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Abstract

Sulphur is an essential element for plant growth and development as well as for defence against biotic and abiotic
stresses. Increasing sulphate utilization efficiency (SUE) is an important issue for crop improvement. Little is known
about the genetic determinants of sulphate utilization efficiency. No gain-of-function mutants with improved SUE
have been reported to date. Here the isolation and characterization of two low-sulphur-tolerant mutants, sue3 and
sue4 are reported using a high-throughput genetic screen where a ‘sulphur-free’ solid medium was devised to give
the selection pressure necessary to suppress the growth of the wild-type seedlings. Both mutants showed improved
tolerance to low sulphur conditions and well-developed root systems. The mutant phenotype of both sue3 and sue4
was specific to sulphate deficiency and the mutants displayed enhanced tolerance to heavy metal and oxidative
stress. Genetic analysis revealed that sue3 was caused by a single recessive nuclear mutation while sue4 was
caused by a single dominant nuclear mutation. The recessive locus in sue3 is the previously identified VirE2-
interacting Protein 1. The dominant locus in sue4 is a function-unknown locus activated by the four enhancers on
the T-DNA. The function of SUE3 and SUE4 in low sulphur tolerance was confirmed either by multiple mutant alleles
or by recapitulation analysis. Taken together, our results demonstrate that this genetic screen is a reasonable
approach to isolate Arabidopsis mutants with improved low sulphur tolerance and potentially with enhanced
sulphate utilization efficiency. The two loci identified in sue3 and sue4 should assist in understanding the molecular
mechanisms of low sulphur tolerance.
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Introduction

Sulphur is an essential element for all living organisms. In
higher plants, sulphur plays important roles in plant growth
and development as well as in plant defences against biotic
and abiotic stresses although sulphur content accounts for
only 0.1% of the total dry matter. Sulphate is the major
form of inorganic sulphur in soil and is absorbed by plant
roots and transported by a family of sulphate transporters
(Takahashi et al., 1997; Yoshimoto et al., 2003; Kataoka
et al., 2004a, b; Rouached et al., 2009). Sulphate is reduced
in the chloroplasts and assimilated into cysteine, the first

organic product of sulphate reduction in plants and a central
component in sulphur metabolism (Leustek ez al, 2000).
Under normal growth conditions in Arabidopsis sulphate
reduction takes place in plastids and cysteine synthesis
occurs in plastids, mitochondria, and the cytosol (Heeg
et al., 2008; Kopriva et al., 2009).

Plants accumulate little cysteine but maintain a high flux
of the amino acid. Cysteine is the donor of reduced sulphur
for the synthesis of methionine and other S-containing
metabolites (Kopriva, 2006). Methionine is the precursor
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for S-adenosyl methionine (SAM), the precursor for ethyl-
ene (Burstenbinder ef al., 2007), polyamines, and nicotin-
amine which is important for Fe nutrition in plants (Ling
et al, 1999; Zuchi et al., 2009). Some of the intermediate
metabolites of the sulphur metabolic pathway are precur-
sors for a number of vitamins and the sulpholipids of
chloroplasts. Glutathione plays many important roles in
plants including defence against biotic (Parisy er al., 2007,
Schlaeppi er al, 2008) and abiotic stresses (Noctor and
Foyer, 1998; Vernoux et al, 2000; Xiang et al, 2001),
regulation of stress-related gene expression (Ball ez al., 2004;
Maruyama-Nakashita et al., 2005), cell division (Vernoux
et al., 2000; Henmi et al, 2005), and nodulation in
symbiosis (Frendo ez al., 2005). The synthesis of glutathione
in higher plants is tightly regulated (Xiang and Oliver, 1998,
2002; Kopriva, 2006; Kopriva et al., 2009). Glutathione and
S-methylmethionine are major forms of organic sulphur
storage and transport in higher plants (Bourgis et al., 1999;
Leustek et al., 2000).

Sulphate uptake and assimilation is generally believed to
be demand-driven (Lappartient and Touraine, 1996;
Lappartient et al, 1999) and co-ordinated with nitrogen
metabolism (Kim er al., 1999). Sulphate content in Arabi-
dopsis thaliana was reported to be related to APR2 in which
a single-amino acid substitution decreased its enzyme
activity leading to sulphate accumulation in the plant
(Loudet et al., 2007). O-acetyl-L-serine (OAS) plays a regu-
latory role in the synthesis of cysteine by controlling the
oligomerization of the cysteine synthase complex, thus co-
ordinating between serine as the nitrogen source and
sulphide as the sulphate assimilation intermediate (Leustek
et al., 2000; Wirtz and Hell, 2007; Kopriva et al, 2009).
OAS is also a positive regulator of sulphate uptake and
assimilation (Hirai ez al., 2003).

Sulphur deficiency is recognized as an increasingly
important problem in agriculture, especially in developed
countries where SO, pollution has been significantly re-
duced. Associated with sulphur deficiency is an increase in
some plant diseases (Bearchell ez al, 2005). Plant sulphur
nutrition not only affects crop yield but also quality
(Blake-Kalff et al., 1998; Tabe et al., 2002; Chiaiese et al.,
2004; Falk et al., 2007, Taylor et al., 2008). Therefore,
increasing the sulphur utilization efficiency (SUE) of plants
is becoming an important issue. SUE was described as
‘improved capture of resources, the accumulation of greater
reserves of sulphur, and improved mechanisms for the
remobilization of these reserves’ (Hawkesford, 2000). How-
ever, little is known about the genetic basis and molecular
mechanisms underlying SUE. A genetic approach can be
powerful in defining the basis of important agronomic traits
as well as in basic research.

A mutant screen for increased sulphur utilization effi-
ciency has not been reported. The major obstacle is the
difficulty of establishing a sulphur level that can provide an
effective selection pressure. Since nutrients and phytohor-
mones are well known to regulate root development and
cross-talk between nutrients, hormones, and reactive oxy-
gen species play important roles in re-shaping root architec-

ture (Signora et al., 2001; Kutz et al., 2002; Schachtman and
Shin, 2006), mutants with improved SUE may be expected
to have mutations in a wide range of genetic loci involved in
phytohormone homeostasis and root architecture, in addi-
tion to sulphur assimilation and metabolism.

Other mutant screen strategies have been exploited to
isolate different sulphur nutrient-related mutants. Arabidop-
sis mutants of a sulphate transporter were isolated by
selecting for selenate tolerance (Shibagaki er al, 2002;
Kassis et al, 2007). Sulphur-responsive mutants were
isolated using the GFP reporter driven by a sulphate-
responsive promoter and this has led to new findings
about the mechanisms of the sulphur deficiency response
(Maruyama-Nakashita et al, 2004, 2005, 2006; Ohkama-
Ohtsu et al., 2004).

Genetic screens for mutants involved in plant responses
to other nutrients have been successfully conducted. These
included the phosphate accumulating mutants phol (Poirier
et al, 1991) which led to the identification of PHOI
(Hamburger et al., 2002), pho2 (Delhaize and Randall,
1995), and other phosphate mutants (Chen er al., 2000;
Chang et al, 2005; Sanchez-Calderon et al, 20006).
Nitrogen-related mutants (Tsay et al, 1993; Yu et al,
2004), low potassium-insensitive mutants (Zhao et al., 2001)
which led to the elucidation of K™ uptake regulated by
a protein kinase (Xu et al., 2006), and iron nutrient-related
mutants (Ling ez al., 1996, 1999, 2002; Vert et al., 2002;
Yuan et al., 2005; Ogo et al, 2007) are among the other
mutants characterized. Existing crop germplasms also
contain genetic variations that are valuable resources for
plant nutrition research (Fang and Wu, 2001; Liao and
Yan, 2001; Zhao et al, 2001). These studies demonstrate
that genetic approaches will continue to be powerful tools
in plant nutrition research.

Here a high-throughput genetic screen is reported where
a ‘sulphur-free’ solid medium without added sulphur or
toxic metals was devised that gives sufficient low sulphur
selection and allows thousands of seeds to be screened on
a single plate. The isolation and the characterization of
two low-sulphur-tolerant mutants, sue3 (sulphur utiliza-
tion efficiency) and sue4 validate the genetic screen as
a feasible procedure for isolating gain-of-function mutants
with potentially improved SUE. Both sue3 and sue4
displayed a well-developed root system under low-sulphur
conditions and enhanced tolerance to heavy metal (cad-
mium) and oxidative stress (paraquat). Through molecular
genetic analysis, the recessive mutation in sue3 was
identified as the VirE2-interacting Protein 1 (VIPI) and the
dominant mutation in sue4 was identified as a small
unknown protein with four membrane spanning domains
activated by the enhancers on T-DNA. Our results
demonstrate that the genetic screen developed here is
a reasonable approach to isolate Arabidopsis mutants with
improved tolerance to low sulphur conditions and poten-
tially with increased sulphur utilization efficiency. The two
loci identified in sue3 and sue4 should assist understanding
the pertinent molecular mechanisms involved in low
sulphur tolerance.



Materials and methods

Arabidopsis growth

Arabidopsis thaliana ecotype Columbia (Col-0) was used through-
out the study. Plants were grown in soil at 22 °C and with a 14 h
photoperiod unless specified otherwise.

Generation of an activation tagging library

A large-scale activation tagging was carried out in the Columbia
background using Agrobacterium strain C58C1 harbouring the
pSKIO15 plasmid as described by Weigel er al (2000). About
55 000 independent transgenic plants were generated and T, seeds
were collected in 55 pools. Each pool consisted of approximately
1000 independent lines. These pools constituted the activation-
tagging library which was later used for mutant screens.

Heavy metal and oxidative stress tolerance assay

For the heavy metal tolerance assay, seeds of the sue mutants and
wild type were sterilized, sown on 1/2X MS medium supplemented
with 0, 1, 10, 100 uM of CdCl,, and incubated at 22 °C constant
temperature and 24 h light conditions. After 12 d, germination
rates were determined.

The oxidative stress tolerance assay was conducted as above
for heavy metal tolerance except that the 1/2x MS medium was
supplemented with 0, 1, 2, and 3 uM paraquat (Sigma, USA).
Seeds were able to germinate and cotyledons opened on the
media. As the incubation continued the seedlings were bleached.
The survival rate (percentage of green seedlings) was counted
after 12 d.

Kinetic analysis of sulphate uptake

Sulphate uptake was measured using Na3’SO, as described by
Maruyama-Nakashita er al (2004) with slight modifications as
liquid-cultured Arabidopsis seedlings were used. Seeds were germi-
nated and cultured in 1/2x MS liquid medium for 2 weeks. Before
the uptake experiments the culture medium was decanted and the
seedlings were washed twice with deionized water.

Dose-dependent sulphur uptake experiments were conducted in
medium with the indicated concentration of sulphur, and every
medium contained 10 uM Na3>SO, (2.06G Bq mmol~!, Amershan,
UK). Time-dependent sulphur uptake experiments were conducted
in liquid sulphur-free medium supplemented with 10 pM Na3 SO,
(2.06 GBq mmol ™!, Amershan, UK), After termination of sulphate
uptake, seedlings were blotted dry with paper towels and the fresh
weight measured before the plants were ground in deionized water
and the radioactivity determined with a scintillation counter
(Beckman LS1701).

Thiols and sulphur contents analysis

The mutants and the wild type were germinated on the MS or low-
sulphur medium (75 pM sulphate) for 7 d. MS medium-germinated
seedlings were transferred to soil and low-sulphur medium-
germinated seedlings were transferred to sulphur-free hydroponic
medium, and grown for 42 d before free sulphate quantification.
Tissues were rinsed with deionized water and then dried at 60 °C.
The dried tissues were weighed and ground in a mortar for free
sulphate quantification.

The mutants and the wild type were germinated on the MS or
low-sulphur medium (75 pM sulphate) for 4 d, then transferred
to MS medium or sulphur-free medium and grown under the
long-day photoperiod (16/8 h day/night) for 10 d. Tissues were
rinsed with deionized water and then dried at 60 °C. The dried
tissues were weighed and ground in a mortar for total sulphur
quantification.

Total sulphur and free sulphate were quantified as described by
Kolthoff (1969).
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The mutants and the wild type grown in the liquid culture
system with the long-day photoperiod (16/8 h) were used for GSH
and Cys contents analysis as described by Xiang e al. (2001).

Genetic analysis

Backcrosses were made with the wild-type Arabidopsis thaliana
Columbia ecotype and the F; plants selfed. F; and F, seeds were
assayed on sulphate-free medium for the mutant phenotype and
the results analysed with % test.

Identification of the T-DNA tagged locus

The single T-DNA insertion site in the mutant was cloned by
TAIL-PCR (Liu ez al., 1995) using three short arbitrary degener-
ate(AD) primers (ADI1: 5'-NTCGA(G/C)T(A/T)T(G/C)G(A/
T)GTT-3', AD2: 5'-NGTCGA(G/C)(A/T)YGANA(A/T)GAA-3’
and AD3: 5'-(A/TYGTGNAG(A/T)ANCANAGA-3") and specific
primer SK-LB3 (5'-TTGACCATCATACTCATTGCTG-3") for
the sue mutants, and positively identified by sequencing.

DNA gel blot analysis

Genomic DNA gel blot analysis for the mutant and the wild type
was performed as described by Xiang er al. (1997) using the bar
sequence as probe. RNA gel blot analysis was performed as
described previously (Xiang and Oliver, 1998, 2002).

Genomic PCR screen for At1g43700 knockout mutant

T-DNA insertion lines Salk_0001014 was obtained from the
ABRC and screened for homozygous progeny as described using
specific primers (forward primer: 5'-GAGGAAGGTTCAGA-
CACTTCAGA-3’; reverse primer: 5'-TACATCAAATATTG-
CAGCCCG-3") and the T-DNA primer (LBbl) suggested by
Alonso et al. (2003).

Recapitulation analysis

The At3G55880 cDNA was amplified by RT-PCR using specific
primers (forward primer: 5-GTACAAAAAAGCAGGCTG-
CATGGGTTTGATTAGCAAAGA-3' and reverse primer: 5'-GTA
CAAGAAAGCTGGGTCTCAAAGTGAACTTACGGATT-3),
cloned into pDONR207, and subsequently shuttled into the expres-
sion binary vector pCB2004 (Lei, 2007). The construct was in-
troduced into Agrobacterium tumefaciens C58C1, which was used to
transform the Columbia wild type as described by Clough and Bent
(1998). Low sulphate assays were performed for T, transgenic plants
harbouring an overexpression construct to reconfirm the At3g55880
gene function.

Over-expression of At3g55880 in tobacco for low sulphate
tolerance assay

To generate transgenic tobacco, the above-mentioned pCB2004-
At3g55880 construct was used to transform tobacco as previously
described by Horsch et «al. (1986). Primary transformants were
tested positive by RT-PCR. Low sulphate tolerance assays were
performed using T, homozygous lines and the control (the wild
type transformed with the empty vector pCB2004).

RT-PCR analysis

Total RNA was prepared from tissues indicated in the figures by the
TRIZOL reagent (Invitrogen), and 1 pg of RNA from each sample
was used for the reverse transcription reaction. Subsequently, 1 pl of
the reverse transcription reaction was used as the template for PCR
amplification. The PCR products were examined on a 0.8% agarose
gel stained with ethidium bromide. The same RNA samples and
primers were used for real-time PCR analysis that was performed and
statistically analysed as described by Livak and Schmittgen (2001).
SYBR green was used to monitor the kinetics of the PCR product in
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real-time RT-PCR. As an internal control, the tubulin transcript
was used to quantify the relative transcript level of each target gene
in each tissue type. RT-PCR was carried out using r7ag DNA
polymerase and gene-specific primers. For SUE3, RT-PCR was
performed to confirm the null expression of the disrupted locus
Atl1g43700 with gene-specific primers: 5'-GAGGAAGGTTCAGA-
CACTTCAGA-3’ and 5'-TACATCAAATATTGCAGCCCG-3'.
For the RT-PCR analysis of At5g62200 and At5g62210, gene
specific primers were used (At5g62200: 5'-ATGGCGTCCGTAC-
GACTCTT-3' and 5 -TTACAAGAGCAATGTGGTAC-3';
At5g62210: 5'-ATGGAGTGCTCTCTCTCATC-3’ and 5'-TCA
AACAACCACAGCCGCAA-3'. For SUE4, RT-PCR was per-
formed to confirm the over-expression of At3g55880 with gene-
specific primers (At3g55870: 5'-ATGATCAAGAGGCTCCAAG-3’
and 5'-CTAGATTGTTGTATCACTT-3’, At3g55880: 5'-ATGGG
TTTGATTAGCAAAGAA-3’ and 5'-TCAAAGTGAACTTACG-
GATTC-3’, At3g55890: 5'-GGTAGGGTTTTTATGGTTGATC-
3" and 5'-ACTTCTGGCTCTTTTCATGT-3").

Results

Establishing a high-throughput genetic screen for
mutants with improved tolerance to low sulphate

To meet the high-throughput criterion, the procedure must
allow thousands of seeds to be screened on a single plate. It was
found that, in order to suppress the wild-type seedling growth,
it was necessary to set up a ‘sulphur-free’ growth condition.
Therefore, a sulphur-free medium was developed that con-
tained no added sulphur, which is described in the Supplemen-
tary data at JXB online. On this medium, the wild-type seeds
were able to germinate, the cotyledons were able to open but
arrested at the cotyledon stage. Although occasionally one
pair of true leaves emerged, further growth was stopped
(Fig. 1A). By contrast, the mutants continued to grow. The
emergence of two to three pairs of true leaves and a rapidly
elongating primary roots were also evident in the mutants
(Fig. 1A). These characteristics were used as visual selection
markers for our mutant screen. In addition, up to 3500 seeds
could be screened in a single 150 mm plate, rendering the

screen high-throughput. Therefore, a simple high-throughput
genetic selection on sulphur-free agarose medium was capable
of screening for Arabidopsis mutants with alterations in their
growth in a sulphur-limited environment.

Isolation of Arabidopsis mutants with improved
tolerance to low sulphate

To facilitate the isolation of gain-of-function mutants with
improved abiotic stress tolerance, an activation-tagging library
of 55 000 independent lines was generated with the T-DNA
mutagen pSKI015 as described by Weigel er al (2000). This
library was used for isolating mutants with improved
tolerance to drought and salt (Gao and Xiang, 2008; Yu
et al., 2008). A few low-nitrogen-tolerant Arabidopsis mutants
were also isolated from this library (Yu ez al., 2004).

Using the above-established conditions, the whole activation-
tagging library was screened. Approximately 15 000 seeds were
screened from each pool. The primary screen resulted in the
isolation of 55 putative mutants that were rescued and grown to
maturity and their seeds harvested. All the mutants were
subjected to a secondary screen to confirm their mutant
phenotype as demonstrated in Fig. 1B and C. After the
secondary screen, only three gain-of-function mutants were
confirmed and designated as sueN (sulphate utilization
efficiency, N being a numeric). All these mutants were able to
continue to grow after the cotyledon stage on the sulphur-free
medium and showed similar phenotypes with the emergence of
two to three pairs of true leaves. As a result, the biomass of
the mutants was significantly higher than that of the wild type.
The mutants sue3 and sue4 were characterized further.

The well-developed root system of sue3 and sue4

Besides the continued growth of shoots on sulphur-free
medium, the mutants also showed faster root elongation.
To display the root phenotype better, the mutants were
germinated and grown vertically as shown in Fig. 2. On MS

Fig. 1. Arabidopsis mutants with improved low-sulphur tolerance isolated with a high-throughput genetic screen. (A) Primary screen.
Seeds from the activation-tagging library were germinated on sulphur-free medium as described in the Materials and methods. Three
putative mutants in the image taken at day 12 post-germination show continued growth as evidenced by 2-3 pairs of true leaves and long
roots in contrast to the rest of the seedlings with arrested growth on the plate. (B) Secondary screen of sue3. To confirm the phenotype of
the mutants from the primary screen, a secondary screen was conducted as described in the Materials and methods. The wild-type (wt)
and the mutant seeds (sue3) were sown on sulphur-free medium. Continued growth was evident for the mutant. The image was
recorded when seedlings were 10 d old. (C) Secondary screen of sue4. To confirm the phenotype of the mutants from the primary
screen, a secondary screen was conducted as described in Materials and methods. The wildtype (wt) and the mutant seeds (sue4) were
sown on sulphur-free medium. Continued growth was evident for the mutant. The image was recorded when seedlings were 10 d old.
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Fig. 2. Primary root elongation on MS and sulphur-free medium :wild type versus mutants. Seeds of the wild type and the mutant were
germinated on the MS or sulphur-free medium and the plates were placed vertically. The image was recorded when seedlings were 12 d
old. (A) The wild type (wt) versus sue3 on MS medium. (B) The wild type (wt) versus sue3 on sulphur-free medium. (C) Growth curves of
primary roots. The primary root length was measured every 3 d for the wild type and sue3 grown on MS as in (A) (wt/MS versus sue3/MS)
and sulphur-free medium as in (B) (wt/=S versus sue3/-S). Values represent the mean of >30 plants and error bars represent SEM. (D) The
wild type (wt) versus sue4 on MS medium. (E) The wild type (wt) versus sue4 on sulphur-free medium. (F) Growth curves of primary roots.

The primary root length was measured every 3 d for the wild type and

sue4 grown on MS as in (A) (Wwt/MS versus sue4/MS) and sulphur-

free medium as in (B) (wt/-S versus sue4/-S). Values represent the mean of >30 plants and error bars represent SEM. (G) Shoot weight to
root length. The primary root length was measured as in (C) and (F), and the fresh weight of shoot was measured after 12 d. Values
represent the mean of >30 plants and error bars represent SEM. **P <0.01, **P <0.001.

medium containing 1.5 mM sulphate, both mutants showed
similar growth of roots and shoots to that of the wild type
(Fig. 2A, C). However, on the sulphur-free medium, both
mutants displayed a phenotype of longer primary root
length (Fig. 2B, D). The primary roots of the mutants
elongated much faster than those of the wild type. At day
12 after sowing, the primary root length of the mutants was
about twice that of the wild type (Fig. 2E, F). These results
suggest that the root elongation of the mutants were more
responsive to the low-sulphur condition.

The sue3 and sue4 mutants had a more established
primary root system than the wild type, which might
contribute to the better growth of mutants on sulphur-free
medium. Therefore, shoot weight to primary root length
was measured. At day 12 after sowing, the ratio of shoot
weight to primary root length of sue4 was about twice that
of the wild type on the sulphur-free medium (Fig. 2G),
while sue3 was about 50% higher than the wild type. On the
normal medium no significant differences were observed
between the mutants and the wild type (Fig. 2G).

The mutant phenotype is specific for sulphur deficiency.

To confirm whether the mutant phenotype is specific
for sulphur deficiency, root elongation was examined on

nitrogen-, phosphate-, and potassium-deficient medium.
Figure 3 shows that the increased elongation rate of the
primary roots in the mutants was specific for sulphur-
deficiency. On the N-, P-, and K-deficient medium, root
elongation of both wild type and mutants was greatly
inhibited. However, under N-deficiency sue4 roots grew
significantly longer than sue3 and the wild type. However,
under P- and K-deficiency medium, the difference of
primary root elongation was not statistically significant
between the wild type and mutants. Both mutants showed
a significantly faster root growth rate on the S-deficient
medium, indicating that the root elongation of the mutants
is a specific response to sulphur deficiency.

No growth difference under normal sulphur conditions
between the mutants and the wild type

Under normal sulphur conditions (750 uM sulphate on 1/2x
MS), no obvious difference was observed between the
mutants and the wild type throughout their life cycle
(Fig. 4A, D). However, in low-sulphur hydroponic culture
with 75 uM sulphate, flowering was delayed in sue4
compared with that in the wild type. The wild type and
sue3 showed a bolting frequency of 70% while sue4 only
33% at the same time after growth in low-sulphur
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Fig. 3. Mutant phenotype is specific for sulphate deficiency. The
specificity to nutrient deficiency was assayed for the mutants on the
medium with specific nutrient deficiency (N, nitrogen; P, phosphate; K,
potassium; S, sulphur) as described in the Materials and methods. The
seeds of the mutant sue3 and sue4 and the wild type (wt) were sown
on the same plate, germinated vertically, and grown for 12 d before
primary root length was measured. Values represent the mean of
>30 plants and error bars represent SEM. *0.05< P <0.01, **P <0.01,
**P <0.001.

hydroponic culture for 4 weeks (Fig. 4E, F). No significant
difference was observed between sue3 and the wild type.
Both mutants did not show any significant difference in
flowering timing in normal-sulphur hydroponic culture
(liquid 1/2x MS medium) (Fig. 4F).

The mutants show improved tolerance to heavy metal
and oxidative stress

The sulphur nutrient level is directly linked to heavy metal
and oxidative stress tolerance (Noctor and Foyer, 1998). To
find out whether the mutant has improved tolerance to
heavy metal and oxidative stress, they were assayed for
growth on 1/2X MS medium supplemented with heavy
metal CdCl, or paraquat. The results in Fig. SA show that
the mutants had significantly higher germination frequency
in the presence of various concentrations of CdCl,. Within
the range of CdCl, concentrations tested, the higher the
CdCl, concentration the greater the difference between the
wild type and the mutant. At 100 uM CdCl,, the mutant

showed a germination frequency of more than 60% while
wild-type control only 20%. This suggests that the tolerance
to heavy metal stress was significantly improved in the sue3
and sue4 mutants.

The germination frequency under oxidative stress was
assayed by germinating seeds on the 1/2X MS medium
containing 0, 1, 2, and 3 uM paraquat. The results in
Fig. 5B show that wild-type seedlings were more rapidly
bleached and their germination frequency decreased as
paraquat concentration increased in the medium. By
contrast, the germination frequency of both mutants was
still above 70% under the same conditions. These results
indicate that the tolerance of the mutants to oxidative stress
was significantly improved compared with the wild type.

Sulphate uptake, non-protein thiols, total sulphur, and
free sulphate content in the mutants versus the wild

type

Considering that sulphate uptake may be one of the major
determinants of sulphate utilization efficiency, sulphate
uptake experiments were conducted as described in the
Materials and methods using Na3’SO,. The kinetics of
sulphur uptake are shown in Fig. 6. The results of dose-
dependent sulphate uptake experiments (with different
sulphate concentrations) in Fig. 6A indicate that the mu-
tants had the same V|,,x values as the wild type, and the
results of time-dependent sulphate uptake experiments in
Fig. 6B indicate that the mutant sue3 had a significantly
higher rate of sulphate uptake than the wild type at low
sulphate levels (10 pM) while sue4 had a rate similar to the
wild type.

To determine whether sulphate metabolism is changed in
the sue mutants, the non-protein thiols cysteine and GSH
were quantified using HPLC as described by Xiang and
Oliver (1998) as well as free sulphate and total sulphur
content as described by Kolthoff (1969) for the mutants and
the wild-type plants. Figure 7A and B show that under
normal sulphur conditions, the GSH content was signif-
icantly higher in sue mutants than in the wild type. After
being shifted to sulphur-free medium for 48 h, the GSH
content was significantly higher in sue4 while that in sue3
was significantly lower than the wild type. The cysteine
content showed a similar result to GSH except under
normal conditions when no difference was observed be-
tween sue4 and the wild type.

Figure 7C shows that total sulphur after acid hydrolysis
was not significantly different between sue4 and the wild
type under both normal conditions and after sulphur-free
stress. However, sue3 had a significantly higher total
sulphur content than the wild type under normal conditions
while after sulphur-free stress total sulphur content in the
sue3 dropped to the level in the wild type. Total sulphur
content in seeds of sue3 was significantly higher than that of
the wild type and sue4 while no difference was observed
between sue4 and the wild type.

Free sulphate content was not significantly different
between the mutants and the wild type (Fig. 7D) under either
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Fig. 4. Growth behaviour of sue3, sue4, and the wild type under normal conditions and hydroponic culture. (A) 8-d-old seedlings grown
on MS medium, sue3 versus wt (upper) and sue4 versus wt (lower). (B) 2-week-old plants grown in sail, sue3 versus wt (upper) and sue4
versus wt (lower). (C) 4-week-old plants grown in soil, sue3 versus wt (upper) and sue4 versus wt (lower). (D) 7-week-old plants grown in
soil, sue3 versus wt (upper) and sue4 versus wt (lower). (E) After 3 weeks grown in hydroponics system with sulphate concentration of
75 uM, the wild type and the sue3 began to bolt, while sue4 was delayed. (F) Bolting frequency under low sulphur stress. The wild type
(wt) and sue4 seeds were sown on 1/2x MS medium (750 puM sulphate) and low sulphur medium (75 puM sulphate) for 7 d, and the
contents in the low sulphur medium is the same as in the 1/2x MS medium except the sulphur concentration. Then seedlings were
translated in hydroponics system containing 1/2x MS medium and low sulphur medium for 3 weeks. Values represent the mean

of >20 seedlings. Error bars represent SEM. *0.05< P <0.01, **P <0.01, ***P <0.001.

normal sulphur conditions (soil-grown) or sulphur-free stress
(hydroponic culture). As expected, the free sulphate level was
greatly reduced for all under the sulphur-free stress com-
pared with that under normal conditions. This is also true
for non-protein thiols and total sulphur except for the
cysteine level in sue4 under sulphur-free conditions which
was similar to that under normal conditions.

Genetic analysis of sue3 and sue4

To reveal the nature of the mutations in both mutants,
crosses were made for genetic analysis. The wild type as
female parent was crossed with the homozygous mutant as
the pollen donor. F; plants were selfed to obtain F, seeds.
Both F; and F, seeds were assayed for growth on the
sulphur-free medium.

For mutant sue3, all 24 F; sceds were sensitive to low
sulphur levels. Among the F, seeds that resulted from
F, selfing, 59 seeds were low-sulphur-tolerant and 161 were
low-sulphur-sensitive. A chi square analysis showed that this
did not deviate significantly from a 1:3 (tolerant to sensitive)
segregation ratio (x°=0.388, P >0.1). These results indicate

that the sue3 mutant was caused by a single recessive nuclear
locus. The recessive nature of the mutation implies that the
tagged gene was probably disrupted by the T-DNA insertion.
For the mutant sue4, 360 F; seeds were low-sulphur-tolerant
and 19 were low-sulphur-sensitive. The segregation was close
to the expected 379 to 0 ratio (x°=0.953, P >0.1). The
19 sensitive seeds might result from non-viable seeds. Among
the F, seeds that resulted from F; selfing, 140 seeds were low-
sulphur-tolerant and 49 were low-sulphur-sensitive. A chi
square analysis showed that this did not deviate significantly
from a 3:1 (tolerant to sensitive) segregation ratio (>=0.492,
P >0.1). These results indicate that the sue4 mutant was
caused by a single dominant locus. Moreover, the mutant
phenotype co-segregated with herbicide resistance (data not
shown). The dominance of the mutation suggests that the
tagged gene is activated by the enhancers on the T-DNA.

Identification of T-DNA tagged loci in the mutants

By using TAIL-PCR (Liu et al, 1995), the T-DNA in-
sertion junction of sue3 was amplified and sequenced, three
copies of T-DNA were identified, one was inserted around
382 bp upstream of the ATG codon of At5g62200, the other
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Fig. 5. Improved tolerance of the mutants to heavy metal and
oxidative stress. (A) Germination frequency under heavy metal stress.
The wild type (wt) and mutant (sue3 and sue4) seeds were sown on
1/2x MS medium (750 pM sulphate) containing heavy metal CdCl,
of indicated concentrations. For each treatment, 25 seeds of each
mutant and the wild type were sown on the same plate. Four
replica plates were used. Germination frequency was scored 12 d
after sowing. Values represent the mean of >100 seeds and error
bars represent SEM. *P <0.01, *P <0.001. (B) Germination
frequency under oxidative stress. The wild-type and mutant seeds
were germinated on 1/2x MS medium supplemented with para-
quat of indicated concentrations. For each treatment, 25 seeds of
each mutant and the wild type were sown on the same plate and
four replica plates were used. Germination frequencies were scored
12 d after sowing. Values represent the mean of 100 plants and
error bars represent SEM. *P <0.01, **P <0.001.

two copies were inserted at the same location in inverted
repeats in the second intron of the Atl1g43700 (see
Supplementary Fig. 1A at JXB online). RT-PCR analysis
indicated that there were no significant changes of transcript
level of At5g62200 and At5g62210 between the wild type
and sue3 (see Supplementary Fig. 1B at JXB online),
indicating that the T-DNA insertion did not affect the
expression of these two genes. However, Atlgd43700 was
completely disrupted (Fig. 8), consistent with the genetic
analysis results. The full length of At1g43700 is 2011 bp,
with four exons and three introns (Fig. 8A). Atlg43700 is
the previously identified VirE2-interacting Proteinl (VIPI),
which mediates nuclear translocation of VirE2 (Tzfira et al.,
2001; Li et al., 2005).

Sulfate uptake (nmol/g.hr)
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Fig. 6. Kinetics of sulphate uptake. (A) Dose-dependent sulphur
uptake. Na3°S0, uptake experiments were conducted in medium
with the indicated concentration of sulphate, and every medium
contented 10 pM Na3°S0,. Uptake was allowed for 6 h before
samples were prepared for scintillation counting as described in
the Materials and methods. Values represent the mean of three
experiments and error bars represent SEM. (B) Time-dependent
sulphur uptake. Sulphate uptake experiments were conducted in
sulphur-free medium supplemented with 10 pM Na3®S0,. Uptake
was allowed for the time indicated before samples were prepared
for scintillation counting as described in the Materials and
methods. Values represent the mean of three experiments and
error bars represent SEM.

In sue4, two copies of T-DNA were also detected by
Southern blot and identified via TAIL-PCR and sequencing
(data not shown). It was found that the two copies were
inserted in inverted repeats at the same position that is
1758 bp from the stop codon of At3g55870 and 930 bp
from the ATG codon of At3g55880. The At3g55880 locus
comprises four exons and three introns (Fig. 9A) and is
predicted to encode an unknown small membrane protein
with four membrane-spanning domains. Based on the
dominance nature of the mutation from our genetic
analysis, the results of real-time RT-PCR analysis in
Fig. 9B and C indicated that At3g55880 was activated while
its neighbouring genes At3g55870 and At3g55890 were not.
In the wild type, At3g55880 is expressed at low levels in
seedling and rosette leaves, roots, and inflorescence stems of
mature plants. In sharp contrast, At3g55880 is constitu-
tively expressed at high levels (Fig. 9E, F).

As the phenotype of sue mutants seems to be specific to
sulphur deprivation, it is important to determine whether


Supplementary Fig. 1A
Supplementary Fig. 1B

Low-sulphur-tolerant Arabidopsis mutants | 3415

A - C -
%4 18 . = wt
= KJ E5a) suel
£ 0.3 g &
= = 1.0+
k= .
£o2- 2
[ 3
) @ 0.5+
T 0.1 4 ‘Ts
& K
0.0 T 0.0+ T
Normal Sulfur-free Seed Normal Sulfurfree
B omq = we_ D —ozsn —
=) 222 &R svel E‘ g SUZZ
3 o0 B sued £ 0204 su
£ =
= c
e @
§ 0.024 ¥
c (=]
8 (8]
o 0014 e
S <
3
0.00 »

Sulfurfree Sulfur-free

Fig. 7. Non-protein thiols, total sulphur, and free sulphate content in the mutants versus the wild type. (A, B) 7-d-old sue4 and the wild
type were transplanted from MS hydroponic medium (Normal) to sulphate-free hydroponic medium (Sulphur-free) for 48 h before tissue
extracts were prepared for quantification of GSH and cysteine. Three replicate experiments were conducted for each treatment. Error
bars represent SEM. *0.05<P <0.01, **P <0.01, **P <0.001. (C) Total sulphur content of seedlings and seeds. Seeds of the wild type
and the mutants were germinated on the MS or low-sulphur medium (75 pM sulphate) for 4 d, then transplanted into MS medium
(Normal) or sulphur-free medium (Sulphur-free) for 10 d before quantifying total sulphur content. Air-dry wild-type and mutant seeds were
directly quantified for total sulphur content (Seed). For each treatment, three replica experiments were used and error bars represent
SEM. *0.05<P <0.01, **P <0.01, **P <0.001. (D) Free sulphate content. Seeds of the wild type and the mutants were germinated on the
MS or low-sulphur medium (75 pM sulphate) for 7 d, respectively. MS medium-germinated seedlings were transferred to soil and grew
for 42 d before free sulphate quantification (Normal). Low-sulphur medium-germinated seedlings were transferred to sulphur-free
hydroponic medium and grew for 42 d before free sulphate quantification (Sulphur-free). For each treatment, three replica experiments

were used and error bars represent SEM. *0.05< P < 0.01, **P <0.01, **P <0.001.

SUE3 and SUE4 are regulated by sulphur. The results of
RT-PCR analysis indicate that neither Atlg43700 nor
At3g55880 was responsive to low-sulphur stress (see Sup-
plementary Fig. 1D at JXB online).

Multiple mutant allele analysis for low-sulphate
tolerance of sue3

To confirm the gene-to-trait relationship in sue3, one Salk
T-DNA insertion line Salk 001014 was obtained. The
position of the T-DNA insertion is shown in Fig. 8A. In
order to analyse the low sulphate tolerance of
Salk_001014, the homozygous lines were isolated first with
genomic PCR as described by Alonso et al. (2003). The
homozygous plants were identified (see Supplementary
Fig. 1C at JXB online). The disruption of At1g43700 in
sue3 and Salk_001014 was confirmed by RT-PCR analy-
sis. The results shown in Fig. §B indicate that both sue3
and Salk_001014 had undetectable transcript levels of
Atl1g43700.

The homozygous mutant of Salk 001014 was subse-
quently assayed for low-sulphur-tolerance phenotypes.
Figure 8C and D show the markedly elongated primary

roots of the knockout mutant under sulphur-free conditions
compared with that of the wild type, while no difference in
root elongation was observed under normal sulphur con-
ditions between the mutant and the wild type. These results
confirm that loss-of-At1g43700 caused the low-sulphur-
tolerance phenotype in sue3.

Recapitulation of sue4 phenotype in the wild type by
overexpressing the tagged gene At3G55880

To confirm that the low-sulphur-tolerance phenotype was
conferred by the activated expression of At3g55880, the
cDNA of At3g55880 was cloned into the binary expression
vector pCB2004 for generating transgenic plants. The
cDNA was under the control of the 35S promoter.
Homozygous lines (T, generation) were confirmed for the
transgene over-expression (Fig. 10A). Results of the low-
sulphur tolerance assay experiments are shown in Fig. 10B
and C. Under normal sulphur conditions (1/2 MS), there
was no significant difference in root development between
the pCB2004-SUE4 transgenic line, sue4, and the wild type.
However, under sulphur-free conditions, the primary root
of the transgenic line and sue4 was significantly longer than
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Fig. 8. Multiple mutant allele analysis of low sulphur tolerance for
the At1g43700 locus. (A) llustration of At1g43700 gene structure
and location of T-DNA insertions. The arrows indicate the positions
of the T-DNA insertions within the sue3 and Salk_001014 (Col-0
background). At1g43700 are represented by exons (red rectan-
gles) and introns (black lines). (B) Confirmation of the knockout of
At1g43700 in Salk_001014 (salk) and sue3 by RT-PCR. Tubulin
was used as loading control. (C) Primary root length of
Salk_001014 versus wt. For each treatment, 10 seeds of each line
were vertically germinated and grown on the same normal
sulphate (Normal) or sulphur-free (Sulphur-free) medium for 12 d
before primary root length was measured. Three replicate plates
were used and error bars represent SEM. *0.05< P <0.01,

**P <0.01, **P <0.001. (D) A typical result of root elongation
experiment in (C), showing wild-type seedlings (wt) and
Salk_001014 vertically grown on normal and sulphur-free medium
for 12 d.

that of the wild type. This result confirms that over-
expression of the At3g55880 confers the improved low-
sulphur tolerance in sue4.

Constitutively overexpressing At3g55880 confers low-
Sulphur tolerance in transgenic tobacco

The same pCB2004-SUE4 construct was transferred into
tobacco. Three transgenic lines 4-6, 9-6, and 9-7 were
confirmed by RT-PCR analysis (Fig. 11A) and assayed for
low-sulphur tolerance. The transgenic lines displayed a more
elongated primary root under sulphur-free conditions
compared with the wild type (Fig. 11B, C). The representa-
tive line 9-7 is shown in Fig. 11B. The tolerance to oxidative
and heavy metal stress was also improved in the transgenic
lines compared with the wild type (Fig. 11D, E). These
results with transgenic tobacco not only further confirm
that activated expression of SUE4 causes the low-sulphur-
tolerance phenotype, but also demonstrate the potential of
this gene to improve low-sulphur-tolerance of crops.

Discussion

An ideal genetic screen for sulphur nutrient utilization
mutants must meet two criteria. First, a reproducible and
experimentally feasible sulphur deficiency condition must be
established and, second, a high-throughput process needs to
be designed. A modified hydroponic culture has proved
ideal for limiting nutrient levels and was used for isolating
low-nitrogen tolerant mutants of Arabidopsis (Yu et al.,
2004). That set-up, however, does not meet the high-
throughput requirement. This genetic screen developed for
isolating mutants with improved tolerance to low sulphate
growth conditions meets both criteria. Compared with the
other screens for nutrient defect mutants, the key to this
screen is to restrict sulphur in the medium to a sulphur-free
level. Under nitrate stress, plants may respond by changing
root architecture, root-to-shoot ratio, and seed germination
rate. Therefore, various nitrogen stress-responsive mutants
were isolated (Alboresi er al, 2005; Forde and Walch-Liu,
2009; Wang et al., 2009). However, the demand for sulphur
by plants is relatively low compared with other macro-
nutrients, making it hard for sulphur stress-responsive
mutants.

With this genetic screen, three mutants with improved
growth under low sulphur stress have been successfully
isolated, thus demonstrating the feasibility of the screen.
The establishment of this genetic screen should facilitate the
isolation of more low sulphur-tolerant mutants in the
future, an important step towards understanding the genetic
basis of sulphur utilization efficiency.

The mutants displayed continued growth after germina-
tion and a well-developed root system under the sulphur-
free conditions. The development of root systems usually
reflects the ability of roots to adjust their growth to
environmental factors. One of the factors is the nutrient
availability. Nitrogen and sulphur often limit plant growth
(Kutz et al., 2002; Potters et al., 2007) and cause changes in
auxin homeostasis, which may lead to the increased root
growth in order to capture the nutrients from the environ-
ment (Kutz ez al., 2002; Potters et al., 2007). On the other
hand, sulphur utilization is also an important factor for
plant growth (Hawkesford, 2000).Thus the mutants must
have enhanced sulphur utilization or enhanced sulphur-
absorbing capability which, in part, might be contributed by
the well-developed root system. In addition to the improved
root system, the capacity in sue3 of sulphate uptake as
revealed by the kinetic analysis should be beneficial to the
mutant.

Under normal sulphur conditions, no significant differ-
ence was observed in root development and growth between
the wild type and the mutants. This might be expected
considering the tight regulation of sulphate uptake and
assimilation that is demand-driven (Lappartient et al.,
1999). Low sulphur conditions are known to stimulate root
elongation (Shibagaki ez al, 2002) while the sulphur-free
condition suppresses wild-type root elongation and seedling
growth as demonstrated in this study. Therefore, it is
reasonable to speculate that the mutations might have
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Fig. 9. At3g55880 locus is activated in sue4 mutant. (A) lllustration of At3g55880 locus in sue4. Two copies of T-DNA were inserted in
an inverted orientation at position 20597, 1758 bp downstream from the stop codon of At3g55870 and 930 bp upstream from the ATG
codon of At3g55880. (B) RT-PCR analysis of transcript levels of the neighbouring genes. Transcript levels for At3g55870, At3g55880,
and At3g55890 were compared in the wild type and the sue4 mutant. The experiment was repeated three times, and a typical result is
presented. (C) Real-time RT-PCR analysis of transcript levels of the neighbouring genes. Using the same samples and primers as in (B),
real-time RT-PCR was performed for 30 cycles. The relative transcript level was obtained as folds of the tubulin transcript level, which
was used as the internal control. Values represent the mean of three experiments and error bars represent SEM. (D) RT-PCR analysis of
the expression patterns of At3g55880 in the mutant and the wild type. RNA was isolated from seedlings (Sd), roots (R), rosette leaves
(R-leaf), cauline leaves (C-leaf), inflorescence stem (St), flowers (FI), and siliques (Si) of the wild type and sue4 plants, respectively. Tubulin
was used as a loading control. The experiment was repeated three times, and a typical result is presented. (E) Real-time RT-PCR
analysis of the expression patterns of At3g55880 in the mutant and the wild type. Using the same samples and primers as in (D),
real-time RT-PCR was performed for 30 cycles. The relative transcript level was obtained as folds of the tubulin transcript level, which
was used as the internal control. Values represent the mean of three experiments and error bars represent SEM.

altered low-sulphur signal sensing and stimulated root
development under sulphur-free conditions.

Sulphur is an essential macroelement in plant. Sulphur
deficiency often results in decreased crop yields and quality,
but not the death of the plant. Under sulphur deficiency,
several pathways in plant metabolism may cross-influence
as networks (Hirai et al., 2003; Maruyama-Nakashita et al.,
2003; Hirai and Saito, 2004; Nikiforova et al., 2006). More
than 2000 genes in Arabidopsis were significantly altered in
expression by sulphur deficiency (Nikiforova ez al., 2003) as
well as the alterations in the metabolism of sulphur-
containing metabolites such as SAM, cysteine, and glutathi-
one (Nikiforova et al., 2005).

To defend against abiotic stresses, glutathione plays
many important roles in plants (Noctor and Foyer, 1998;
Vernoux et al, 2000; Xiang et al, 2001). Usually, the
abiotic stresses induce an initial decrease in the glutathione
pool size in plants. Plants quickly respond by replenishing
glutathione by the increased synthesis of glutathione (Xiang
and Oliver, 1998) For example, under heavy metal stress,

the GSH level is consumed for the biosynthesis of PCs,
heavy metal-binding peptides which are involved in
heavy metal tolerance and sequestration (Cobbett and
Goldsbrough, 2002). The level of GSH in sue4 was un-
changed under sulphur deficiency, while the levels of GSH
in sue3 and the wild type were reduced. Normally, as
a major form of organic sulphur storage, the level of GSH
would be reduced under conditions of sulphur starvation.
However, sue4 maintained a steady level of GSH level
compared with the wild type. Similar results have been
reported for a selenium-binding protein SBP1 whose
expression responds to cellular sulphur and GSH demand.
Overexpression of SBPI clearly enhanced the tolerance to
the heavy metal in the wild type with the affected GSH
level. However, overexpression of SBPI in cad2-1 (Howden
et al., 1995), a cadmium-sensitive, glutathione-deficient
mutant, did not affect GSH content while the mutant also
has the phenotype of heavy metal tolerance (Dutilleul ez al.,
2008; Hugouvieux et al., 2009). In the mutants of the OAS-
TL gene family, cysteine and glutathione levels were
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**P <0.001.
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reduced only in roots of BSAS2:2 while both were reduced
in roots and leaves of BSASI:1 plants (Watanabe et al.,
2008; Kopriva et al., 2009).

The level of GSH in both sue3 and sue4 was significantly
higher than that in the wild type on the normal medium.
Correlated with the results of the root to shoot ratio,
sulphate uptake, and the total sulphur content, these results
suggested that the mutant sue3 may have a higher capacity
and a higher rate of sulphate uptake while sue4 may have
higher sulphate utilization efficiency compared with the wild
type.

Further study on the identification of the tagged gene in
sue3 and sue4 mutants showed that sue3 was caused by the
disruption of At1g43700 by the T-DNA insertion. Multiple
mutant allele analysis for low sulphur tolerance of sue3
confirmed that loss-of-At1g43700 resulted in the phenotype
of sue3. SUE3 is the previously identified VIPI involved in
the nuclear import of VirE2 in the T-DNA transfer process
(Tzfira et al., 2001; Li et al., 2005). How VIP1 senses low-
sulphur signals and regulates root system architecture under
low-sulphur condition is not clear at present.

The dominant mutation in SUE4 was a consequence of
activated expression of At3g55880 by the enhancers on the
T-DNA. The activated expression of the At3g55880 in sue4
and recapitulation in wild-type Arabidopsis as well as in
tobacco confirm that it was the altered expression pattern
of SUF4, i.e. constitutive overexpression that caused the
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Fig. 11. Overexpression of SUE4 in tobacco recapitulates sue4-like phenotype. (A) Verification of overexpression transgenic lines in tobacco
via RT-PCR analysis. Tubulin was used as loading control. (B) Root elongation assay. The pCB2004-SUE4 was used to generate transgenic
tobacco plants. The overexpression line 4-6, 9-6, 9-7, and the wild type were assayed for primary root elongation on 1/2x MS medium
(normal) and sulphur-free medium. Primary root length was measured at day 20 after sowing. (C) Primary root length after 20 d growth as in
(A). Values represent the mean of >50 plants and error bars represent SEM. *0.05 < P <0.01, **P <0.01, **P <0.001. (D) Survival ratio under
oxidative stress. The wild type, 4-6, and 9-7 were co-planted on MS medium and MS containing 5 uM paraquat. Values represent the
mean of >50 plants and error bars represent SEM. *0.05 <P <0.01, **P <0.01, **P <0.001. (E) Survival ratio under Cd stress. The wild type,
4-6, and 9-7 were co-planted on MS medium and MS containing 100 pM CdCl, in hydroponic system. Values represent the mean =20
plants and error bars represent SEM. *0.05 <P < 0.01, **P <0.01, **P <0.001.



low-sulphur-tolerance phenotype. SUE4 is a small protein
with four trans-membrane domains. Its function is currently
unknown. It is not immediately obvious how this small
protein works to increase low-sulphur tolerance and im-
prove root system architecture under low-sulphur condi-
tions. Considering the root phenotype of sue4 mutant, the
dominant mutation might have perturbed auxin homeosta-
sis which plays a dominant role in shaping root architec-
ture. Likewise, loss-of-SUE3 might also somehow perturb
auxin homeostasis in the sue3 mutant. The exact underlying
mechanisms await further investigation.

Taken together, a high-throughput genetic screen has
been reported for isolating mutants with improved low-
sulphur tolerance and potentially with enhanced SUE. Its
application was demonstrated by screening an Arabidopsis
activation-tagging library, and confirmed by multiple mu-
tant allele analysis and functional recapitulation experi-
ments. Further functional analysis of the tagged genes
(At1g43700 and At3g55880) should shed light on the
genetic basis and molecular mechanisms of SUE. Moreover,
these mutants may be useful materials for transcriptomic
and metabolomic analysis to reveal transcriptional and
metabolic networks as reported (Maruyama-Nakashita
et al., 2003; Nikiforova et al., 2004; Tohge et al., 2005;
Hirai et al., 2007; Yonekura-Sakakibara et al., 2008).

Supplementary data

Supplementary data can be found at JXB online.
Supplementary data. A detailed description of the genetic
screen for low-sulphur-tolerance mutants.
Supplementary Table S1. Composition of stock solutions
for sulphur-containing and sulfur-free medium.
Supplementary Table S2. Composition of stock solutions
for MS medium.
Supplementary Fig. S1. T-DNA-tagged loci in sue3 and
isolation of Salk_001014 homozygous lines.
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