipetal IAA transport assay was modified from that
described previously (44, 45). Wild type, atgrxs17 KO, and
AtGRXS17 RNAI line seeds were surface-sterilized and plated
on one-half strength MS medium. After 3 days in the dark at
4°C and 12 h under cool white fluorescent lights (photosyn-
thetically active radiation = 80 wmol m ™25~ '), the seeds were
grown at either 22 or 28 °C continuously in darkness for 4 days
and then exposed to continuous cool white fluorescent lights
(photosynthetically active radiation = 80 wmol m™*s™ ') for an
additional 2 days. Six mm of the hypocotyl section directly
below the shoot apex was placed on an agar plate after excision,
and an auxin donor agar block of 1.5% agar containing 0.2 M
MES (pH 6.5) and 10~ m [*H]IAA was placed in contact with
the apical end of the tissue section, whereas a receiver agar
block containing 0.2 M MES (pH 6.5) was placed in contact with
the basal end. Receiver blocks containing 0.2 m MES (pH 6.5)
and 10 um N-1-naphthylphthalamic acid (NPA) were used as
the NPA control, and the orientation of the tissue section was
inverted in the acropetal control. Two strips of polyethylene
film (Saran™ Original, S.C. Johnson & Sons, Inc.) were placed
between the agar blocks and the support agar on the plates to
avoid diffusion of [PH]IAA and thus avoid an undesirable
increase in background counts. The agar plates were placed
vertically with donor blocks down in a chamber with maximal
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humidity for 4 h, and each of the hypocotyl sections was then
divided into apical and basal halves. The receiver block and
each half-section of the hypocotyl were incubated individually
in scintillation mixture overnight, and the radioactivity was
determined using a liquid scintillation counter (LS 6500, Beck-
man Coulter). Data were analyzed using one- and two-way
ANOVA.

ROS Production and Measurement—For hydrogen peroxide
staining, wild type and atgrxs17 KO seedlings were grown at 22
and 28 °C for 10 days, respectively, and vacuum-infiltrated with
1 mg/ml 3,3'-diaminobenzidine in 50 mm Tris acetate buffer,
pH 5.0. Samples were incubated for 4 h at room temperature in
the dark before transferring to 96% ethanol. Thirty seedlings
from each genotype and treatment were scored based on the
brown-colored deposition in root tips, vascular bundles, and
the root-hypocotyl junction. Data were analyzed using a chi-
square test.

RESULTS

AtGRXS17 Expression in Response to High Temperature—
The expression of AtGRXS17 under normal growth conditions
was detected in all tissues using quantitative RT-PCR (Fig. 14).
AtGRXS17 expression appeared lower in mature leaves and
higher in roots and flowers (Fig. 1A). In line with this observa-
tion, histochemical analysis of AtGRXS17-GUS transgenic
plants showed expression in young cotyledons (arrowhead),
growing leaves (arrow), roots, anthers, and developing embryos
(Fig. 1, B-E). Interestingly, AtGRXS17 expression was induced
in young seedlings exposed to elevated temperature for 24 h
(Fig. 1F). These results are in agreement with public microarray
data sets (Genevestigator) and suggest that AtGRXS17 is a tem-
perature-responsive gene.

atgrxs17 KO and AtGRXS17 RNAi Lines Display Growth
Defects—To understand the function of AtGRXS17 in planta,
we identified a T-DNA insertion line. In the atgrxsl7-1 allele,
the T-DNA insertion was located in the second exon (supple-
mental Fig. 14). AtGRXSI7 expression was not detected in
atgrxs17-1 using semi-quantitative RT-PCR (supplemental Fig.
1A). We termed atgrxs17-1 as atgrxs17 KO. We then generated
>60 independent RNAI lines using an AtGRXS17 antisense
RNA construct (supplemental Fig. 1B). AtGRXS17 expression
levels were variable among individual RNAi lines (supplemen-
tal Fig. 1B). Three RNAI lines that showed lower levels of
AtGRXS17 expression were selected for further phenotypic
analyses. Both atgrxs17 KO and AtGXRS17 RNAi seeds germi-
nated in a manner indistinguishable from wild type on one-half
strength MS medium under normal growth conditions (22 °C);
however, KO and RNAi seedlings had shorter primary roots
(~25%) than wild type controls (Fig. 2, A and C). In addition,
KO and RNA:i seedlings had fewer growing leaves in compari-
son with wild type controls (supplemental Fig. 1, C and E).
In soil at 22 °C, the mutant plants grew shorter inflorescence
stems but flowered and produced seeds (Fig. 2, F and G and
supplemental Fig. 1, G and H). These results suggest that
AtGRXS17 plays a critical role in postembryonic growth in
plants.
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FIGURE 1. Expression of AtGRXS17 in Arabidopsis and in response to ele-
vated temperature. A, AtGRXS17 transcripts were detected by quantitative
RT-PCRin total RNA extracted from rosette leaves, roots, stems, and flowers of
wild type seedlings. Relative mRNA levels were normalized to 18 S rRNA,
presented as fold changes, which were analyzed for significance using one-
way ANOVA. *, p < 0.05; **, p < 0.001. B-E, AtGRXS17 promoter GUS expres-
sionin cotyledon (arrowhead) and young leaf (arrow) (B), roots (C), anthers (D),
and developing embryos (E). Scale bars, 50 wm in B, 2 mm in Cand D, and 50
um in E. F, time course analysis of AtGRXS17 expression under heat stress.
10-Day-old seedlings were shifted to 28 °C for 3, 6, 24, and 48 h before being
harvested for RNA extraction. Control seedlings were kept at 22 °C. Relative
mRNA levels were presented as fold changes and analyzed as described in A.
* p < 0.05.

atgrxs17 KO and AtGRXS17 RNAi Lines Are Hypersensitive
to High Temperature—Disruption of AtGRXS17 led to growth
defects at a restrictive temperature (28 °C). The length of pri-
mary roots of both KO and RNAi seedlings were reduced ~70%
compared with wild type controls, and the growth of both
shoots and primary roots was also reduced (Fig. 2, B and C;
supplemental Fig. 1, D and F). atgrxs17 KO and RNAi seedling
grown at 28 °C showed pin-like shoots in comparison with the
normal flower buds on wild type controls (Fig. 2, D and E). In
addition, KO and RNAI plants grown at 28 °C were stunted and
arrested in comparison to wild type plants (Fig. 2, F and G).
When grown at 25 °C, AtGRXS17 loss-of-function plants dis-
played severe growth defects, such as curled leaves, leafy shoots,
and malformed ovule development (supplemental Fig. 2, A-L).
These results indicate that AtGRXS17 loss-of-function plants
are hypersensitive to temperature changes. In agreement with
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FIGURE 2. atgrxs17 KO and RNAi plants were hypersensitive to elevated
temperature. A-C, the growth of primary roots in atgrxs 17 KO and RNAi seed-
lings was slightly reduced at 22 °C (A and C) and significantly impaired when
grown at 28 °C (B and (). Data were analyzed using two-way ANOVA. ¥, p <
0.001. D and E, the shoot apices of wild type (D) and atgrxs17 KO (E) seedlings
grown under 28 °C for 3 weeks showed the pin-like shoot of atgrxs17 seed-
lings (arrow) under high temperature. Fand G, the growth in atgrxs17 KO and
RNAi plants was inhibited under high temperature. Wild type, atgrxs17 KO,
and three RNAi line seeds were germinated and grown in soil at 22 and 28 °C,
respectively, for 6 weeks. Representatives from multiple samples of three
independent experiments were shown in Fand its close-upimage in G. 7, wild
type controls; 2, KO plants; 3, RNAi 1 plants; 4, RNAi 2 plants; and 5, RNAi 3
plants.

those observations, biochemical analysis demonstrated that
KO and RNAi plants had high ion leakage and accumulated
significantly higher amount of anthocyanin compared with
wild type controls at 28 °C (supplemental Fig. 3). These data
suggest that AtGRXSI17 loss of function leads to significant
damage to lipid membranes and changes in stress responses.
Notably, the growth inhibition of atgrxs17 KO and RNAI plants
under high temperature was reversible because the same KO
plants and RNAi lines reverted to normal growth and seed pro-
duction when transferred from 28 to 22 °C (supplemental Fig. 2,
M-Q). These findings indicate that AtGRXS17 is required for
postembryonic growth in a temperature-dependent manner.
Auxin Sensitivity of atgrxs17 KO and AtGRXS17 RNAi Lines
Is Impaired under High Temperature—The morphological
phenotypes of atgrxs17 KO and RNAI plants at 28 °C (Fig. 2 and
supplemental Figs. 1 and 2) were similar to those observed in
auxin-related mutants (46). To test whether auxin response is
altered in atgrxsl17, the DR5-GUS reporter line (47) was intro-
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FIGURE 3. Disruption of AtGRXS17 altered auxin response under high temperature. A-£, wild type/DR5-GUS and atgrxs17/DR5-GUS seeds were germi-
nated and grown on one-half strength MS medium at 22 °C (A, C, and E) and at 28 °C (B and D) for 7 days. A, C, and E, the seedlings were stained for GUS
expression in primary roots at 22 °C without treatment (A) or treated with 1 um 2,4-Dichlorophenoxyacetic acid (2,4-D) for 1 h (C), or with 1 mm H,0, for 2 h (E).
Two representative images from each treatment were shown (n = 30). No significant difference in GUS expression was seen between wild type controls and
KO seedlings within each treatment, but H,0, treatment significantly inhibited GUS expression in both with type and KO seedlings. Two-way ANOVA, p <
0.001.Band D, the seedlings were stained for GUS expression in primary roots at 28 °C without treatment (B) or treated with 1 um 2,4-Dichlorophenoxyacetic
acid (2,4-D) for 1 h (D). GUS expression was significantly reduced in KO seedlings compared with wild type controls. Two-way ANOVA, p < 0.001. Scale bars, 50
um. Fand G, AtGRXS17 loss-of-function seedlings were resistant to exogenous auxin under high temperature. Wild type, atgrxs17 KO, and RNAi seeds were
germinated and grown for 7 days on one-half strength MS medium with or without 2,4-Dichlorophenoxyacetic acid (2,4-D) as indicated at 22 °C (F) and 28 °C

(G). The primary root length was measured (n = 30). Student’s t test, *, p < 0.01; **, p < 0.0001.

gressed into the atgrxs17 KO plants. The DR5-GUS reporter
was expressed at a similar level in both atgrxs17 and wild type
controls when grown at 22 °C (Fig. 34). DR5-GUS expression
was enhanced at 28 °C in wild type, particularly in the vascula-
ture (Fig. 3B). However, DR5-GUS expression was reduced in
atgrxsl7roots under an elevated temperature (Fig. 3B), indicat-
ing that auxin response was inhibited in atgrxs17 seedlings. To
examine whether the reduced DR5-GUS expression in atgrxs17
KO plants at 28 °C was due to impaired auxin sensitivity, we
tested root growth inhibition by applied auxin. The primary
root elongation of wild type seedlings was inhibited by auxin in
a dose-dependent manner but independent of temperature
treatments (Fig. 3, F and G), whereas atgrxs17 KO and RNAi
seedlings showed significantly reduced auxin sensitivity at the
restrictive temperature (Fig. 3, Fand G). In agreement with this
finding, DR5-GUS expression in atgrxsl7 KO plants at 22 °C
was reduced in response to exogenous auxin compared with
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that in control seedlings (Fig. 3C). Furthermore, this inhibition
of DR5-GUS expression in atgrxsl7 KO plants was more pro-
nounced when the temperature was elevated to 28 °C (Fig. 3D).
Together, these results demonstrate that the function of
AtGRXS17 is required in maintaining auxin sensitivity under
high temperature.

Polar Auxin Transport, Not Auxin Levels, Is Altered in
atgrxs17 Plants— Auxin-related morphological phenotypes and
reduced DR5-GUS expression was observed in atgrxs17 KO plants
(Fig. 3), indicating that they have deficiencies related to auxin
action. To test whether IAA levels were altered in atgrxs17 KO
plants, we quantified free and ester-linked IAA in wild type con-
trols and atgrxs17 KO seedlings grown at 22 and 28 °C. No signif-
icant difference in IAA levels was observed between wild type con-
trols and atgrxs17 KO seedlings at both temperatures (Fig. 4, A—C)
indicating that the auxin-related phenotypes observed in atgrxs17
KO plants were not due to altered IAA levels.

VOLUME 286+NUMBER 23+JUNE 10, 2011

STO0Z ‘SZ JequienoN uo Alorloge JogueH Buuds pjod e /Bio-og-mmmy/:dny woly pepeojumod


http://www.jbc.org/

og)

[ Col-0 [ KO Ml RNAi [J Col-0 [@ KO M RNAI

400+

12
] L 2 1L
1 3004
94
1 £ 2004
N :
3] 100
0 o
22°C 28°C

120004 [] Col-0 [@ KO M RNAi 409 [ Basipetal

1 [ Basipetal + NPA
6000
3000
o
22°C 28°C

W Acropetal

FIGURE 4. Basipetal polar auxin transport but not auxin content was
reduced in atgrx17 KO and RNAi seedlings grown at elevated tempera-
ture.A-C, the levels of free IAA (A), free + ester-linked IAA (B), and total IAA (C)
were not significantly changed in atgrxs17 KO and RNAi seedlings at either 22
or 28 °C. D, reduction of polar auxin transport in atgrxs17 KO and RNAi seed-
lings at 28 °C. Wild type, atgrxs17 KO, and RNAi seeds were germinated and
grown vertically on one-half strength MS medium at 22 and 28 °C in darkness
for 4 days and transferred to continuous cool white fluorescent light (80 wmol
m~2s~ ") for 2 days. Polar auxin transport was measured. Data are expressed
as dpmin the receiver block plus the basal half of the hypocotyl as a % of total
dpm in the hypocotyl and the receiver block (Basipetal). Controls were run
with 10 um NPA added in the receiver blocks (Basipetal + NPA), or an inverted
orientation of the hypocotyl section (Acropetal). Error bars indicate S.E. (n = 9)
(two-way ANOVA, *** p < 0.001). FW, fresh weight.
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Reduced root systems (Fig. 2) are characteristic phenotypes
for Arabidopsis mutants with impaired polar auxin transport
(8, 48, 49). We thus performed experiments to determine
whether polar auxin transport was altered in atgrxsl7 KO
plants. As shown in Fig. 4D, basipetal transport of auxin in the
elongating hypocotyls of atgrxs17 KO and RNAi seedlings was
reduced compared with wild type controls at 22 °C, but this
difference was not statistically significant. At 28 °C, basipetal
transport of auxin in the elongating hypocotyls of wild type
seedlings increased but not of atgrxs17 KO and RNAi seedlings.
The difference between wild type control seedlings and
AtGRXS17 loss-of-function seedlings was significant (p <
0.001). However, there was no difference in polar auxin trans-
port activity among atgrxsl7 KO and RNAi seedlings at both
temperatures, suggesting that the reduction of basipetal trans-
port of auxin in the elongating hypocotyls of atgrxs17 KO and
RNAj seedlings was independent of temperature treatment. As
expected, basipetal auxin transport was greatly reduced by
NPA, an inhibitor of polar auxin transport, among wild type
controls, atgrxs17 KO, and RNAI seedlings (Fig. 4D). The con-
sistently low acropetal transport indicated a low level of back-
ground in the assay (Fig. 4D). Interestingly, higher tempera-
tures promoted polar auxin transport in wild type controls, but
not in either atgrxs17 KO or RNAI seedlings (Fig. 4D), indicat-
ing that temperature-dependent promotion of polar auxin
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FIGURE 5. atgrxs17 KO and RNAi seedlings displayed impaired root
gravitropic responses when grown at elevated temperature. Wild type,
atgrxs17 KO, and AtGRXS17 RNAi seeds were germinated and grown vertically
on one-half stength MS medium at 22 or at 28 °C for 5 days before being
gravistimulated for 24 h. A and B, representatives from wild type controls,
atgrxs17 KO, and AtGRXS17 RNAi seedlings that were grown at 22 °C (A) or at
28 °C (B) before gravitropic stimulation. Scale bars, 5 mm. C and D, gravitropic
reorientation of wild type controls, atgrxs17 KO, and AtGRXS17 RNAi seedling
root tips 24 h after the plates were turned 90° clockwise. White lines represent
root tip positions before reorientation. Quantitative reorientation analyses
were conducted. Root angles were determined as the deviation from 0°, rep-
resenting complete reorientation to the vertical, and grouped in 12 sectors of
30°. Filled bars represent relative number of roots as percentage of the total
(n). Both genotypes (wild type, KO, and RNAI) and temperature treatments
significantly affected root gravitropic responses. Data were analyzed using
three-way ANOVA, p < 0.001.

transport was lost in both atgrxs17 KO and RNAI seedlings.
Polar auxin transport has been frequently linked with gravitro-
pism (48). Consistent with the findings of polar auxin transport
assays (Fig. 4D), impaired gravitropism was observed in both
atgrxs17 KO and RNAi seedlings compared with wild type con-
trols at both temperatures (Fig. 5). Together, these results dem-
onstrate that AtGRXS17 is required for NPA-sensitive polar
auxin transport under restrictive temperature and the impaired
polar auxin transport at least partly, if not fully, accounts for the
temperature-dependent auxin-related defects observed in
AtGXRS17 loss-of-function plants.

Disruption of AtGRXS17 Alters Cell Cycle Progression—
Growth defects of atgrxsl7 mutants suggest a unique role of
AtGRXS17 in cell proliferation and/or cell cycle control. To
clarify the mechanism of AtGRXS17 in this process, a cell cycle
reporter (Cyclin BI;1-GUS, a G, phase marker) was intro-
gressed into the atgrxs17 KO plants. Cyclin B1;1-GUS expres-
sion in primary root tips, lateral roots, and shoots was similar in
atgrxs17 KO plants and wild type controls at 22 °C (Fig. 6, A-F).
At restrictive temperatures, reduced cyclin B1;1-GUS activity
was noted in atgrxs17 KO plants, indicating that cell prolifera-
tion in the root tips of atgrxs17 KO plants were inhibited by
elevated temperature (Fig. 6, G—L). We also observed that the
atgrxs17 KO roots were malformed (Fig. 6, /-L), suggesting that
the cells may undergo differentiation instead of cell division.
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cyclin B1;,1-GUS

atgrxs17 KO/
cyclin B1;,1-GUS

i

22°C

FIGURE 6. Deficiency in AtGRXS17 impaired cell cycle progression. Wild
type and atgrxs17 KO seeds carrying the cyclinB1;1-GUS reporter were germi-
nated and grown on one-half strength MS medium at 22 and 28 °C, respec-
tively, for 5 days. One set of seedlings (both wild type/cyclin B1;1-GUS and
atgrxs17/cyclin B1;1-GUS seedlings grown at 22 °C) were treated with T mm
H,0, for 2 h. Histochemical analysis of cyclin B1;1-GUS expression was con-
ducted. H,0, treatment significantly inhibited GUS expression in both wild
type controls and KO seedlings, whereas GUS expression of KO seedlings
grown at 28 °C was significantly reduced compared with wild type controls.
Shown are three representative images from each treatment (n = 30). Data
were analyzed using two-way ANOVA, p < 0.001. Scale bars, 50 um.

atgrxs17 KO Seedlings Display Increased ROS Levels—Mono-
thiol Grxs have an antioxidant function in protecting cells
against oxidative stress (32, 33, 50). Thus, we hypothesized that
AtGRXS17 loss-of-function plants accumulated more ROS
than controls. H,0, accumulation was detected by 3,3'-di-
aminobenzidine staining in wild type and atgrxs17 KO seed-
lings. The root tips and the junction areas (between the hypo-
cotyl and the root) displayed more intense staining in
AtGRXS17 loss-of-function seedlings than the corresponding
area of the wild type seedlings at 28 °C (Fig. 7). Most interest-
ingly, under high temperature, atgrxs17 KO seedlings accumu-
lated higher amounts of H,O, in vascular bundles (Fig. 7) in
comparison with wild type controls. Thus, excess ROS accumu-
lation in particular cell types and tissues could contribute to
impaired auxin transport and/or inhibit postembryonic growth
at elevated temperatures.

ROS Inhibits Auxin Sensitivity and Compromises Cell Cycle
Progression—Given the increased ROS levels in atgrxs17 KO
plants under high temperature (Fig. 7), we hypothesized that
excess ROS in AtGRXS17 loss-of-function roots accounted for
the inhibition of auxin response. To test this hypothesis, we
treated both wild type controls and atgrxs17 KO DR5-GUS
seedlings with H,O, and then measured DR5-GUS expres-
sion. Indeed, exogenous H,O, blocked DR5-GUS expression
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atgrxs17 KO

Col-0

Col-0

B

FIGURE 7. Accumulation of H,0, in wild type and atgrxs17 KO roots under
high temperature. Wild type and atgrxs17 KO seeds were germinated and
grown on one-half strength MS medium for 10 days at 22 and 28 °C, respec-
tively. Seedlings were stained with diaminobenzidine, and the accumulation
of H,0, was indicated by the brown color in primary roots and root-hypocotyl
junctions. The root tips and vasculature of KO seedlings significantly accumu-
lated H,0, compared with wild type controls when grown at 28 °C. Shown are
two representative images from each treatment (n = 30). Data were analyzed
using a chi-square test, p < 0.001. Scale bars, 100 um.

in wild type seedlings (Fig. 3E). The expression of the cell
cycle progression marker, cyclin B1;1-GUS was also inhib-
ited by H,O, (Fig. 6, M—R). Together, these results indicate a
critical role of AtGRXS17 in the mechanistic link between
ROS and auxin signaling in mediating plant growth and tem-
perature responses.

DISCUSSION

Glutaredoxins have emerged to be key regulators in stress
responses and organ development in plants (33, 51, 52). In the
present study, we characterized an Arabidopsis monothiol glu-
taredoxin, AtGRXS17, and demonstrated that AtGRXS17 is a
critical component involved in ROS accumulation, auxin sig-
naling, and temperature-dependent postembryonic growth in
plants.

AtGRXS17 expression is low in comparison with two other
Arabidopsis monothiol Grxs, AtGRXcp and AtGRX4 (Fig. 1,
A-E) (32, 33). But still, AtGRXS17 expression appears to be
regulated in different tissues and/or organs with lower levels of
expression in mature leaves and higher accumulation in flowers
(Fig. 1A). In contrast to AtGRXcp and AtGRX4, AtGRXSI17
expression was induced by elevated temperature (Fig. 1F), sug-
gesting a unique role in temperature stress responses. Interest-
ingly, time course analysis indicated that AtGRXS17 expression
was induced significantly when seedlings were exposed to
higher temperatures for 24 h (Fig. 1F). However, we were
unable to monitor more rapid responses to elevated tempera-
tures. This finding suggests that AtGRXS17 may not be
involved in the early stages of heat responses in plants but may
play a role in protecting plants against the cumulative effects of
high temperatures. Alternatively, AtGRXS17 induction may be
due to a secondary effect, such as ROS accumulation caused by
heat stress (Fig. 7). Further studies will be required to clarify
factors modulating the AtGRXS17 expression and identifica-
tion of downstream targets.

Arabidopsis AtGRXS17 deletion mutants do not have any
visible defects in seed germination under normal growth con-
ditions (data not shown). However, mutant plants did display
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significantly slower growth both as seedlings and as mature
flowering plants in comparison to wild type controls under the
same growth conditions (Fig. 2; supplemental Figs. 1 and 2).
These findings suggest that the presence of AtGRXS17in plants
is critical for postembryonic growth. Our previous studies
report that both AtGRXcp and AtGRX4 are also important for
seedling growth (32, 33). Deletion of a single or double CC-type
Grx in Arabidopsis causes defects in anther development (53).
Furthermore, recent genetic analysis of genes that are involved
in redox regulation revealed that those genes are also critical in
postembryonic growth and organ development (54-57).
Together, these studies imply an important mechanism under-
lying redox regulation in plant development.

The atgrxs17 mutants are sensitive to restrictive temperature
making them distinct from atgrxcp and atgrx4 mutants (Fig. 2;
supplemental Figs. 1 and 2). It appears that the sensitivity of
atgrxs17 mutants to high temperature is contingent on both the
duration and degree of temperature treatment. For example, at
22°C, atgrxsl7 mutants displayed slight (but significant)
growth defects; at 25 °C, the more severe phenotypes were
observed (supplemental Fig. 2, A-L); at 28 °C, the growth of
atgrxsl7 mutants were drastically inhibited (Fig. 2), which cor-
related with the high accumulation of ROS detected in the
growing tissues (Fig. 7). Furthermore, cell cycle progression in
meristematic tissues was blocked in the afgrxsl7 mutants at
high temperature (Fig. 6). It is known that excess ROS can cause
plant cell cycle arrest and impaired development (58, 59). Our
findings support this notion that AtGRXS17 negatively modu-
lates ROS-mediated signaling pathways and protects cells
against oxidative stress caused by high temperature.

ROS can act as signals to facilitate hormonal responses
involving many physiological processes (3, 22, 23). Recent work
has shown H,O, mediates auxin-regulated gravitropic re-
sponse in roots (20) and high levels of ROS (as found in oxidized
environments) closely correlates with the high levels of auxin
required for formation and maintenance of stem cell niches in
the root quiescent center (60). In this study, the developmental
defects observed in AtGRXS17 loss-of-function plants were
shown to be accompanied by increased accumulation of ROS
(Figs. 2 and 7), which significantly compromised auxin sensitiv-
ity. This was clearly indicated by the reduced DR5-GUS expres-
sion (Fig. 3), altered polar auxin transport (Fig. 4), and impaired
gravitropic responses (Fig. 5). Thus, our findings suggest that
AtGRXS17 may intersect with auxin-mediated signaling to reg-
ulate cell growth and development.

The compromised auxin sensitivity in AtGRXS17 loss-of-
function plants was more profound at 28 °C than that at 22 °C
(Fig. 3), indicating that auxin-related phenotypes or auxin
response in AtGRXS17 loss-of-function plants was tempera-
ture-dependent. Previous studies reported that high tempera-
ture can increase the levels of endogenous IAA and promotes
hypocotyl elongation (13). The DR5-GUS expression level was
induced in wild type roots at 28 °C compared with that at 22 °C
(Fig. 3, A and B), which is consistent with previous reports.
Unexpectedly, measurement of endogenous free IAA, conju-
gated IAA, and total IAA revealed no difference between wild
type controls and AtGRXS17 loss-of-function seedlings under
both temperatures (Fig. 4, A—C). We speculate this may be due
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to the different growth conditions (29 °C in the previous study
versus 28 °C in this study) and/or plant tissues used for IAA
measurement (hypocotyls versus whole seedlings). This hypo-
cotyl-specific increase in IAA production could be masked by
the IAA measurement performed on the whole seedling (61).

Although IAA levels remained unchanged, polar auxin trans-
port activity was increased in wild type controls under high
temperature, whereas the induction of polar auxin transport
activity was blocked in AtGRXS17 loss-of-function seedlings
under heat stress (Fig. 4D). It is conceivable that the reduction
of polar auxin transport activity in AtGRXS17 loss-of-function
plants contributes to the auxin-related growth defects under
high temperature. Interestingly, the high levels of ROS accumu-
lated along the vascular bundles in AtGRXS17 loss-of-function
seedling roots at a restrictive temperature (Fig. 7). We speculate
that this unique oxidizing environment might influence
phloem as well as polar transport functions and subsequently
inhibit long range auxin as well as carbon transport from the
source to the sink tissues (62).

Both ROS and heat stress can disrupt membrane integrity
and function (63). Because of the central role of membranes in
auxin uptake and transport, the decreased auxin response and
polar auxin transport of AtGRXS17 loss-of-function seedlings
under high temperature could be due to indirect effects of
membrane dysfunction caused by accumulated ROS or ele-
vated temperature (supplemental Fig. 3A). Previous studies
indicate that anthocyanins/flavonoids such as quercetin and
kaempferol can act as endogenous auxin transport inhibitors
(64). It is possible that the increased accumulation of anthocy-
anin in AtGRXS17 loss-of-function seedlings at 28 °C (supple-
mental Fig. 4B) might have a role in inhibiting auxin transport
in the mutants. Furthermore, auxin responses are mediated by
a vast array of auxin-induced or suppressed transcripts (65).
There is a possibility that auxin-regulated transcripts at high
temperature are dependent on AtGRXS17 function. In support
of this notion, cyclin BI;1::GUS expression, which is induced by
auxin (66, 67), was inhibited in atgrxs17 KO plants under high
temperatures (Fig. 6).

Recent genetic analysis of an Arabidopsis triple mutant lack-
ing both Nicotinamide Adenine Dinucleotide Phosphate
(NADPH)-dependent thioredoxin reductase (A and B) and glu-
tathione biosynthesis (CAD2) genes revealed that auxin metab-
olism and polar auxin transport are inhibited when the redox
homeostasis was altered in the mutant plants, suggesting cross-
talk among redox and auxin signaling systems in controlling
plant growth and development (25). Whether AtGRXS17 is
involved in this regulatory interplay is still unknown. However,
Grxs could be substrates of thioredoxin reductases (68). Our
work here establishes a foundation to examine the role of
Grxs in redox regulatory mechanisms underlying hormonal
responses and adaptation to temperature stresses.
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Suppl.Fig.1. AtGRXS17 loss-of-function plants are defective in vegetative growth and sensitive to high temperature. A. The top panel describes the
AtGRXS17 genomic DNA structure and locations of a T-DNA insertion line. Filled boxes indicate exons and line indicates introns. AtGRXS17 RNA
transcripts were not detectable in three atgrxs17-1 plants. B. The top panel shows the RNAI (antisense) construct. AtGRXS17 RNA transcripts were
detected by semi-quantitative RT-PCR and results indicate AtGRXS17 expression was reduced in three RNAI lines. C and D. atgrxsl7 KO
seedlings showed growth defects in shoots at 22°C (C) and 28°C (D). Elevated temperature (28°C) completely inhibited the growth of new leaves in
AtGRXS17 loss-of-function seedlings. E and F. The numbers of leaves were counted for 10-day-old wild type controls and AtGRXS17 loss-of-
function seedlings grown at 22°C (E) and 28°C (F). At 22°C, most of wild type seedlings have 6 or more leaves, while the majority of AtGRXS17
loss-of-function seedlings have 5 leaves or less (E), and when grown at 28°C, almost no new leaves were grown in AtGRXS17 loss-of-function
seedlings (F). G. atgrxs17 KO and RNAI plant phenotypes. Wild type, atgrxs17 KO, and RNAI line seeds were germinated and grown in soil under
normal growth condition (greenhouse) for 6 weeks. The results indicated that atgrxs17 KO and RNAI#1 plants grew significantly slow in comparison
to wild type controls. One-way ANOVA, *p<0.05. H. Effect of AtGRXS17 expression on flowering time. The numbers of leaves of wild type, atgrxs17
KO, and RNAi plants grown under normal conditions for six weeks were counted. The results indicated that there was no difference in flowering
time among wild type, KO, and RNAI plants even though KO and RNAI plants grew slowly compared to wild type plants. One-way ANOVA,
p=0.961.
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Suppl.Fig.2. Effect of AtGRXS17 expression on plant growth is temperature-dependent. A-L. atgrxs17 KO plants displayed defects grown at 25°C.
atgrxs17 KO plants grew slowly with long narrow petioles and irregular shaped leaves, leafy shoot apices (arrowhead), and lateral branches (B, D,
and F) in comparison to wild type plants (A, C, E). The development of gyneocium in atgrxs17 KO plants (H) was also impaired compared to wild
type (G) with only one valve, abnormal stigmas (K), and extended internodes (L) indicated by arrowheads compared to wild type normal stigmas (1)
and internodes (J) indicated by arrows. M-Q. High temperature-inhibition of growth in atgrxs17 KO and RNAI plants was reversible. Wild type,
atgrxs17 KO, and RNAi seeds were germinated and grown in soil under high temperature (28°C for 16 hr during daytime and 25°C for 8 hr at night)
for 7 weeks (M-O). After transferred to normal growth condition (22°C) for an additional 7 weeks, the same atgrxs17 KO and RNAI plants regained
normal growth and produced seeds (P and Q).
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Suppl.Fig.3. Biochemical analysis of atgrxs17 KO plants under high temperature.
A. Arabidopsis heat tolerant test with wild-type (Col-0) and atgrxs17 plants. Four-
week-old Arabidopsis plants were exposed to temperature 38°C for 10 hrs, 20 hrs
and 40 hrs, respectively. Percent leakage of ions of Arabidopsis in response to heat
stress was measured. The error bar represents standard deviation (n=5). The
asterisk (*) is statistical difference by Student t test (p<0.05). B. Anthocyanin
guantitation of Arabidopsis wild type and atgrxsl7 KO plants. Wild type and
atgrxs17 KO seeds were germinated and grown on %2MS media for two weeks at
22°C and 28°C, respectively. Whole seedlings were collected for measuring
anthocyanin contents. Student t test * p<0.05; ** p<0.01; *** p<0.001.
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