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Abstract Sugars such as sucrose or glucose function both
as building materials for biosynthesis, and as signaling molecules
that modulate gene expression. Compared to studies of sugar
signaling in bacteria, yeast and animals, knowledge of the
signaling pathways in plants is still poorly understood. Here,
we investigated the effect of the disruption and overexpression of
an Arabidopsis thaliana adenosine 5’-phosphosulfate reductase
2, AtAPR2, on plant responses to glucose stresses. AtAPR2
encodes an enzyme of the sulfate assimilation pathway and
it is a member of a three gene family that also includes
AtAPRI and AtAPR3. Expression of AtAPRI, AtAPR2 and
AtAPR3 were strongly induced by glucose treatment.
Overexpression of AtAPR2 resulted in enhanced cotyledon
greening and fresh weight increase when plants were treated
with high glucose. By contrast, a T-DNA insertion mutant
(atapr2-2) line showed delayed greening and fresh weight
growth inhibition in response to glucose and also the non-
metabolizable analog 2-deoxyglucose. The expression of three
glucose responsive genes, Hexokinase 1 (HXK1), Phenylalanine
ammonia lyase 1 (PALI) and Pathogenesis related gene 5
(PR5), was elevated in AtAPR2-overexpressing and WT
plants in response to glucose treatment, but in the atapr2-2
mutant line the transcript level for these genes decreased.
Furthermore, At4PR2-overexpressing plants displayed delayed
flowering under long day condition. The data implicates
AtAPR2 as a component controlling flowering time and
glucose response in Arabidopsis thaliana, although the exact
function of AtAPR?2 is not clear.
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Introduction

Sugar signal transduction cascades are important components
of regulatory networks in cells. However, such signaling
pathways are poorly understood in plants compared with the
situation in bacteria, yeast and animals. Nonetheless, changes
in absolute sugar levels, sugar flux or sugar to nitrogen ratios
have profound effects on plant metabolism, growth, development
and stress response. In general, low sugar levels promote
photosynthesis and mobilization of storage polysaccharides,
whereas high sugar levels stimulate carbon import, storage
and utilization (Koch 1996). Sugars modulate various
developmental processes throughout the entire life cycle of
plants, including seed development and germination, seedling
and vegetative growth, floral induction, senescence and
responses to environmental stimuli (Gibson 2005; Rolland et
al. 2006). A number of genes involved in carbon and nitrogen
metabolic processes have been shown to be regulated either
by sugar excess or starvation conditions (Graham 1996;
Koch 1996; Fujiki et al. 2000). Hesse et al. have reported
that regulation of sulfate assimilation is regulated by sugar
signaling likely for co-ordination of sulfate assimilation with
nitrate and carbon assimilation (Hesse et al. 2003).

Plants assimilate sulfate for biosynthesis of many sulfur-
containing compounds including cysteine, methionine,
glutathionine and secondary metabolites such as glucosinolates
(Leustek et al. 2000; Tsakraklides et al. 2002; Saito 2004;
Zhang et al. 2014). Sulfur starvation is distinctly related with
a decreased pathogen resistance of plants (Rausch and
Wachter 2005; Kruse et al. 2007), thus, its deficiency leads
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to reduced growth and development, and decreased crop
yield and quality. Therefore, uptake and assimilation of
sulfur is necessary for cellular metabolism, plant growth and
development, and response to various biotic and abiotic
stresses (Leustek et al. 2000; Saito 2004; Rausch and Wachter
2005). Plants initiate the assimilation process by activating
sulfate to adenosine 5’-phosphosulfate (APS) catalyzed by
ATP sulfurylase. Adenosine 5’-phosphosulfate reductase (APR)
catalyzes the reduction of APS to sulfite in a glutathione
dependent reaction. Sulfide is formed from sulfite by ferredoxin-
dependent sulfite reductase. O-acetylserine (OAS) thiol-lyase
catalyzes the reaction of sulfide and OAS to form cysteine.
OAS is produced by serine acetyltransferase (Brunold 1990;
Leustek et al. 2000; Kopriva et al. 2002). Cysteine can
directly incorporated into protein or further be metabolized
into methionine or glutathione, a tripeptide with important
functions in oxidative stress defense, regulation of sulfur
assimilation, etc. (Noctor et al. 1998). Thus, cysteine synthesis is
a central point of cellular metabolism as this reaction
interconnects sulfate, nitrate, and carbon assimilation (Kopriva
et al. 2002).

APS reductases play a key role in the reductive sulfate
assimilation pathway of plants. This enzyme is composed of
two domains, an amino terminal reductase domain and a C-
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terminal glutaredoxin (GRX)-like domain that serves as the
entry point for electrons from glutathione. The N-terminal
domain resembles bacterial APS reductases that, unlike the
plant type enzymes, use reduced thioredoxin (TRX), rather
than glutathione, as the electron donor for APS reduction
(Lillig et al. 1999; Bick et al. 2000; Kim et al. 2005; Setya
et al. 1996). It is clear that the N-terminal domains of all
plant APS reductases, like the smaller bacterial APS reductases,
contain a single [4Fe-4S] cluster as the sole prosthetic group
(Weber et al. 2001; Kim et al. 2006). Thus, the APS
reductases differ from Escherichia coli 3’-phosphoadenosine
5’-phosphosulfate (PAPS) reductase, which does not contain
any prosthetic groups (Schwenn et al. 1988; Brenedt et al.
1995; Savage et al. 1997; Chartron et al. 2007). Recently
evidence was obtained that the [4Fe-4S] cluster found in
APS reductases does not serve as an electron carrier and its
exact function remains unknown (Kim et al. 2004; Carroll et
al. 2005; Chartron et al. 2000).

In this study, we report that AtAPR2 functions as a
component in the response to glucose (Glc) treatment. The
overexpression of AtAPR2 in transgenic Arabidopsis plants
produced increased tolerance toward Glc during seedling
growth, whereas disruption in the expression of AtAPR2
induced hypersensitivity to Glc. Additionally, the AtAPR2 T-
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Fig. 1. Phenotypes of At4APR2-overexpression plants. (A) Expression levels of 4t4PR2 in wild-type (WT), atapr2-2 mutant and two
independent transgenic lines overexpressing At4PR2 (OX1-3 and OX1-4) were determined by RT-PCR using total RNA isolated from 2-
week-old seedlings. Actin8 was used as an internal control in RT-PCR. (B) Delayed flowering in At4PR2-overexpression plants (OX1-3
and OX1-4) and early flowering in atapr2-2 mutants grown under a 16-h/8-h light/dark photoperiod. (C) 4t4PR2-overexpression lines
developed more leaves before flowering compared with WT plants; atapr2-2 mutant flowered earlier with fewer leaves compared with
WT plants. The data are means = SE (n = 12 each) from three independent experiments. Differences in the leaf number of Arabidopsis

plants are significant at the P < 0.01 (*¥*) level.
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DNA mutant (atapr2-2) plants showed altered flowering
time. These results indicate that AtAPR2 is capable of
modulating the Glc response and flowering time in
Arabidopsis.

Results

Altered Flowering Timing in Mutant atapr2-2 and AtAPR2-
Overexpression Plants

In an effort to investigate the in vivo functions of AtAPR2,
AtAPR?2 was overexpressed in Arabidopsis under the control
of the 35S promoter. Using kanamycin resistance segregation
and reverse transcription (RT)-PCR analysis (Fig. 1A), we
selected plants homozygous for the 35S-4tAPR2 T-DNA
(hereafter referred to as OX1-3 and OX1-4). In an effort to
further evaluate the function of AtAPR2 in Arabidopsis, an
Atlg62180-tagged T-DNA insertion mutant CS851804 was
analyzed. The T-DNA inserted in exon 4 of the Atlg62180
gene was verified via PCR and the cloning of the left T-DNA
border (Fig. S1). Once homozygosity had been established,
the absence of At4PR2 was verified via RT-PCR (Fig. 1A).
The respective mutant was designated as atapr2-2.

The AtAPR2-overexpression plants showed a delayed
flowering phenotype compared to the wild-type (WT) parental
plants and atapr2-2 plants. To observe this phenotype the
plants were grown under long-day (16-h-light/8-h-dark)
photoperiod (Fig. 1B). Additionally, the Az4PR2-overexpression
plants developed on average about three or five more leaves
than WT or atapr2-2 mutant, respectively, at flowering (Fig.
1C). In contrast, under the same growth conditions the
atapr2-2 mutant produced an average of two leaves fewer
than the WT (Fig. 1C). Aside from altered flowering time no
other differences in growth or development were observed
between WT, atapr2-2 and AtAPR2-overexpressing plants.
No differences in seed germination were observed on
Murashige and Skoog (MS) medium between WT, atapr2-2
and AtAPR2-overexpressing plants. These observations reveal
that AtAPR2 function influences flowering time.

Expression of Three Arabidopsis Az4PR Homologous Genes
After Gle Treatment

It has been relatively well established that flowering time is
altered by Glc treatment (Funck et al. 2012). To determine
how Glc treatment effects AzAPR expression level of mRNA
for three different Az4PR homologous genes was measured
in 14-d-old Arabidopsis seedlings threated with Glc
treatment using quantitative real-time (qQPCR). Fig. 2 shows
that time-course transcript levels of AtAPRI, AtAPR2 and
AtAPR3, reached a peak within 6 h after Glc treatment then
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Fig. 2. Expression of the At4PR isoforms in Arabidopsis under Glc
stress. JPCR analysis showing the induction kinetics of Az4PRs in
plants treated with Glc stress. Two-week-old Arabidopsis seedlings
were exposed to 6% Gle, for 0-12 h. Error bars indicate standard
deviations of three independent biological samples. Differences
between the expression of AtAPRI, AtAPR2 or AtAPR3 in 14-d-
old Arabidopsis seedlings untreated and treated with Glc stress are
significant at the 0.05 > P > 0.01 (*) or the P <0.01 (**) levels.

slightly decreased until 12 hours. The expression patterns of
AtAPRI, AtAPR2 and AtAPR3 in Glc-treated Arabidopsis
seedlings similar. These observations suggest that all three
Arabidopsis AtAPR genes are Glc responsive.

Arabidopsis Plants Overexpressing AtAPR2 Show Increased
Insensitivity to Glc and 2-deoxyglucose (2-DG)

Given the delayed flowering phenotype of AtAPR2 overex-
pressing plants and the Glc responsiveness of At4APR2
expression, the Glc-response phenotype of At4APR2
overexpressing plants was assessed. WT Arabidopsis show
a Glc response that is characterized by an inhibition of
cotyledon greening. When germinated on MS medium
lacking Glc WT, atapr2-2, and AtAPR2-overexpressing
(OX1-3, OX1-4) showed similar germination rate and similar
morphology (Fig. 3A). However, on MS supplemented with
6% (w/v) Glc the cotyledon greening rate of WT was only
slightly above 45% 7 d after germination. By contrast, less
than 24% of the atapr2-2 mutant cotyledons expanded and
turned green, but 73%-78% of the OX1-3 and OXI1-4
expanded and produced chlorophyll (Figs. 3B and 3C).
After further growth for 14 d on Glec-supplemented
medium the fresh weight of afapr2-2 reached only 89% of
that of WT, whereas the fresh weight of the Az4PR2-
overexpressing plants reached to 114%-122% compared to
WT (Fig. 3D). These results demonstrated that the atapr2-2
mutant is more sensitive to Glc treatment than WT.
However, the AtAPR2-overexpressing plants were less
sensitive to Glc than WT and the atapr2-2 mutant.
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Fig. 3. Glc sensitivity of atapr2-2 mutant and At4PR2-overexpression transgenic plants. (A and B) Seeds were sown on MS agar plates
supplemented (B) or not with 6% Glc (A) and allowed to grow for 7 d. The photograph shows that A4z4PR2-overexpression transgenic
lines (OX1-3 and OX1-4) show better development and greener than WT and atapr2-2 mutant under Glc stress conditions. (C) Effect of
Glc treatment on cotyledon greening. Seeds were sown on MS agar plates with 6% Glc and permitted to grow for 7 d, and seedlings with
green cotyledons were counted (triplicates, n =50 each). Error bars represent standard deviations. Differences among the WT, atapr2-2,
and two At4PR2-overexpressing (OX1-3 and OX1-4) plants grown in the same conditions are significant at the 0.05 > P > 0.01 (*) or the
P <0.01 (**) levels. (D) Effect of Glc treatment on plant fresh weight. Seeds were germinated on MS medium containing 6% Glc for 14 d, and
measured for the fresh weight (triplicates, n =30 each). Error bars represent standard deviations. Differences among the WT, atapr2-2, and two
AtAPR2-overexpressing (OX1-3 and OX1-4) plants grown in the same conditions are significant at the P < 0.01 (**) levels.

One possibility for the observed phenotype on Glc is that
the plants show symptoms of osmotic stress, compared with
a direct effect of Glc on growth. This possibility was
examined by comparing plant response to mannitol, 3-O-
methylglucose (3-OMG) and 2-DG in control experiments.
Mannitol is a non-metabolizable osmoticum. 3-OMG and 2-
DG are none metabolizable Glc analogs. No apparent difference
was observed among the WT, atapr2-2 and AtAPR2-
overexpressing plants when they were germinated on 400
mM mannitol (Fig. 4C) or 25 mM 3-OMG (Fig. 4C), a Glc
analog that is not phosphorylated by hexokinase, the first
step in the utilization of glucose in glycolysis. However, the
cotyledon greening rate of atapr2-2 mutant was much more
affected than that of WT and A4 PR2-overexpressing plants

by treatment with low concentrations of 2-DG (Figs. 4B and
4C), a Glc analog that can be phosphorylated by hexokinase.
As in the Glc assay, the cotyledon greening percentage of
AtAPR2-overexpressing plants was higher than that of WT
(Fig. 4). Conversely, AtAPR2-mediated suppression of the
cotyledon greening inhibition of HXK1 phosphorylation-
related signal in overexpressing plants might be responsible,
at least in part, for the insensitivity to Glc that is observed in
these plants.

To obtain different hexose information on how fructose
(Frc) or mannose (Man) treatments act on transgenic cotyledon
greening, the seeds of the WT, atapr2-2 and AtAPR2-ove-
rexpressing plants were germinated in MS media supple-
mented with 6% Frc or 0.1% Man, and then permitted to grow
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for 7 d. As shown in Supplementary Fig. S2, Frc or Man
treatments resulted in no significant differences in the
cotyledon greening rate after 7 d among WT, atapr2-2 and
AtAPR2-overexpressing plants. These results are consistent
with the suggestion that AtAPR2 is a necessary component
for the Glc -triggered developmental leaf growth process.

Effects of Glc on Stress-related Genes

It has been relatively well-established that the expressions of
the HXKI, PR5 and PALI genes are induced by Glc
treatment (Xiao et al. 2000; Nambara and Marion-Poll
2005). Fig. 5 revealed that the transcript levels of Glec-
inducible genes including HXKI, PR5 and PALI were

enhanced following induction in At4PR2-overexpressing
and WT plants following Glc treatment, rather than in
atapr2-2 mutant plants. The expressions of the HXK/I, PR5
and PALI were slightly less reduced in the afapr2-2 mutant
compare with the WT and At4PR2-overexpressing plants.
Furthermore, the transcript levels of these three Glc-
inducible genes were significantly induced under the control
(H,O) condition in atapr2-2 mutant plant. While, the
transcript levels of Ribulose-1,5-bisphosphate carboxylase/
oxygenase small subunit 1 (RBCSI), which is known to be
down-regulated during Glc treatment (Krapp et al. 1993),
was not significantly different between the control (H,O) and
Glc treatment in WT, atapr2-2 mutant and AtAPR2-
overexpressing plants. These observations support the notion
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Fig. 4. Glc analogs sensitivity of atapr2-2 mutant and At4PR2-overexpressing transgenic seedlings. (A and B) Seeds were sown on MS
agar plates supplemented (B) or not with 0.02 mM 2-deoxyglucose (2-DG) (A) and allowed to grow for 7 d. The photograph shows that
AtAPR2-overexpression transgenic lines (OX1-3 and OX1-4) show better development and greener than WT and atapr2-2 mutant plants
under Glc stress conditions. (C) Effect of Glc analogs treatment on cotyledon greening. Seeds were sown on MS agar plates with 400
mM mannitol, 0.02 mM 2-DG or 20 mM 3-O-methylglucose (3-OMG) and permitted to grow for 7 d, and seedlings with green
cotyledons were counted (triplicates, n = 50 each). Error bars represent standard deviations. Differences among the WT, afapr2-2, and
two AtAPR2-overexpressing (OX1-3 and OX1-4) plants grown in the same conditions are significant at the 0.05 > P > 0.01 (*) level.
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Fig. 5. Expression of sugar-regulated genes in atapr2-2 mutant and At4PR2-overexpression transgenic plants. mRNA levels were
determined by gPCR using total RNA from 10-d-old seedlings, which were exposed in 6% Glc with gentle shaking for indicated time.
Actin8 was used as an internal control in qPCR. Differences between the expression of HXKI (A), PR5 (B), PALI (C) or RBCS! (D) in
Arabidopsis seedlings untreated and treated with Glc stress are significant at the 0.05 > P > 0.01 (¥) or the P < 0.01 (¥¥) levels.

that AtAPR?2 regulates the expression of these Glc marker
genes under Glc condition. However, the expression levels
of HXK1, PR5 and PALI in WT and At4APR2-overexpressing
plants seems to be very similar under Glc condition. This
likely indicates that the overexpression of 4tAPR2 by itself
is not sufficient for the induction of Glec-related genes, and
may need additional components.

Discussion

APR catalyses a highly regulated step in sulfate reduction
and plays an important role is control of the flux through the
pathway (Mugford et al. 2011). Sulfur assimilation is one of
three assimilative pathways that converge to form cysteine,
the central sulfur-containing metabolite in plants. In addition
to the thiol group of cysteine derived from sulfur assimilation,
this compound also contains an amino group derived from
nitrogen metabolism, and a carbon skeleton derived from
carbon assimilation. These three pathways need to be
coordinated to deliver the cysteine necessary for growth and
development. In the context of the present discussion, it is
especially important to note that expression of AtAPR2 is
Glc-responsive. According to quantitative analysis of AzZAPR

isoforms expression during Glc treatment, AtAPR isoforms
are up-regulated by Glc (Fig. 2). In this study, the transgenic
plants overexpressing AtAPR2 show late flowering and the
atapr2-2 T-DNA mutant show early flowering phenotype
compared to its WT plants grown at a long-day condition
(Fig. 1), suggesting that flowering time response in Arabidopsis
involves AtAPR2.

The results of the present paper show that the AtAPR2-
overexpressing plants were demonstrated to be more
insensitivity to exogenous Glc but not mannitol than were the
WT and atapr2-2 mutant (Fig. 3). This clearly demonstrates that
the carbohydrate effect is not mediated via an increase in the
osmotic potential of the nutrient solution.

Glc is most likely the predominant hexose signal in gene
regulation in plants and other organisms. Just like sucrose,
Glc represses photosynthesis and germinative and postger-
minative developmental programs in different plant systems
(Smeekens 2000; Rolland et al. 2002). Glc is phosphorylated
in plant cells by both unspecific hexokinases (HXKs) and
Gle-specific HXKs (glucokinases). The Glc analog 2-DG
and Man are transported into the plant cells and phosphorylated
by HXK to 2-DG-6-phosphate (2-DG-6-P) and Man-6-phosphate
(Man-6-P), respectively (Loreti et al. 2001). Two other Glc
analogs, 6-deoxyglucose (6-DG) and 3-OMG, are transported

@ Springer



134

J. Plant Biol. (2015) 58:128-136

into the cells but not phosphorylated by HXK (Smeekens
2000; Loreti et al. 2001; Rolland et al. 2002). Generally, Glc-
induced repression of photosynthesis and seed germination
can be mimicked by 2-DG and Man, but not by 6-DG or 3-
OMG, demonstrating that hexose transport as such does not
suffice for gene repression, but that the sensor is intracellular
and that hexose phosphorylation is essential. Frc is also
phosphorylated by HXK and it is likely that this mediates
signals via the same pathway as Glc. At4PR2-overexpressing
transgenic plants showed enhanced insensitivity to Glc in
comparison to the WT, whereas the atapr2-2 lines displayed
enhanced sensitivity to Glc in cotyledon greening (Fig. 3),
which implies that AtAPR2 is a component in the regulation
of Glc or Glc-mediated stress response pathways in Arabidopsis.
As in the Glc assay, -DNA mutant plants were hypersensitive
to low concentration of 2-DG, as shown by the inhibition of
cotyledon greening (Fig. 4). The AtAPR2-overexpressing
transgenic plants were 2-DG hyposensitive and appeared
green (Fig. 4). By testing other Glc analogs, 3-OMG, Frc or
Man treatments resulted in no significant differences in the
cotyledon greening rate among WT, atapr2-2 and AtAPR2-
overexpressing plants (Figs. 4 and S2). These observations
suggest that AtAPR2 is a necessary component for the Gle-
triggered developmental leaf growth process.

The evidence does not clarify the exact function that
AtAPR?2 plays in flowering time and Glc response control,
whether it is part of a signaling or response pathway or
whether the phenotype results from a pleiotropic effect of
changing AtAPR2 expression.

Materials and Methods

Plant Materials, Growth Conditions and Glc Induction

Arabidopsis (Col-0) plants were grown in growth chambers under
intense light (120 pmol m~2 s™") at 22 °C, 60% relative humidity, and a
16 h d length. The At4PR2 T-DNA insertion line CS851804 (atapr2-2)
was acquired from the Arabidopsis T-DNA insertion collection of the
Arabidopsis Biological Resource Center (http://www.arabidopsis.
org). In order to select plants homozygous for the T-DNA insertion,
the gene-specific primers 5’-ATTAGGTTATCTGATCGAACCC-3’
and 5’-GATGITCCCTTTGIGTAGACC-3’ (forward and reverse,
respectively) were utilized for the afapr2-2 line. Plants yielding no
PCR products with the gene-specific primers were subsequently
tested for the presence of the T-DNA insertion using the gene-specific
forward primer in combination with the T-DNA left border specific
primer 5’~AACGTCCGCAATGTGTTATTAAGITGIC-3". The plants
were challenged with Glc via the submersion of 10-d-old Arabidopsis
seedlings in a solution containing 6% Glc. Samples were obtained at
0, 3, 6 and 12 h of Glc treatment, frozen in liquid nitrogen, and stored
at -80°C.

Overexpression Construct of AtAPR2
Total RNA was isolated from Arabidopsis leaves using Trizol reagent

(Invitrogen, Carlsbad, CA, USA). RT-PCR was utilized to obtain a
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full-length 4t4PR2 cDNA (At1g62180). The cDNA was then cloned
into the pENTR1A vector (Invitrogen) for DNA sequence analysis.
RT-PCR primers were: forward primer 5’~-ACGTGGATCCAGATGGC-
TTTAGCTGITACTTC-3’ and reverse primer 5’-ACGTGAATT-
CAGICACCGAAGAAGATTCACAAAC-3’. Amplification proceeded
for 35 cycles as follows: 94°C, 30 sec; 57°C, 30 sec; 72°C, 1 min.
After cloning into pENTR1A, the final construct was generated by LR-
reaction with pEarleyGate100 vector (Earley et al. 2006). The
resulting construct was introduced into A. tumefaciens strain GV3101
by in planta vacuum infiltration. Homozygous lines (T; generation)
from 11 independent transformants were obtained and two lines
(OX1-3 and OX1-4) evidencing high levels of transgene expression
were selected for phenotypic characterization. Kanamycin resistance
of the T, generation from these two selected lines segregated as a
single locus.

Extraction of RNA and RT-PCR

Total RNA was extracted from the frozen samples using the Plant
RNeasy extraction kit (Qiagen, Valencia, CA, USA). In order to
remove any residual genomic DNA in the preparation, the RNA was
treated with RNAse-free DNAse I in accordance with the manufacturer’s
instructions. The concentration of RNA was spectrophotometrically
quantified and 5 pg of total RNA was separated on a 1.2%
formaldehyde agarose gel to verify the concentration and monitor the
extraction integrity. RT-PCR was employed to measure the levels of
AtAPR?2 expression in WT, mutant and transgenic plants, using 500
ng of total RNA together with the following primers: 4z4PR2: forward
(5-AACGCTGAGTCACATTCACGAAGCG-3") and reverse (5°-
GAAAGITCCACACATCAGCTCCTTC-3"); Actin8 (At1g49240):
forward (5’-TGCCTATCTACGAGGGITTC-3") and reverse (5’-GTC-
CGTCGGGTAATTCATAG-3"). After 27 PCR amplification cycles,
20 pL of each RT-PCR product was loaded onto a 1.2% (w/v) agarose
gel to visualize the amplified DNA.

Stress Tests

For the Glc, Frc and Man stress tests, seeds were sown on MS
medium (Murashige and Skoog 1962) medium supplemented with
6% Gle, 6% Frc and 0.1% Man, respectively, grown in a growth
chamber, and assessed for percentage of cotyledon greening after 7 d.
Experiments were conducted in triplicate for each line (50 seeds each).
To test osmotic stress, seeds were sown on MS medium supplemented
with 400 mM mannitol. Growth and phenotypic assessment was as
described for the sugars. For 2-DG stress test, seeds were sown on
MS medium supplemented with 0 and 0.01 mM 2-DG. Growth and
phenotypic assessment was as described for the sugars. For 3-OMG
stress test, seeds were sown on MS medium supplemented with 0 and
25 mM 3-OMG. Growth and phenotypic assessment was as described
for the sugars.

qPCR

Total RNA was extracted from the variously-treated 10-d-old Arabidopsis
seedlings using an RNeasy Plant Mini kit (Qiagen). qPCR was carried
out using the SensiMix One-Step kit (Quantance, London, UK) and a
Rotor-Gene 6000 quantitative PCR apparatus (Corbett Research,
Mortlake, NSW, Australia). Arabidopsis Actin8 was used as the internal
control. Results were analyzed using RG6000 1.7 software (Corbett
Research). Quantitative analysis was carried out using the Delta Delta
Cr method (Livak and Schmittgen 2001). Each sample was run in three
independent experiments. The reaction primers utilized were: AtAPR]
(AH4G04610), forward 5’-CTCGTTTCGGTGITTCATTGGAGCC-3’
and reverse 5’-~ACAATCCCTTGCTCTAACCAAACC-3’; AtAPR2
(At1G62180), forward 5°~-AACGCTGAGTCACATTCACGAAGCG-3’
and reverse 5’-GAAAGTTCCACACATCAGCTCCTTC-3’; AtAPR3
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(At4G21990), forward 5’-GGCTTCTCTGAGTTTGTCCGGGAAG-3’
and reverse 5’-TCCAAGCACGTAAACCCTTCAACGC-3’; HXKI
(At4G29130), forward 5’-GACGAACCCACCAAGCTCGAG-3’ and
reverse 5’-TGCATCTCAACGGICATAGC-3’; RBCSI (At1G67090),
forward 5’-CACGGATTTGTGTACCGTG-3’ and reverse 5’-CTTTA-
GCGACTCATGGTTC-3’; PR5 (At1G75040), forward 5’-CACTCT-
GGCTGAATTCACTC-3’ and reverse 5’-ACCTCTCACAGGCAC-
TCTTG-3’; PALI (At2G37040), forward 5’-GGAACAAATACAATT-
CCTTAAC-3’ and reverse 5’-GCACCAAAACCAGTAGTAAC-3’;
Actin8, forward 5°’-TGCCTATCTACGAGGGITTC-3’ and reverse 5’-
GI'CCGTCGGGTAATTCATAG-3".

Acknowledgements

This work was supported by a grant to C.S.K. from the Basic Science
Research Program funded by the Ministry of Education, Science and
Technology of Korea (NRF-2010-0022026). The construction and
initial characterization of the Arabidopsis mutants used in this study
was supported by the U.S. Department of Energy, Office of Science,
Office of Basic Energy Sciences, Chemical Sciences, Geosciences,
and Biosciences Division under Award Number DE-FG03-99ER20346
(to D.B.K) and National Science Foundation grant number 10S-
1121521 (to TL.).

Author’s Contributions

The work presented here was carried out in collaboration between all
authors; JS Chung and CS Kim designed research; JS Chung and HN
Lee performed research; JS Chung, T Leustek, DB Knaff and CS
Kim analyzed data; JS Chung, T Leustek, DB Knaff and CS Kim
wrote the paper.

Supporting Information

Fig. S1. Scheme of the T-DNA insertion in the At4PR2 gene.
Fig. S2. Hexose sensitivity of afapr2-2 mutant and At4PR2-overex-
pressing transgenic seedlings.

References

Berendt U, Haverkamp T, Prior A, Schwenn J. D (1995) Reaction
mechanism of thioredoxin: 3’-phospho-adenylylsulfate reductase
investigated by site-directed mutagenesis. Eur J Biochem 233:347-
356

Bick JA, Dennis JJ, Zylstra GJ, Nowack J, Leustek T (2000)
Identification of a new class of 5’-adenylylsulfate (APS) reductase
from sulfate-assimilating bacteria. J Bacteriol 182:135-142

Brunold C (1990) Reduction of sulfate to sulfide. In: Rennenberg H,
Brunold C, De Kok LJ, Stulen I (eds) Sulfur nutrition and sulfur
assimilation in higher plants: fundamental, environmental and
agricultural aspects. SPB Academic Publishing, The Hague
pp13-31, ISBN 90-5103-038-X

Carroll KS, Gao H, Chen H, Stout CD, Leary JA, Bertozzi CR (2005)
A conserved mechanism for sulfonucleotide reduction. PLoS
Biol 3 €250

Chartron J, Carroll KS, Shiau C, Gao H, Leary JA, Bertozzi CR,
Stout CD (2006) Substrate recognition, protein dynamics, and
iron-sulfur cluster in Pseudomonas aeruginosa adenosine-5’-

phosphsulfate reductase. J Mol Biol 364:162—-169

Chartron J, Shiao C, Stout CD, Carroll KS (2007) 3’-Phosphoadenosine-
5’-phosphosulfate reductase in complex with thioredoxin: A
structural snapshot in the catalytic cycle. Biochem 46:3942—
3951

Earley KW, Haag JR, Pontes O, Opper K, Juehne T, Song K, Pikaard
CS. (2006) Gateway-compatible vectors for plant functional
genomics and proteomics. Plant J 45:616-629

Fujiki Y, Ito M, Nishida I, Watanabe A (2000) Multiple signaling
pathways in gene expression during sugar starvation. Pharma-
cological analysis of din gene expression in suspension-cultured
cells of Arabidopsis. Plant Physiol 124:1139-1148

Funck D, Claub K, Frommer WB, Hellmann H.A. (2012) The
Arabidopsis CstF64-like RSR1/ESP1 protein participates in
glucose signaling and flowering time control. Front Plant Sci
3:1-13

Gibson SI (2005) Control of plant development and gene expression
by sugar signaling. Curr Opin Plant Biol 8:93-102

Graham IA (1996) Carbohydrate control of gene expression in higher
plants. Res Microbiol 147:572-580

Hesse H, Trachsel N, Suter M, Kopriva S, von Ballmoos P,
Rennenberg H, Brunold C (2003) Effect of glucose on assimilatory
sulphate reduction in Arabidopsis thaliana roots. ] Exp Bot
54:1701-1709

Kim SK, Rahman A, Bick JA, Conover RC, Johnson MK, Mason JT,
Hirasawa M, Leustek, T, Knaff DB (2004) Properties of the
cysteine residues and iron-sulfur cluster of the assimilatory 5°-
adenylylsulfate reductase from Pseudomonas aeruginosa. Biochem
43:13478-13486

Kim SK, Rahman A, Conover RC, Johnson MK, Mason JT,
Hirasawa M, Moore ML, Leustek T, Knaff DB (2006) Properties
of the cysteine residues and the iron-sulfur cluster of the
assimilatory 5’-adenylyl sulfate reductase from Enteromorpha
intestinalis. Biochem 45:5010-5018

Kim SK, Rahman A, Mason JT, Hirasawa M, Conover RC, Johnson
MK, Miginiac-Maslow M, Keryer E, Knaff DB, Leustek T
(2005) The interaction of 5’-adenylylsulfate reductase from
Pseudomonas aeruginosa with its substrates. Biochim Biophys
Acta 1710:103-112

Koch KE (1996) Carbohydrate modulated gene expression in plants.
Annu Rev Plant Physiol Plant Mol Biol 47:509-540

Kopriva S, Suter M, von Ballmoos P, Hesse H, Krihenbiihl U,
Rennenberg H, Brunold C (2002) Interaction of sulfate assimilation
with carbon and nitrogen metabolism in Lemna minor. Plant
Physiol 130:1406-1413

Krapp A, Hofmann B, Schafer C, Stitt M (1993) Regulation of the
expression of rbcS and other photosynthetic genes by carbohydrates:
a mechanism for the sink regulation of photosynthesis? Plant J
3:817-828

Kruse C, Jost R, Lipschis M, Kopp B, Hartmann M, Hell R (2007)
Sulfur-enhanced defence: effects of sulfur metabolism, nitrogen
supply, and pathogen lifestyle. Plant Biol 9:608—-619

Leustek T, Martin MN, Bick JA, Davies JP (2000) Pathways and
regulation of sulfur metabolism revealed through molecular and
genetic studies. Ann Rev Plant Physiol Plant Mol Biol 51:141—
165

Lillig CH, Prior A, Schwenn JD, Aslund F, Ritz D, Vlamis-Gardikas
A, Holmgren A (1999) New thioredoxins and glutaredoxins as
electron donors of 3'-phosphoadenylylsulfate reductase. J Biol
Chem 274:7695-7698

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression
data using real-time quantitative PCR and the 2:°P¢ method.
Methods 25:402—408

Loreti E, de Bellis L, Alpi A, Perata P (2001) Why and how do plants
sense sugars? Ann Bot 88:803-812

Mugford SG Lee BR, Koprivova A, Matthewman C, Kopriva S

@ Springer



136

J. Plant Biol. (2015) 58:128-136

(2011) Control of sulfur partitioning between primary and
secondary metabolism. Plant J 65:96—-105

Murashige T, Skoog F (1962) A revised medium for rapid growth and
bioassays with tobacco tissue cultures. Physiol Plant 15:473-497

Nambara E, Marion-Poll A (2005) Abscisic acid biosynthesis and
catabolism. Annu Rev Plant Biol 56:165-185

Noctor G Arisi AM, Jouanin L, Kunert KJ, Rennenberg H, Foyer CH
(1998) Glutathione: biosynthesis, metabolism and relationship to
stress tolerance explored in transformed plants. J Exp Bot
49:623-647

Rausch T, Wachter A (2005) Sulfur metabolism: a versatile platform
for launching defence operations. Trends Plant Sci 10:503-509

Rolland F, Baena-Gonzalez E, Sheen J (2006) Sugar sensing and
signaling in plants: conserved and novel mechanisms. Annu Rev
Plant Biol 57:675-709

Rolland F, Moore B, Sheen J (2002) Sugar sensing and signaling in
higher plants. Plant Cell 14:S185-S205

Saito K (2004) Sulfur assimilatory metabolism. The long and
smelling road. Plant Physiol 136:2443-2450

Savage H, Montoya G, Svensson C, Schwenn JD, Sinning I (1997)
Crystal structure of phosphoadenylyl sulphate (PAPS) reductase:
A new family of adenine nucleotide alpha hydrolases. Structure
5:895-906

Schwenn JD, Krone FA, Husmann K (1988) Yeast PAPS reductase:

@ Springer

Properties and requirements of the purified enzyme. Arch
Microbiol 150:313-319

Setya A, Murillo M, Leustek T (1996) Sulfate reduction in higher
plants: Molecular evidence for a novel 5'-adenylylphosphosulfate
(APS) reductase. Proc Natl Acad Sci (USA) 93:13383-13388

Smeekens S (2000) Sugar-induced signal transduction in plants.
Annu Rev Plant Physiol Plant Mol Biol 51:49-81

Tsakraklides GP, Martin M, Chalam, R, Tarczynski M, Schmidt A,
Leustek T (2002) Sulfate reduction is increased in transgenic
Arabidopsis thaliana expressing 5’-adenylylsulfate reductase
from Pseudomonas aeruginosa. Plant J 32: 879-889

Weber M, Suter M, Brunold C, Kopriva S (2000) Sulfate assimilation
in higher plants characterization of a stable intermediate in the
adenosine 5'-phosphosulfate reductase reaction. Eur J Biochem
267:3647-3653

Xiao W, Sheen J, Jang JC (2000) The role of hexokinase in plant
sugar signal transduction and growth and development. Plant
Mol Biol 44:451-461

Zhang B, Pasini R, Dan H, Joshi N, Zhao Y, Leustek T Zheng Z-L
(2014) Aberrant gene expression in mutants of the Arabidopsis
sulfate transporter SULTR1;2 suggests a possible regulatory role
for this sulfate transporter in response to sulfur nutrient status.
Plant J 77:185-197




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [2834.646 2834.646]
>> setpagedevice


