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Sulfate is required for the synthesis of sulfur-containing amino acids and numerous other compounds essential for the plant
life cycle. The delivery of sulfate to seeds and its translocation between seed tissues is likely to require specific transporters. In
Arabidopsis (Arabidopsis thaliana), the group 3 plasmalemma-predicted sulfate transporters (SULTR3) comprise five genes, all
expressed in developing seeds, especially in the tissues surrounding the embryo. Here, we show that sulfur supply to seeds is
unaffected by T-DNA insertions in the SULTR3 genes. However, remarkably, an increased accumulation of sulfate was found
in mature seeds of four mutants out of five. In these mutant seeds, the ratio of sulfur in sulfate form versus total sulfur was
significantly increased, accompanied by a reduction in free cysteine content, which varied depending on the gene inactivated.
These results demonstrate a reduced capacity of the mutant seeds to metabolize sulfate and suggest that these transporters
may be involved in sulfate translocation between seed compartments. This was further supported by sulfate measurements of
the envelopes separated from the embryo of the sultr3;2 mutant seeds, which showed differences in sulfate partitioning
compared with the wild type. A dissection of the seed proteome of the sultr3 mutants revealed protein changes characteristic of
a sulfur-stress response, supporting a role for these transporters in providing sulfate to the embryo. The mutants were affected
in 12S globulin accumulation, demonstrating the importance of intraseed sulfate transport for the synthesis and maturation of

embryo proteins. Metabolic adjustments were also revealed, some of which could release sulfur from glucosinolates.

Sulfur is an essential macronutrient for all living
organisms. In plants, sulfur is a constituent of the
amino acids Met and Cys, the latter controlling protein
folding and/or activity through reversible disulfide
bond formation. As a constituent of Met, sulfur is
important in the nutrition of animals and humans,
which are unable to synthesize Met and rely on
dietary sources. Furthermore, various compounds
essential for plant growth and development are de-
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rived from sulfur-containing amino acids (e.g. gluta-
thione, S-adenosylmethionine, ethylene, and biotin). In
recent decades, reduced atmospheric pollution has led
to increased sulfur deficiency in European agriculture
(Schnug, 1991; McGrath et al., 1993; Zhao and McGrath,
1993). This is an agronomic issue, since many studies
have reported that sulfur deficiency results in variations
in crop yield and seed protein composition (Chandler
et al., 1984; Higgins et al., 1986; Naito et al., 1994; Hirai
et al., 1995; Higashi et al., 2006). Identifying the mech-
anisms involved in sulfur transport in plants, therefore,
is of great interest for improving or maintaining seed
yield and protein composition under such environmen-
tal fluctuations. Several studies have focused on sulfur
acquisition by roots and transport to aerial parts of the
plant (Smith et al., 1995, 1997; Takahashi et al., 2000;
Shibagaki et al., 2002; Yoshimoto et al., 2002; Buchner
et al., 2004a; Kataoka et al., 2004a; El Kassis et al., 2007),
but to date, seed sulfur transport and metabolic adjust-
ments of seeds to low-sulfur transport activity remain
to be studied.

In plants, sulfur is usually taken up by the roots as
sulfate and distributed within the tissues in this form.
Tabe and Droux (2001) demonstrated that sulfate is the
dominant form of sulfur found in the phloem supply-
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ing pods during lupin (Lupinus albus) seed develop-
ment and that the seed is able to reduce and assimilate
sulfate. If sulfate is not reduced, excess sulfate is stored
in the vacuole (Kaiser et al., 1989; Martinoia et al., 2000,
2007). A recent transcriptome analysis of Medicago
truncatula developing seeds suggested that seed tis-
sues accommodate two distinct pathways of sulfur
assimilation: most of the sulfate enters the embryo,
being utilized for the synthesis of Cys and its incor-
poration into proteins, while sulfate in the seed coat
and endosperm serves preferentially for the synthesis
of defense-related sulfur compounds (Gallardo et al.,
2007). This intertissue partitioning implies an active
exchange of sulfate between the seed compartments.

Sulfate is delivered to plant tissues and cell com-
partments by specific sulfate transporters (SULTR),
which are encoded by large gene families (12-14
members) in Arabidopsis (Arabidopsis thaliana) and
rice (Oryza sativa). Based upon sequence similarities,
sulfate transporters can be subdivided into four groups
(SULTR1 to -4), whose members possess 12 membrane-
spanning domains and a STAS domain at the C termi-
nus (Rouached et al., 2005), and a fifth group (SULTR5)
lacking these features (Buchner et al., 2004b). In
Arabidopsis, the SULTR5;2 gene has recently been
demonstrated to encode a root high-affinity molybdate
transporter (Tomatsu et al., 2007), which raises the
question of the role of group 5 genes in sulfate trans-
port. The differences in kinetics and expression pat-
terns of groups 1 to 4 are suggestive of functional
subtypes (Hawkesford, 2003). In recent years, sulfate
transporters of groups 1 and 2, which are localized at
the plasma membrane, have been the subject of several
studies. Members of group 1 represent high-affinity
transporters that facilitate the uptake of sulfate by the
root (SULTR1;1 and SULTRI;2) or translocation of
sulfate from source to sink (SULTR1;3; Smith et al.,
1995, 1997; Takahashi et al., 2000; Shibagaki et al., 2002;
Yoshimoto et al., 2002; El Kassis et al., 2007). Group 2
is composed of low-affinity sulfate transporter genes
expressed in vascular tissues and reportedly in-
volved in the translocation of sulfate within the plant
(Takahashi et al., 2000; Buchner et al., 2004b; Awazuhara
et al., 2005). Unlike groups 1 and 2, group 4 sulfate
transporters have been localized in the tonoplast
membrane, where they are proposed to mediate the
efflux of sulfate from the vacuolar lumen into the
cytoplasm (Kataoka et al., 2004b) and to play a role in
redox homeostasis in seeds (Zuber et al., 2010).

While group 3 is the largest group of sulfate trans-
porters in Arabidopsis, with five members (SULTR3;1
to -3;5), their roles are not yet established. These
transporters are all predicted to be localized at the
plasma membrane. This was confirmed for the
SULTR3;5 transporter by particle bombardment of onion
(Allium  cepa) epidermal cells using a GFP-tagged
SULTRS3;5 fusion construct (Kataoka et al., 2004a). The
data available in the literature for these genes indicate a
differential expression in plant tissues, which is not
stimulated by sulfur deficiency (Buchner et al., 2004a),
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and a role for SULTR3;5 in the root-to-shoot transport of
sulfate in cooperation with SULTR2;1 in Arabidopsis
under sulfur-deficient conditions (Kataoka et al., 2004a).
In this study, we observed that the Arabidopsis
SULTR3 genes are expressed in developing seeds,
especially in the tissues surrounding the embryo. To
provide information about their possible contribution
to seed sulfate transport and to the establishment of
seed composition, we have characterized Arabidopsis
T-DNA insertion lines for the five SULTR3 genes.
While total sulfur content did not vary between wild-
type and mutant seeds, the sulfate content was in-
creased in mature seeds of four mutants out of five,
which demonstrates reduced sulfate assimilation during
seed development. A proteome analysis was performed
on mature seeds from these mutant lines that revealed
metabolic adjustments characteristic of a sulfur-defi-
ciency response. Reduced maturation of embryo-spe-
cific proteins belonging to the 12S globulin family was
also observed, consistent with a role for the SULTR3
transporters in sulfate translocation to the embryo.

RESULTS
Gene Expression of SULTR3 in Arabidopsis Plant Organs

We first studied by real-time quantitative reverse
transcription (qQRT)-PCR relative mRNA abundances
of the group 3 Arabidopsis sulfate transporter genes
(SULTR3;1; SULTR3;2, SULTR3;3, SULTR3;4, and
SULTRS3;5; Fig. 1A). RNAs from isolated seeds (7 and
10 d after flowering, corresponding to embryogenesis
and seed-filling stages, respectively), isolated siliques
(at 7-10 d after flowering), and other tissues (leaves,
flowers, roots, and stems) were analyzed. All tissues
were collected during the reproductive growth phase
under unlimited sulfur availability. The gRT-PCR data,
which were consistent with an available microarray-
based transcriptomics data set (Toufighi et al., 2005;
Supplemental Fig. S1), revealed a differential expres-
sion of the five group 3 sulfate transporters in plant
organs (Fig. 1A). While SULTR3;1 was preferentially
expressed in stems, SULTR3;2 and SULTR3;4 were more
widely expressed in various organs. The SULTR3;3 gene
was also expressed in several organs (mature seeds and
leaves) but at relatively low levels compared with the
other genes. Interestingly, SULTR3;5 was strongly ex-
pressed in mature seeds as compared with all other plant
organs.

Whereas group 3 genes were all expressed during
seed development, their expression timing differed
(Fig. 1A; Supplemental Fig. S1): SULTR3;1 and SULTR3;2
were expressed throughout seed development, while
SULTR3;3 and SULTR3;5 were exclusively expressed at
late stages, and SULTR3;4 transcripts specifically ac-
cumulated during embryogenesis and early seed fill-
ing. In addition to qRT-PCR profiles, we examined
SULTR3 expression in seed tissues by exploring Laser
Capture Microdissection/GeneChip data from Seed-
genenetwork (Harada-Goldberg Arabidopsis LCM
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Figure 1. Expression profiling of the five genes
(SULTR3;1, SULTR3;2, SULTR3;3, SULTR3;4,
and SULTR3;5) encoding sulfate transporters of
group 3 in Arabidopsis plant and seed tissues. A,
Relative mRNA quantity estimated by qRT-PCR in
developing seeds separated from pods, in mature
seeds, in siliques collected at 7 to 10 d after
flowering (DAF), and in other tissues of wild-type
plants (Col-0) grown in sulfur-sufficient condi-
tions. 7 DAF, Embryogenesis; 10 DAF, early seed
filling. Bars represent means = sp of three inde-
pendent measurements from two biological ex-
periments. B, Expression data in seed tissues from
the Harada-Goldberg Arabidopsis LCM Gene-
Chip Data Set (Seedgenenetwork at http://estdb.
biology.ucla.edu/ seed/, Gene Expression Omni-
bus accession series GSE12404). These data were
normalized to the highest expression value set
to 1 and represented as a color scale (Genesis
software; Sturn et al., 2002) in which red and
yellow represent the highest and lowest expres-
sion values, respectively. For each gene, the max-
imum expression level is indicated by a white dot.

—

Suspensor

Globular Stage

Chalazal Chalazal | Micropylar | Peripheral

CEELNCEIM endosperm | endosperm | endosperm

)]

£, 5 18, s 18, s |13, 5 |B. 5 |
£ o 8o 8o [ T @ @
"2 Bsloe Bsloe Bsloe Bslhe Bsle2
=B o3 gl 2o Bl oS- f 05| S0xBl57
T oOEC|lon oS Slopnp oS l|jlon oS c|lopn oS |80
S80S T nls [ =NOl = I =NGE = snplz =
i © @ © @i O @ in O ®n O a®
o8 ol2 8 ol28hm o288 ?™ ol2E8hm o o
o5 - 58lesC58lescs2lescs8lese 58183
20 g 02|22 5029250292 s 0222502128
ogcuom|oopcm|PlOocrm|PlocE|POocE]|ER
COISZ|d0OISEaO0ISZE|c0OIS=Zc0ITS=|e0O

Sultr3;1
Sultr3;2
Sultr3;4

Sultr3;3

i H

| lsuitr3;5

Peripheral
endosperm

Embryo proper

Color scale representing variations in
transcript abundance for each gene:

0.0 I 1.0
Micropylar endosperm
Suspensor

GeneChip Data Set [http://seedgenenetwork.net/],
Gene Expression Omnibus accession series GSE12404;
Le et al.,, 2010). All SULTR3 genes were strongly ex-
pressed in the tissues surrounding and/or attached to
the embryo (Fig. 1B). SULTR3;1 and SULTR3;2 were
preferentially expressed in the general seed coat and
micropylar endosperm. SULTR3;3 and SULTR3;5 genes
were strongly expressed in the three compartments of
the endosperm (i.e. chalazal, peripheral, and micropylar)
and in the chalazal seed coat. SULTR3;4 showed a
distinct expression pattern, being strongly expressed in
the suspensor and the micropylar endosperm. These
expression profiles are consistent with a role in seed
development for the SULTR3 genes, either in seed sulfate
import or in sulfate translocation within the seed.

Genomic and Phenotypic Characterization of sultr3
Mutant Lines

Mutant lines in the Columbia background (Col-0)
for SULTR3;1, -3;2, -3;3, and -3;4 were from the SALK
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T-DNA insertions (Alonso et al.,, 2003), and the
SULTR3;5 mutant line was from the SLAT collection
(Tissier et al., 1999). All mutant lines, backcrossed once
with Col-0, and the corresponding wild type were
greenhouse grown under unlimited sulfur availability.
For each plant analyzed, insertion presence and allele
homozygosity were determined by PCR. Sequencing
of the genomic regions flanking the T-DNA borders
revealed possible multiple T-DNA insertions in the
SULTR3;1, -3;3, and -3;4 genes: in the first exon of
SULTR3;1 with a 36-bp deletion, in the fourth exon of
SULTR3;3 with a 32-bp deletion, and in the promoter
region of SULTR3;4 with a 27-bp deletion at position
—180 relative to the ATG start codon (Fig. 2A). Single
insertions were found in the SULTR3,2 and -3;5 genes:
in the fifth intron of SULTR3,;2 with a 35-bp deletion
and in the fourth intron of SULTR3;5 (Fig. 2A). De-
tailed sequence and primer information are available
in Supplemental Figure S2. The residual expression
from the disrupted SULTR3 genes was measured by
qRT-PCR using the gene-specific primers described in
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Supplemental Table S1. For the five mutant lines,
mRNA abundance decreased by 92% to 100% as
compared with the wild type (Fig. 2B). Finally, we
have estimated the T-DNA copy number in the ge-
nome of each mutant using quantitative real-time PCR
by comparison with three single-copy genes (see “Ma-
terials and Methods”). One to two T-DNA copies were
identified (Supplemental Table S2), except for sultr3;2,
which possesses five copies. The fact that two T-DNA
left border sequences were identified in the SULTR3;1,
-3,3, and -3;4 mutant lines suggests that these lines
possess T-DNA insertions only in the SULTR3 genes
(Fig. 2A; Supplemental Fig. S2).

Phenotypic indicators of plant performance (onset
of flowering, rosette leaf surface at flowering, and seed
yield) were measured on the mutant and wild-type
plants and submitted to statistical analyses to deter-
mine if there were significant differences between the
wild-type and mutant plants (Fig. 3). Mutant plant
growth was not arrested, but four group 3 mutants
(sultr3;2, -3;3, -3;4, and -3;5) had an earlier onset of
flowering and an average rosette leaf area approxi-
mately 20% smaller than the wild type (Fig. 3A).
These phenotypic differences are similar to those
observed under low-sulfate growth conditions (Ni-
kiforova et al., 2004). In addition, sultr3;3, -3;4, and -3;5
had a weight of 100 seeds higher than the wild type
(Fig. 3B). As no significant change in seed yield was

observed, we assumed that this is due to there being
fewer seeds per plant.

Sulfur/Nitrogen/Carbon Contents and Anion and Thiol
Levels in Mature Seeds of the sultr3 Mutant Lines

Total sulfur content, measured in mature seeds of
each line, did not vary significantly between the mu-
tants and the wild type (Fig. 4A). This finding and the
absence of significant variation in seed yield indicate
that sulfur compound allocation to the seed compart-
ment (i.e. total seed mass) was not affected in all group
3 mutants. We further determined sulfate levels in
mature seeds and leaves (Fig. 4B; Supplemental Fig.
S3). Intriguingly, the sultr3;2, -3;3, -3;4, and -3;5 mu-
tants possessed an average seed sulfate content from
1.7- to 2.3-fold higher than the wild type (Fig. 4B). In
contrast, we did not find any significant variations for
sulfate content in rosette leaves (Supplemental Fig.
S3). By calculating the proportion of sulfur (S) accu-
mulated in mature seeds in the form of sulfate
[S (SO,*7)], according to the formula S (SO,*7) X 100/S
(total), we observed that sulfur in sulfate form repre-
sents 6% of total sulfur content in the wild type,
whereas it represents up to 16% in the sultr3 mutants.
This increased S (8042_) versus S (total) ratio is indic-
ative of reduced sulfate assimilation in developing
seeds of the mutant lines. To investigate whether the

Figure 2. T-DNA insertion sites and residual ex- A B Relative transcript abundance
pression from the disrupted SULTR3 genes. A, Lo Lb 03 -
Structure of the SULTR3 genes with the insertion E//:l '
sites for the mutant lines SALK-023190 (sultr3;1), L Sultr3;1 0.2 1
SALK-023980 (sultr3;2), SALK-031340 (sultr3;3), 0.1 1 -92%
SALK-100362 (sultr3;4), and NASC-N112372 S5 3 0 L
(sultr3;5). The exons are indicated by white ks 4.5 kb s Wit sultr3;1
boxes, untranslated regions by black boxes, and
T-DNA by dashed boxes. PCR was performed by £b B 0.4
using specific primers for each gene binding T
upstream and downstream of the predicted Sultr3;2 0.2 {
T-DNA insertion and primers binding in the bor- E/M‘D’DEWD\E- 97%
der regions of the corresponding T-DNA (black 2 ._.3 0] )
arrows). Detailed information about primers and 4,6 kb Wt sultr3;2
sequences is available in Supplemental Figure Lb b
S2. B, Residual expression level of the disrupted EZ?’/E_*:I 0.04
SULTR3 genes using the gene-specific primers P .
listed in Supplemental Table S1 from RNA ex- R Sultr3;3 0.02
tracted from developing siliques (for the sultr3;1, 5° 3° -100%
sultr3;4, and sultr3;5 mutants versus the wild type - 4.1 kb '; 0 Wit sultra 3
[Wt]), flowers (for the sultr3;2 mutant versus the b b ’
wild type), or leaves (for the sultr3;3 mutant -— /:—l* 0.04 -
versus the wild type). Bars represent means * sp e
of three biological replicates. Lb and Lspm, Left L Sultr3;4 0.02 -
border primers of the T-DNA from SALK and . .
NASC lines, respectively; Rb and Rspm, right g 3.; 0 - Skl
border primers of the T-DNA from SALK and 3.9 kb wt sultr3;4
NASC lines, respectively. Lspm Rspm
0.002 §
: Sultr3;5 0.001
57 3’ 0 -98%
) 42kb i Wt sultr3;5
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Figure 3. Phenotypic characteristics of homozygous sultr3 mutant
plants. A, Onset of flowering (black bars) and projected rosette leaf
surface at flowering (white bars) for the wild-type (Wt) and mutant
plants. B, Seed weight (black bars) and yield per plant (white bars) for
the wild-type and mutant plants. Each bar represents the mean = sp of
four biological replicates (100 seed weight) or nine biological repli-
cates (the other characters). The data were submitted to a Levene’s test
to assess variance homogeneity and then to a Student’s t test to
determine if there are statistically significant differences between wild-
type and mutant plants. Asterisks represent Pvalues: * P < 0.05, ** P <
0.01. [See online article for color version of this figure.]

altered sulfate assimilation can be explained by defects
in sulfate partitioning between the main seed tissues,
the envelopes were separated from the mature embryo
after a short period of imbibition for one selected
mutant line and for the wild type, and then sulfate
content was determined in both tissues and in the
entire seed also subjected to a short period of imbibi-
tion. Knowing that at maturity the endosperm is only a
thin layer and the seed coat is the major envelope
surrounding the embryo, we have selected one mutant
line for a SULTR3 gene strongly expressed in the seed
coat. Among the two genes expressed in this tissue
(SULTR3;1 and SULTR3;2; Fig. 1B), we have chosen to
focus on SULTR3;2 because of the increased S (SO4 M)
versus S (total) ratio of the corresponding mutant
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seeds (Fig. 4). Interestingly, a statistically significant
(P < 0.05) difference in sulfate partitioning between
seed tissues was observed between the wild-type and
sultr3;2 mutant seeds (Fig. 4B). The proportion of
sulfate in the envelopes was higher (59.4%) than that
observed for the wild-type seeds (45.7%). Also, despite
not being statistically significant, a reduced proportion
of sulfate was observed in the embryo for this mutant
as compared with the wild type. This suggests a defect
in sulfate translocation from the main envelopes to the
embryo in the sultr3;2 developing seeds.

We further measured the levels of free Cys and
glutathione in mature seeds and in leaves of each
mutant (Fig. 4C; Supplemental Fig. S3). Interestingly,
Cys level was decreased by 2.6-, 1.8-, and 1.6-fold in
mature seeds of sultr3;1, sultr3;2, and sultr3;3 (Fig. 4C),
respectively, whereas it was not affected in leaves
(Supplemental Fig. S3). This could be indicative of a
reduced activity of the sulfur assimilation pathways
leading to Cys synthesis in the developing mutant
seeds. This is consistent with the reduced sulfate use
efficiency observed for the sultr3;2 and -3;3 mutant
seeds. This also suggests that an alteration of sulfur
metabolism, such as a reduced release and/or conver-
sion of Cys from other precursors than sulfate, may
occur in the sultr3;1 mutant seeds not significantly
affected for seed sulfate content.

Finally, other mineral and organic major anion con-
tents (nitrate, phosphate, chloride, malate, and citrate)
were measured in seeds of each mutant, and the overall
nitrogen and carbon contents were determined (Fig.
4B). Mature seed nitrate contents of the sultr3;3 and -3,4
mutants were decreased by 1.7- and 2.3-fold, respec-
tively, compared with the wild type. In mature seeds of
the sultr3;4 mutant, a significant decrease of chloride
content was also observed reaching a much lower value
(1.4-fold) than in the other lines. No variation was
detected for the other anions and elements measured.

Proteome Analysis of SULTR3 Mutant Seeds

To further explore whether changes in sulfate trans-
port capacity may have modified seed protein com-
position, a proteome analysis of mature seeds from the
group 3 Arabidopsis mutants and the wild type was
performed. For each line, proteins were extracted from
four biological replicates and separated in duplicate
by two-dimensional (2D) electrophoresis. Image anal-
ysis of Coomassie Brilliant Blue gels using the Sames-
pots software allowed the quantification of protein
abundance for 273 well-resolved spots (Supplemental
Fig. S4; Supplemental Tables S3 and S4). Statistical
analyses (Levene’s and Student’s ¢ tests) identified 68
spots for which the relative abundance in mature
seeds varied between the wild type and at least one
mutant line (Fig. 5). Of these, 41 and 23 spots showed
an increased and a decreased accumulation level,
respectively, in seeds of the mutant lines, whereas
four spots (spots 35, 45, 120, and 188) displayed
distinct abundance variations according to the mutant
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Figure 4. Nitrogen/carbon/sulfur, thiol, and an-
jon contents in mature seeds of wild-type (Wt)
and sultr3 mutant plants. A, Nitrogen/carbon/
sulfur seed contents (%) measured by high-per-
formance ionic chromatography. B, Chloride, ni-
trate, sulfate, phosphate, malate, and citrate seed
contents (umol g~') measured by high-perfor-
mance ionic chromatography. C, Cys and gluta-
thione (GSH) contents (nmol g_1) measured by
HPLC. Sulfur in the form of sulfate represents
6.3%, 8.9%, 15.7%, 14.2%, 16.3%, and 11.8%
of total sulfur in mature seeds of the wild type,
sultr3;1, -3;2, -3;3, -3;4, and -3;5, respectively.
Bars represent means = sp of at least four biolog-
ical replicates. The table in B shows mean = sp of
sulfate percentage in the entire mature seed that is
partitioned between the embryo and the sur-
rounding envelopes in the wild type and sultr3;2

after 90 h of seed imbibition (three biological 80 1

replicates and three technical replicates from

each biological replicate). * P < 0.05, ** P < i

0.01 (Student’s t test).
60 1
50 A
40
30
20 -
10

(Fig. 5). Interestingly, the seed proteome changes ob-
served for sultr3;1, -3;2, and -3;3 mutants affected for
free Cys content (Fig. 4C) were relatively similar,
whereas several proteins vary specifically in the
sultr3;4 and -3;5 mutants (Fig. 5).

To study the putative functions of these proteins, we
further annotated 152 spots detected on 2D gels by
using proteome reference maps previously established
for Arabidopsis mature seeds (Gallardo et al., 2001,
2002; Rajjou et al., 2004; Higashi et al., 2006; Supple-
mental Fig. 54; Supplemental Tables 53 and S4). We
have checked the identity of 53 spots by tryptic pep-
tide mass fingerprinting or liquid chromatography
coupled to tandem mass spectrometry (LC-MS/MS).
In all cases, their identity was confirmed (Supplemen-
tal Table S5).

Variation in 12S Globulin Abundances

Polypeptides corresponding to the four 12S globulin
isoforms (At1251 [At4g28520], At12S2 [At1G03890],
At1253 [At1g03880], and At1254 [At5g44120]) were
identified on 2D gels from mature seeds (57 spots;
Supplemental Table S3). Of these 57 spots, the abun-
dance of 32 varied significantly in at least one group 3
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mutant as compared with the wild type. 12S globulins
are synthesized as precursors, which are posttransla-
tionally cleaved to produce a- and B-subunits. These
subunits are further processed by limited C-terminal
proteolysis during maturation (Higashi et al., 2006).
Based on the C-terminal sequences of the spots iden-
tified on 2D gels, and on their experimental molecular
mass and pl, we were able to distinguish the precursor,
mature subunits, and proteolyzed forms for the dif-
ferent isoforms. Nine spots corresponded to residual
precursor forms, three spots to intact a-subunits from
At12S1 (spot 261), At12S3 (spot 259), and At1254 (spot
46), and 36 spots to proteolyzed a-subunits (Fig. 5;
Supplemental Table S4).

These detailed annotations revealed that all 125
globulin spots whose abundance decreased in sultr3
seeds were proteolyzed a- and/or B-subunits (18 spots;
Fig. 5; Supplemental Table S4). In contrast, the 125
globulin spots that increased in sultr3 seeds corresponded
to residual precursors (eight spots) and intact At1251
and At1254 subunits (two spots; Figs. 5 and 6). In the
sultr3;3 and -3;4 mutant seeds, we also found an
increased abundance of some of the less proteolyzed
At1251 and At1254 subunits (i.e. higher molecular
mass; spots 35, 65, 106, 120, and 230 in Fig. 4). The
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Log, Ratio (vs wild type)

-1.0 1:1 1.0
Spot Accession Protein name Mw

36 At4g28520 At12S1 (precursor form) 60.4kDa
25 At5944120 At12S4 (precursor form) 54.1kDa
159 At1g03880 At12S3 (precursor form) 49.4kDa
12 At5g44120 At12S4 (precursor form) 49.4kDa
10 At4g28520 At1251 (precursor form) 60.4kDa
24 At4g28520 At12S1 (precursor form) 57.5kDa
194 At4g28520 At1251 (precursor form) 57.9kDa
23 At5g44120 At12S4 (precursor form) 55,1kDa
266 At4g28520 At1251 (a subunit) 35.4 kDa
46 At5g944120 At1254 (a subunit) 31.6kDa
87 At4g28520 At12S1 (a subunit fragment) 25.9kDa
107 At5g44120 At1254 (o subunit fragment) 29.3kDa
14 At4g28520 At12S1 (a subunit fragment) 27.0kDa
71 At4g28520 At12S1 (a subunit fragment) 27.5kDa
156 At4928520 At12S1 (a subunit fragment) 14.2kDa
34 At5g44120 At1254 (o subunit fragment) 26.1kDa
16 At4g28520 At12S1 (a subunit fragment) 33.7kDa
21 At5g44120 At1254 (o subunit fragment) 26.5kDa
198 At5g44120 At1254 (a subunit fragment) 28.1kDa
209 At5g44120 At1254 (o subunit fragment) 30.6kDa
224 At4g28520 At12S1 (a subunit fragment) 32.2kDa
245 At4g28520 At12S1 (o subunit fragment) 33.7kDa
267 At4g28520 At12S1 (a subunit fragment) 33.5kDa
(
(

Precursor forms of 12S globulins

(8 variable spots out of 9 identified)

Mature forms of 12S globulins (2/3)

Processed forms of 12S globulins
(21/45)

139 At5g44120 At1254 (a subunit fragment) 30.2kDa

20 At5g44120 At12S4 (a subunit fragment) 27.8kDa

41 At1g03880 At12S3 ( [ subunit fragment) 26.1kDa

35 Atd4g28520 At1251 (o subunit fragment) 33.7kDa

120 At5g44120 At12S4 (a subunit fragment) 28.9kDa

106 At5g44120 At1254 (o subunit fragment) 29.5kDa

230 At5g44120 At12S4 (a subunit fragment) 32.0kDa

65 At5g44120 At1254 (o subunit fragment ) 29.5kDa

195 At3g22640 Cupin family protein

13 At3g22640 Cupin family protein

268 At2928490 Cupin family protein

113 At4g36700 Cupin family protein

40 At1g77120 Alcohol dehydrogenase

44 At1G13440 Glyceraldehyde 3-phosphate dehydrogenase
116 At3g04120 Glyceraldehyde 3-phosphate dehydrogenase
39 AtCg00490 Ribulose Biphosphate carboxylase large chain precursor
251 At2g36530 Enolase

205 At2g19900 Malate oxidoreductase

154 At3g55440 Triose phosphate isomerase

192 At1g21750 Protein disulfide isomerase

32 At2g24200 Aminopeptidase

47 At1g62290 Aspartyl protease precursor

3 At1g57720  Elongation factor 1-gamma

19 At3g46230 Heat shock protein 17,4

165 At1g11910 Large subunit aspartic proteinase

59 At2g05990 Enoyl-[acyl-carrier-protein] reductase

202 At5g50600 ATHSD1 (HYDROXYSTEROID DEHYDROGENASE 1)
235 At5g46290 3-ketoacyl-acyl carrier protein synthase | (KAS I)
48 At1g11840 Lactoylglutathione lyase-like

49 At2g33070 Nitrile-specifier protein NSP2

140 At1g63770 Membrane alanine peptidase

94 At1g18080 ATARCA protein

42 At5g01300 Phosphatidylethanolamine-binding family protein
38 At3g21370  Glycosyl hydrolase family 1 protein

263 At3g21370 Glycosyl hydrolase family 1 protein

261 At2g36640 Late embryogenesis abundant (LEA)

45 At1g14950 Major latex protein 2, 3

201 At1g05510 Unknown protein

31 Unidentified protein

43 Unidentified protein

60 Unidentified protein

125 Unidentified protein

166 Unidentified protein

188 Unidentified protein

215 Unidentified protein

Cupin family proteins (4/5)

Energy metabolism (7/13)

Protein metabolism (6/11)

Lipid and sterol metabolism (3/5)
Diseasel/defence (3/16)

Signal transduction (2/3)
Cell structure (2/8)

Unidentified or unclassified proteins
(10/125)

Figure 5. Clustered expression ratios of the 68 seed proteins differentially accumulated in the five sultr3 mutant lines as
compared with the wild type. Each row represents a single protein, and each column represents a mutant line. Log, expression
ratios were calculated for the different mutants relative to the wild type and visualized using the Genesis software (Sturn et al.,
2002). The color scale is indicated on the top. Red indicates an overaccumulation of the protein in mutant seeds, green indicates
a decreased abundance of the protein in mutant seeds, and black indicates no change in protein abundance between the mutant
and wild-type seeds. * P < 0.05, ** P < 0.01 (variance analysis followed by a t test). Accession number, protein name, and
ontological classification (Bevan et al., 1998) are indicated for each spot. Within each class, the number of proteins identified
whose abundance varied versus the total number of proteins identified is indicated in parentheses. Detailed information on the
proteins is listed in Supplemental Tables S3, S4, and S5 (see also the proteome reference map in Supplemental Fig. S4).
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mutant displaying the most marked changes in 125
globulin accumulation was sultr3;5 (Figs. 5 and 6). In
contrast, very few 125 globulins vary in sultr3;4 mutant
seeds as compared with the wild type. In summary, all
sultr3 mutants are affected in storage protein accumu-
lation and/or processing, the most affected being the
sultr3;5 mutant and the least affected being sultr3;4.

Variations in Nonstorage Protein Abundances

The group 3 mutants also displayed variations in the
levels of 26 nonstorage proteins (out of 68) compared
with the wild type. The nonstorage proteins identified
in this study were classified in functional categories
according to the gene ontology of Bevan et al. (1998;
Fig. 5; Supplemental Table S3). These functional an-
notations revealed that the spots whose abundance
varied in the group 3 mutant seeds are related to
energy (seven spots out of 13 identified), protein met-
abolism (six spots out of 11), lipid and sterol metab-
olism (three spots out of five), defense (three spots
out of 16), cell structure (two spots out of eight), and
signal transduction (two spots out of three).

Several variations observed at the proteome level
in the sultr3;1, -3;2, -3;3, and -3;5 mutants are consis-
tent with downstream regulation observed at the
metabolome level in Arabidopsis seedlings under
sulfur-stress conditions. These are depicted in Sup-
plemental Figure S5. For example, a decreased level
of an enzyme implicated in the synthesis of lactoyl-
glutathione from glutathione (lactoylglutathione ly-
ase; spot 48 in Fig. 5; Supplemental Fig. S5) was
observed, which is consistent with a decreased level
of glutathione in sulfate-starved seedlings (Hirai
et al., 2003; Nikiforova et al., 2003, 2005). As a second
example, a sharp decrease in the amount of a phos-
phatidylethanolamine-binding protein (spot 42 in

Fig. 5; Supplemental Fig. S5) was observed in seeds
of several group 3 mutants, which is consistent with
an overall decrease in lipid content in sulfur-starved
plants, including a decrease of phosphatidylethanol-
amine content (Nikiforova et al., 2005). Finally, we
observed an increased accumulation of a signal trans-
duction-related ATARCA protein (spot 94 in Fig. 5;
Supplemental Fig. S5), whose gene expression is
induced in response to auxin (Vahlkamp and Palme,
1997). This corroborates previous data reporting a
surplus metabolic flux via auxin and activation of
auxin-induced genes during sulfur deficiency (Kutz
et al., 2002; Nikiforova et al., 2003).

Modulation of several other metabolic pathways
that have not previously been related to sulfur stress
appeared to occur in all group 3 mutants, except
sultr3;4. Notably, we observed an overaccumulation
of several enzymes associated with glycolysis,
namely glyceraldehyde 3-phosphate dehydrogenase
(spots 44, 116, and 187), enolase (spot 251), and malate
oxidoreductase (spot 205), in seeds of these mutants
(Fig. 5; Supplemental Fig. S5). The shift to glycolysis
might be a way to maintain carbon flow and energy
production for reserve synthesis during seed devel-
opment. Interestingly, we observed an overaccumu-
lation of an alcohol dehydrogenase in the sultr3
mutant seeds (spot 40 in Fig. 5; Supplemental Fig.
S5). The increased level of this enzyme, which is
involved in fermentation, may help to boost glycol-
ysis, since anaerobic respiration has been considered
as the key catalytic process for regenerating NAD"
essential for glycolysis (Tadege et al., 1999; Fernie
et al., 2004). Moreover, one key enzyme of the Calvin
cycle, ribulose-1,5-biphosphate carboxylase (spot 39
in Fig. 5; Supplemental Fig. S5), was overaccumu-
lated in sultr3 mutants that may be important in
recycling the carbon released.

24

n

.
' .21
16
120 209 139’"‘* )’.
20 34

Wild-type

sultr3;5

Figure 6. Accumulation profiles of 125 globulins in mature seeds of wild-type and sultr3;5 homozygous mutant lines. Sections of
2D gels from total seed proteins of wild-type (on the left) and sultr3;5 mutant (on the right) lines are enlarged. Red and green
represent the polypeptides whose levels increased and decreased, respectively, in mutant seeds compared with the wild type.
Precursor and mature forms of 125 globulins are shown in solid circles and dashed circles, respectively, and fragmented forms are
indicated by stars. Underlined and boldface numbers represent At12S1 and At1254 isoforms, respectively. The seed proteome
map shown on the left is enlarged and appears in Supplemental Figure S4.
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Interestingly, among the proteins overaccumulated
in the sultr3;4 mutant seeds were two proteins releas-
ing sulfur compounds. These corresponded to a de-
fense-related enzyme (spot 140 in Figs. 5 and 7A)
whose homolog in animals has been implicated in the
conversion of glutathione to Cys (Lieberman et al.,
1995; Habib et al., 2003) and a nitrile-specifier protein
NSP2 (spot 49 in Figs. 5 and 7A) involved in glucosi-
nolate catabolism.

Glucosinolate Levels in the sultr3;4 Mutant Seeds

Because the proteomics data obtained for the sultr3;4
mutant suggested compensation mechanisms involv-
ing glucosinolate degradation (Fig. 7A), we have
determined the levels of glucosinolates by ultra-
performance (UP)LC-MS/MS in the wild-type and
sultr3;4 mutant seeds. It is worth noting that this study
provides, to our knowledge, the most comprehensive

Seed Sulfate Transport

list available of glucosinolates in Arabidopsis seeds,
with eight forms identified (Fig. 7B): 4-methylthiobu-
tyl (mass-to-charge ratio [m/z] 420), indol-3-ylmethyl
(m/z 447), 8-methylsulfinyloctyl (m/z 492), 5-methyl-
thiopentyl (m/z 434), 3-benzoyloxypropyl (m/z 480),
4-benzoyloxybutyl (m/z 494), 7-methylthioheptyl (m/z
462), and 8-methylthiooctyl (m/z 476). Although the
decreasing trend of total glucosinolate level in sultr3;4
mutant seeds was not statistically different compared
with the wild type, three individual glucosinolates
display significantly decreased accumulation (Fig. 7B).
These are indol-3-ylmethyl glucosinolate, 8-methyl-
sulfinyloctyl glucosinolate, and 7-methylthioheptyl
glucosinolate.

DISCUSSION

At the beginning of this study, there was no infor-
mation available about the possible role of the group 3
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plasma membrane-localized sulfate transporters in
seeds. By comparing seed composition of Arabidopsis
T-DNA mutants for the five genes of this group, we
observed a striking increase in sulfate contents of
sultr3;2, -3,3, -3;4, and -3;5 mutant seeds compared
with the wild type and an unchanged sulfate content
in the sultr3;1 mutant seeds (Fig. 4B). These findings
contrast with the reduced sulfate level in mutant seeds
for the SULTR2;1 transporter known to control the
import of sulfate into developing seeds (Awazuhara
et al., 2005). Therefore, none of the SULTR3 genes,
taken individually, may be essential for sulfate uptake
in the developing Arabidopsis seed. However, the
remarkable increased S (SO427) versus S (total) ratio
(i.e. the quantity of sulfur in the form of sulfate versus
total sulfur) in seeds of four of the five mutants
compared with the wild type indicates a reduction in
the capacity of the developing mutant seeds to assim-
ilate sulfate, thus implying a function for the corre-
sponding transporters within the developing seed.
Since all SULTR3 genes were preferentially expressed
in embryo-surrounding tissues, it may be that SULTR3
transporters control the translocation of sulfate to the
maturing embryo and, when defective, result in an
elevated level of sulfate in the envelopes. By studying
the partitioning of sulfate in seed tissues from the
sultr3;2 mutant, we indeed observed an increased
proportion of sulfate in the envelopes compared with
the wild type (Fig. 4B). The reduced exchange of
sulfate between the seed compartments may have
influenced sulfur metabolism, previously shown to
operate in the different seed tissues (Gallardo et al.,
2007). Indeed, free Cys level was reduced up to 50% in
seeds of this mutant but also in the sultr3;1 and sultr3;3
mutants compared with the wild type (Fig. 4C). More-
over, several proteome changes observed for sultr3
mutant seeds parallel those seen by transcriptomics
and/or metabolomics in Arabidopsis seedlings, leaves,
or roots under sulfur-deficient conditions (Hirai et al.,
2003; Maruyama-Nakashita et al.,, 2003; Nikiforova
et al., 2003, 2005; Supplemental Fig. S5). These results
point to a role for SULTR3 transporters in sulfate
translocation between seed tissues, presumably to pro-
vide sulfate to the developing embryo. Nevertheless,
one should note that the use of single loss-of-function
alleles for each gene somewhat limits the conclusions
that can be drawn with regard to the function of each
group 3 sulfate transporter.

Interestingly, among the common changes observed
at the level of the proteome in the sulfr3 mutant seeds
were changes in the accumulation of embryo-specific
storage proteins of the 125 globulin family, reflecting
reduced processing (Fig. 5). Similar observations have
been made for mature seeds of Arabidopsis grown
under sulfate-deficient conditions (Higashi et al.,
2006). The underlying cause of the alteration of glob-
ulin processing, proposed by Higashi et al. (2006) to be
due to the repression of protease synthesis under
conditions of low sulfate availability, remains unclear
and merits further investigation. Interestingly, the
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different mutants were differentially affected in 125
globulin accumulation and processing. The most af-
fected mutant, sultr3;5, is strongly expressed in late
seed maturation compared with other developmental
stages and organs (Figs. 1 and 6). This suggests that a
major role of SULTR3;5 in seeds is to provide sulfur for
maturation of embryo proteins. While SULTR3;5 is the
most studied sulfate transporter of group 3, its bio-
logical activity still remains unclear. Indeed, although
a Lotus japonicus SULTR3;5 homolog, SST1, has been
shown to complement a yeast sulfate transporter-
deficient mutant (Krusell et al., 2005), the Arabidopsis
SULTR3;5 transporter has been reported to exhibit no
sulfate uptake activity in the yeast expression system
but to act in a synergic way by enhancing the sulfate
transport activity of SULTR2;1 when the genes encod-
ing both proteins are coexpressed in a yeast mutant
defective in sulfate transport (Kataoka et al., 2004a).
Complementary qRT-PCR experiments performed in
our study show that SULTR3;5 and SULTR2;1 are
coexpressed in Arabidopsis roots (Supplemental Fig.
S6), but in developing seeds, the expression patterns
of the two genes were highly contrasted: SULTR3;5 is
strongly expressed in maturing seeds, whereas
SULTR2;1 is expressed to a lesser extent during early
stages of seed development (Supplemental Fig. S6).
From these data and the contrasting seed sulfate
contents between the sultr3;5 (this study) and sultr2;1
(Awazuhara et al., 2005) mutants, it seems unlikely
that the two transporters cooperate in developing
seeds under our culture conditions (sulfur sufficient).

While the capacity of the sultr3;4 mutant seeds to
assimilate sulfate was significantly reduced, this mu-
tant is the least affected for 12S globulin accumulation
and for other proteins related to sulfur stress (Fig. 5;
Supplemental Fig. S5). Therefore, it seems that this
mutant is able to compensate for the limited availabil-
ity of sulfate. Gene expression profiling during seed
development (Fig. 1A; Supplemental Fig. S1) suggests
that SULTR3;4 plays a role at early stages, when sulfur
compounds (e.g. glucosinolates, glutathione) can still
be transported from other plant parts to developing
seeds in response to sulfur stress and thus provide
alternative sources of sulfur. Moreover, SULTR3;4 is
the only gene of group 3 strongly expressed in the
suspensor (Fig. 1B), an organ that has been reported to
be the major route of nutrient uptake for the embryo
(Yeung and Meinke, 1993). Interestingly, one of the few
differences specifically observed in the sultr3;4 mutant
seed proteome was an overaccumulation of two pro-
teins that may release sulfur from alternative sulfur
sources (Fig. 7A). The first protein is a membrane Ala
peptidase (spot 140 in Figs. 5 and 7A) described in
animals as leading to Cys formation via the degrada-
tion of glutathione (Lieberman et al., 1995). The over-
accumulation of this protein could reflect adaptive
mechanisms to provide Cys through the hydrolysis of
glutathione, which is one of the major forms of storage
and transport of sulfur (Foyer et al., 2001). The second
is the nitrile-specifier protein NSP2 (spot 49 in Figs. 5
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and 7A) involved in the hydrolysis of glucosinolates
to nitrile, sulfur, and sulfate (Wittstock and Halkier,
2002; Grubb and Abel, 2006; Kissen and Bones, 2009),
which suggests an increased catabolism of these
compounds in sultr3;4 developing seeds. Glucosino-
lates are transported from all parts of the plant into
developing seeds, and most of the glucosinolates
contained in oilseeds are located in the embryo
(Josefsson, 1970; Gijzen et al., 1989). Their catabolism
may release sulfate in the seed embryo for assimilatory
pathways. Sulfate deficiency causes an up-regulation
of genes encoding proteins related to the degradation
of glucosinolates (two putative thioglucosidases
[Maruyama-Nakashita et al., 2003; Hirai et al., 2005], a
myrosinase-binding protein, and a myrosinase precur-
sor [Nikiforova et al., 2003]), lending further support to
a role for glucosinolates as a source of sulfur under
stress conditions. Interestingly, among the three gluco-
sinolates whose abundance decreased in the sultr3;4
mutant seeds was glucobrassicin (i.e. indol-3-ylmethyl
glucosinolate; Fig. 7B), reported to be degraded prefer-
entially among all other glucosinolates during sulfate
deprivation (Kutz et al., 2002). These data reinforce the
hypothesis, based on proteomics data, that glucosino-
late catabolism has occurred during sultr3;4 mutant
seed development to counteract sulfur stress and main-
tain embryo metabolism. This also suggests new direc-
tions toward maintaining seed sulfur assimilation
under conditions of low sulfate availability.

MATERIALS AND METHODS
Plant Materials, Growth Conditions, and Genotyping

We studied Arabidopsis (Arabidopsis thaliana) T-DNA insertion lines
(Col-0) from the Nottingham Arabidopsis Stock Centre for the genes
encoding group 3 sulfate transporters: SULTR3;1 (At3g51895), SULTR3;2
(At4g02700), SULTR3;3 (At1g23090), SULTR3;4 (At3g15990), and SULTR3;5
(At5g19600; Tissier et al., 1999; Alonso et al., 2003). These T-DNA lines,
previously used by El Kassis et al. (2007), have the following accession
numbers: SALK-023190 (SULTR3;1), SALK-023980 (SULTR3,2), SALK-
031340 (SULTR3;3), SALK-100362 (SULTR3;4), and NASC-N112372
(SULTR3;5). The T-DNA borders of these mutant lines were sequenced in
this study after PCR by using specific primers for each gene binding upstream
and downstream of the predicted T-DNA insertion and primers binding in the
border regions of the corresponding T-DNA. Detailed information about the
primers and sequences are available in Supplemental Figure S2. The five
T-DNA lines were all backcrossed one time to the Col-0 wild type before
analysis. Col-0-derived homozygous insertion lines and the corresponding
Col-0 wild type were grown under unlimited sulfur conditions (peat-perlite
mixture) and fertilized three times a week by subirrigation (nitrogen:phos-
phorus:potassium, 20:20:20) in a greenhouse with supplemental light to 16 h
per day. For genotyping, DNA was extracted from a leaf disc by using the
cetyl-trimethyl-ammonium bromide method from Doyle and Doyle (1990). A
PCR screen was performed by using specific primers for each gene binding
upstream and downstream of the predicted T-DNA insertion as well as one primer
binding in the left border region of the corresponding T-DNA (for information
about primer sequences for genotyping, see Supplemental Table S1).

Estimation of T-DNA Copy Number by Quantitative
Real-Time PCR

T-DNA copy number in the genome was estimated for each mutant by
quantitative real-time PCR using the delta cycle threshold method, as de-
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scribed previously by Mason et al. (2002) and Skulj et al. (2008). In this
method, T-DNA copy number was determined by comparing the quantitative
data obtained for the T-DNA insert to three endogenous genes (At1254
[At5g44120], SULTR1;1 [At4G08620], and SULTR4;1 [AT5G13550]) present in
single copy in the Arabidopsis genome. Information about primers is depos-
ited in Supplemental Table S1. Real-time PCR was performed on a LightCycler
480 Real-Time PCR System (Roche) using the MESA GREEN qPCR MasterMix
Plus for SYBR Assay (Eurogentec). Real-Time PCR was performed in 10-uL
mixtures containing 1X MESA GREEN qPCR MasterMix Plus for SYBR, 100
nmol uL.~! forward and reverse primers, and 2.5 uL of DNA. A melting curve
analysis was applied to check PCR specificity by heating PCR products from
59°C to 96°C. Standard curves were obtained for each primer pair, and
correlation coefficients of the standard curves all exceeded 0.99. Each reaction
was performed in triplicate from four biological replicates and repeated two
times (Supplemental Table S2).

Measurements of Phenotypic Characters

Rosette leaf area and seed yield were measured from nine individual
plants. Leaf area was quantified from the rosette scan at flowering using the
Visilog 5.4 software (Noesis). The onset of flowering was scored from nine
individual plants and expressed as °C per day. Seed weight was determined
from three seed samples of 10 mg (around 400 seeds) collected on four individual
plants. All phenotypic data were subjected to a Levene’s test to assess variance
homogeneity, and then a Student’s t test was performed to compare each mutant
with the wild type using the Statistica 7.0 software (StatSoft).

RNA Extraction and Transcript Level Determination

Silique and seed samples at three stages of development (7 and 10 d after
flowering and mature seeds) and tissue samples (flowers, roots, leaves, and
stems) were collected on two independent batches of plants. Frozen tissues
were ground in liquid nitrogen, and total RNA was extracted according to
Chang et al. (1993). RNAs (10 ug) were incubated with 10 units of RNase-free
RQ1 DNase (Promega). Non-reverse-transcribed RNA samples were checked
for the absence of contaminating genomic DNA by PCR using primers for the
constitutively expressed elongation factor a-chain gene (At5g60390). DNA-
free RNA was converted into first-strand cDNA. Samples were reverse
transcribed using the iScript cDNA synthesis kit (Bio-Rad). The qRT-PCR
was performed for each SULTR3 gene and for the SULTR2;1 gene using the
real-time SYBR Green method on a Bio-Rad iQ5 thermal cycler using iQ SYBR
Green Supermix (Bio-Rad) and gene-specific primers (Supplemental Table S1).
To establish the presence of a single PCR product and the absence of primer-
dimers, melting analysis (i.e. heat dissociation of oligonucleotides) was
applied immediately after PCR by heating PCR products from 59°C to 96°C.
Normalization for cDNA quantity was performed for each template using the
elongation factor gene (At5g60390) as a control according to the relative
standard curve method (delta cycle threshold; see Bio-Rad manual instruc-
tions). The expression stability of the control gene in the different test samples
was verified by comparison with two other constitutively expressed genes
encoding a ubiquitin (At4g27960) and a protein phosphatase (At1g13320; data
not shown). This qRT-PCR method was also used to estimate the expression
level of the disrupted SULTR3 genes using the gene-specific primers listed in
Supplemental Table S1 from RNA extracted from developing siliques (for the
sultr3;1, sultr3;4, and sultr3;5 mutants), flowers (sultr3;2 mutant), or leaves
(sultr3;3 mutant).

Determination of Anion, Carbon/Nitrogen/Sulfur,
Glutathione, and Cys Contents

For each line, rosette leaves and mature seeds harvested from four
individual plants were ground in liquid nitrogen. Seed tissues were manually
dissected from three biological replicates of 50 mature seeds for the sultr3;2
and wild-type lines (repeated three times) using the microscope after a 90-min
imbibition in Milli-Q water at 4°C. Anions were extracted in Milli-Q water
heated at 70°C for 20 min from 50 mg of frozen powder or from the isolated
seed tissues. The extract was centrifuged at least three times at 20,000g for 10
min at 4°C. Anion content of the final clear supernatant was determined by
high-performance ionic chromatography (LC20 Dionex) using a IonPaq AS11
column and a sodium hydroxide linear gradient (1-22 mwm), as described (El
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Kassis et al.,, 2007). Contents of total sulfur, nitrogen, and carbon were
measured from 10 mg of dried powder of seed samples using an elemental
analyzer (Vario EL elemental analyzer system; Elementar). Glutathione and
Cys contents were quantified by HPLC after derivatization. The derivatization
procedure and separation of thiol derivatives were performed as described by
Wirtz et al. (2004) from 50 mg of seeds and leaves. All data were subjected to a
Levene’s test to assess variance homogeneity, and then a Student’s f test was
performed to compare each mutant with the wild type using the Statistica 7.0
software (StatSoft). Only differences with P < 0.05 were considered significant.

Total Seed Protein Extraction and 2D Electrophoresis

The seed samples subjected to proteomics were immediately frozen in
liquid nitrogen after harvest to avoid changes in protein abundance that can
be induced by storage. Total proteins were extracted as described by Gallardo
et al. (2003) from 20 mg of mature seeds collected on four individual plants.
Protein concentration was measured according to Bradford (1976). A constant
volume (57 uL) of the protein extracts (around 200 ug of proteins) was used
for isoelectrofocusing that corresponded to a constant seed weight (2 mg).
Proteins were separated in duplicate from the four biological seed samples
using gel strips forming an immobilized nonlinear pH 3 to 10 gradient
(Immobiline DryStrip, 24 cm; GE Healthcare/ Amersham Biosciences). Strips
were rehydrated in the IPGphor system (GE Healthcare/ Amersham Biosci-
ences) for 7 h at 20°C with the thiourea/urea lysis buffer containing 2% (v/v)
Triton X-100, 20 mwm dithiothreitol, and the protein extracts. Isoelectrofocusing
was performed at 20°C in the IPGphor system for 7h at50 V, 1h at 300 V, 2 h at
3.5 kV, and 7 h at 8 kV. Prior to the second dimension, each gel strip was
incubated at room temperature for 2 X 15 min in 2 X 15 mL of equilibration
buffer as described by Gallardo et al. (2002). Proteins were separated on
vertical polyacrylamide gels according to Gallardo et al. (2002).

Protein Staining and Quantification

Gels were stained with Coomassie Brilliant Blue G-250 (Bio-Rad) according
to Mathesius et al. (2001). Image acquisition was done using the Odyssey
Infrared Imaging System (LI-COR Biosciences) at 700 nm with a resolution of
169 um. Image analyses and spot volume quantification were realized using
the Progenesis Samespots version 2.0 software (Nonlinear Dynamics) accord-
ing to the instruction manual. For each gel, normalized spot volumes were
calculated as the ratio of each spot volume to total spot volume in the gel
(arbitrary unit). Eight gels (four biological replicates and two technical
replicates from each biological replicate) were used and analyzed for each
wild-type and mutant line. Molecular mass and pI were calculated according
to the migration of standard proteins (Bio-Rad 2D SDS-PAGE standards). The
protein spots were hierarchically clustered using the Genesis software (ver-
sion 1.7.2; Sturn et al., 2002) following the average linkage clustering method.
All data were submitted to statistical analyses (Levene’s test followed by a
Student’s t test) using the Statistica 7.0 software (StatSoft). Only differences
with P < 0.05 were considered significant.

Protein Identification

Spots were annotated using proteome reference maps previously estab-
lished for Arabidopsis mature seeds (Gallardo et al., 2001, 2002; Rajjou et al.,
2004; Higashi et al., 2006; http:/ /www.seed-proteome.com). The identity of 53
spots was confirmed by nano-LC-MS/MS (Q-TOF-Ultima Global equipped
with a nano-ESI source coupled with a Cap LC nano-HPLC system; Waters
Micromass) as described by Gallardo et al. (2007) and used in a parallel study
of seed composition of a mutant for a sulfate transporter belonging to group
4 (Zuber et al., 2010). Detailed information about protein digestion and MS
data acquisition is listed in Supplemental Table S5. Peak lists of precursor
and fragment ions were matched to proteins in the National Center for
Biotechnology Information nonredundant database (March 2008; 7,387,702
sequences, 2,551,671,261 residues, taxonomy of Arabidopsis) using the
MASCOT version 2.2 program (Matrix Science). The MASCOT search param-
eters are described in Supplemental Table S4. Only matches with individual
ion scores above 20 were considered.

Measurements of Glucosinolates

For the extraction of polar compounds, 50 mg of mature Arabidopsis seeds
from four biological replicates was ground for 1.5 min in liquid nitrogen at
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1,500 rpm with a Mikro-Dismembrator S ball mill (Sartorius Stedim Biotech).
A total of 700 uL of methanol containing 500 uM sinigrin as an internal
standard (2-propenyl glucosinolate; Sigma-Aldrich) was immediately added,
the tubes were sealed and sonicated at 50°C for 20 min, and then 400 uL of
chloroform was added before another 5 min of sonication at 50°C. Then, 600
wL of ultrapure water (Millipore) was added, and samples were shaken with a
vortex mixer and centrifuged for 2 min at 4,000g to collect the methanol /water
supernatant, which was stored at —20°C for precipitation. Samples were
centrifuged for 15 min at 16,000g, and 200 uL of the extract was dried in a
vacuum concentrator and solubilized in 150 uL of ultrapure water. The
identification and characterization of glucosinolates from the seed samples
was performed using a Waters Quattro Premier XE (Waters) equipped with an
electrospray ionization source and coupled to an Acquity UPLC system
(Waters). Chromatographic separation was achieved using an Acquity UPLC
BEH C18 column (100 X 2.1 mm, 1.7 um; Waters) coupled to an Acquity UPLC
BEH C18 precolumn (2.1 X 5 mm, 1.7 um; Waters). The mobile phase
consisted of water (A) and acetonitrile (B), both containing 0.1% formic acid.
The run was started by 2 min of 98% A, then a linear gradient was applied to
reach 85% A at 5.5 min, then 0% A at 10 min, followed by an isocratic run
using B during 2.8 min. Finally, the return to initial conditions (98% A) was
achieved in 2.2 min. The total run time was 15 min. The column was operated
at 28°C with a flow rate of 0.4 mL min ' (sample injection volume of 3 uL).
Nitrogen generated from pressurized air in an N2G nitrogen generator
(Mistral) was used as drying and nebulizing gas. The nebulizer gas flow
was set to approximately 50 L h™! and the desolvation gas flow to 900 L h™".
The interface temperature was set at 400°C and the source temperature at
135°C. The capillary voltage was set at 3.4 kV and the cone voltage at 25V, and
the ionization was in negative mode. Low-mass and high-mass resolution
were 15 for both mass analyzers, ion energies 1 and 2 were 0.5 V, entrance and
exit potential were 2 and 1V, and detector (multiplier) gain was 650 V. Data
acquisition and analysis were performed with the MassLynx software (version
4.1) running under Windows XP professional on a Pentium personal com-
puter. The seed samples were first analyzed in full-scan mode (m/z 90-600).
The selected ion recording MS mode was used to determine parent mass
transition of the internal standard sinigrin (m/z 358) and of eight glucosino-
lates of m/z 420, 434, 447, 462, 476, 480, 492, and 494. Glucosinolate fragmen-
tation was performed by collision-induced dissociation with argon at 1.0 X
10* mbar using daughter scan. The collision energy was set to 20 V, and the
following transitions were used for glucosinolate identification: [M-H]™ >
275,259,195, 97, and 96, as described by Mellon et al. (2002) and Cataldi et al.
(2007). The parent mass and characteristic fragment ions were used to
identify glucosinolates without ambiguity. Peak areas of 4-methylthiobutyl
glucosinolate (m/z 420) and 4-benzoyloxybutyl glucosinolate (1/z 494) were
the highest (Fig. 7B), in good agreement with glucosinolate contents previ-
ously reported in Arabidopsis seeds (Petersen et al., 2002; Brown et al.,
2003).

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers At3g51895, At4g02700, At1g23090,
At3g15990, and At5g19600.

Supplemental Data

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

Supplemental Figure S1. Comparison of the qRT-PCR data obtained in
this study for the Arabidopsis genes belonging to group 3 sulfate
transporters with the corresponding data from a publicly available
expression atlas (Toufighi et al., 2005).

Supplemental Figure S2. Sequences of T-DNA borders for the five sultr3
mutants, with the primer sets used.
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Supplemental Table S2. Real-time PCR estimation of T-DNA copy num-
ber in the sultr3 mutants.
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Supplemental Table S4. Detailed information on seed storage proteins in
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