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Plants adapt their growth and development in response to perceived salt stress. Although DELLA-dependent growth
restraint is thought to be an integration of the plant’s response to salt stress, little is known about how histone modification
confers salt stress and, in turn, affects development. Here, we report that floral initiator Shk1 kinase binding protein1 (SKB1)
and histone4 arginine3 (H4R3) symmetric dimethylation (H4R3sme2) integrate responses to plant developmental progress
and salt stress. Mutation of SKB1 results in salt hypersensitivity, late flowering, and growth retardation. SKB1 associates
with chromatin and thereby increases the H4R3sme2 level to suppress the transcription of FLOWERING LOCUS C (FLC) and
a number of stress-responsive genes. During salt stress, the H4R3sme2 level is reduced, as a consequence of SKB1
disassociating from chromatin to induce the expression of FLC and the stress-responsive genes but increasing the
methylation of small nuclear ribonucleoprotein Sm-like4 (LSM4). Splicing defects are observed in the skb71 and Ism4
mutants, which are sensitive to salt. We propose that SKB1 mediates plant development and the salt response by altering

the methylation status of H4R3sme2 and LSM4 and linking transcription to pre-mRNA splicing.

INTRODUCTION

The growth and productivity of sessile plants are greatly affected
by environmental factors such as drought, low temperature, and
soil salinity. To withstand environmental stresses, plants have
evolved highly integrated sensing and response signaling path-
ways that regulate developmental processes, such as growth
and flowering. In general, a stress signaling pathway of plants
comprises a sensor, signal transduction, and a response. The
sensor perceives adverse environmental conditions. Although
few stress sensors have been identified, the subsequent signal
transduction and response reactions have been studied inten-
sively (Zhu, 2001, 2002; Xiong et al., 2002a; Chinnusamy et al.,
2004; Yamaguchi-Shinozaki and Shinozaki, 2006; Munns and
Tester, 2008; Cutler et al., 2010). In Arabidopsis thaliana, several
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perception and signaling pathways have been identified for the
response to high salinity in soil, including the salt overly sensitive
pathway and the phytohormone abscisic acid (ABA)-dependent
and -independent transcriptional regulation pathways (Serrano
and Rodriguez-Navarro, 2001; Zhu, 2002, 2003; Quan et al.,
2007; Mahajan et al., 2008).

High salinity induces the accumulation of the phytohormone
ABA by increasing the expression of ABA biosynthetic genes,
such as ABA1, ABA3, and NCEDS3 (Seo et al., 2000; Xiong et al.,
2001a, 2002a, 2002b; Ruggiero et al., 2004; Matsui et al., 2008).
Under high salt and other osmotic stress, ABA accumulation
activates ABA-dependent signaling by increasing the expression
of transcription factors DEHYDRATION RESPONSIVE ELEMENT
(DRE) BINDING FACTOR 2A (DREB2A), DREB2B, RESPONSIVE
TO DESSICATION 22 BINDING PROTEIN (RD22BP), and ABA-
RESPONSIVE ELEMENT BINDING BASIC LEUCINE ZIPPER
PROTEINS (ABFs/AREBs) as well as stress-responsive genes,
such as RD29A, RD29B, RD22, COLD-REGULATED47 (COR47),
and COLD-INDUCIBLE1 (Zhu, 2002; Yamaguchi-Shinozaki and
Shinozaki, 2006). The expression of stress-responsive genes
is greatly reduced in the aba7 and aba3 mutants, as well as in
the double mutant of G-PROTEIN COUPLED RECEPTOR-
TYPE G PROTEINS (gtg1 gtg2) and in the quadruple mutant
of PYRABACTIN RESISTANCE1 and PYRABACTIN LIKE (pyr1
pyl1 pyl2 pyl4), two types of ABA receptors with unknown
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functions in salt stress (Xiong et al., 2001a, 2002b; Pandey et al.,
2009; Park et al., 2009). ABA-dependent signaling is negatively
regulated by type 2C protein phosphatases, namely, ABI1 and
ABI2, and the downstream signaling ceases in the dominant-
positive ABA-insensitive mutants abi7-1 and abi2-1 (Leung et al.,
1994, 1997; Meyer et al., 1994; Allen et al., 1999; Gosti et al.,
1999; Murata et al., 2001; Becker et al., 2003; Saez et al., 2004).
During osmotic stress, the expression of stress-responsive genes
is also regulated in an ABA-independent pathway. In this path-
way, high salinity stress induces the expression of transcription
factors such as DREB2A and DREB2B, which activate stress
response genes containing DRE cis-elements. Although ABA-
dependent and -independent pathways exist in osmotic stress
signaling, the expression of some response genes, such as RD29A,
which contains both DRE and ABA-responsive element, is interde-
pendent (Zhu, 2002; Yamaguchi-Shinozaki and Shinozaki, 2006).

In adapting to adverse environments, the developmental pro-
cesses of flowering time and plant growth are also regulated by
stress sensor and signal transduction pathways (Apse et al.,
1999; Zhu, 2002). Recent studies have identified several genes
that function in developmental pathways as key regulators that
connect environmental sensing and plant growth. A flowering
autonomous pathway gene, FVE, which regulates flowering time
by affecting chromatin histone acetylation of the floral integrator
FLOWERING LOCUS C (FLC), is a sensor of cold temperature.
FVE perceives cold temperature and integrates cold response
and flowering time by modulating the expression of FLC and cold
response genes (Blazquez et al., 2003; Kim et al., 2004). Apart
from FVE, another autonomous pathway gene, FCA, which
encodes an RNA binding protein that functions as a thermosen-
sor that regulates flowering time, might integrate the cold re-
sponse and flowering time via small interfering RNA-mediated
chromatin silencing (Blazquez et al., 2003; Baurle et al., 2007).
Nucleosomes containing H2A.Z, a histone H2A variant, perceive
ambient temperature and influence flowering time independently
of transcription (Kumar and Wigge, 2010). In addition to ambient
temperature, high salinity in soil slows the growth of plants and
delays flowering time (Achard et al., 2006). DELLA protein
accumulation, which restrains growth, is critical for integrating
the salt response and flowering time, and it does so by inhibiting
the expression of LEAFY (LFY), which encodes a floral initiator
protein. FLC transcript levels are increased in plants grown on
salt but are not regulated by DELLAs (Achard et al., 2006).
Compelling evidence shows that the expression of genes such
as FLC and salt response genes is regulated by histone modi-
fication (He and Amasino, 2005; Sridhar et al., 2007; Zhu et al.,
2008; Bond et al., 2009; Dalal et al., 2009; He, 2009). However,
the key histone marker that integrates salt response and plant
development remains unclear. It is possible that a chromatin
remodeling factor may contribute to the expression of genes
involved in both flowering time and salt response. We report that
SKB1 and histone H4R3 symmetric dimethylation (H4R3sme?2)
are involved in the integration of the salt response and flowering
time in Arabidopsis.

SKB1, also named protein arginine methyltransferase 5
(PRMTD), is a type Il Arg methyltransferase that catalyzes Arg
symmetric dimethylation (Bedford and Richard, 2005; Pahlich
et al., 2006; Bedford, 2007; Bedford and Clarke, 2009). In

mammalian cells, PRMT5 methylates a wide spectrum of sub-
strates, including histone and nonhistone proteins, to regulate
gene transcription, RNA elongation, pre-mRNA splicing, protein
interaction, and protein stability (Kwak et al., 2003; Pal et al.,
2003; Liu et al., 2007; Chari et al., 2008; Guo and Bao, 2010; Ren
etal.,2010; Zhou et al., 2010). We and others previously reported
that Arabidopsis SKB1/PRMT5 promotes flowering by suppress-
ing the expression of FLC through H4R3sme2 in the promoter
region (Wang et al., 2007; Schmitz et al., 2008). The skb7-1 and
skb1-2 mutants show a reduced level of H4R3sme2 and have a
late-flowering phenotype, as well as severe developmental re-
tardation (Pei et al., 2007; Wang et al., 2007). We report that
mutation of SKB17 results in hypersensitivity to salt stress and
ABA. Salt stress reduces the H4R3sme2 level, which is essential
for suppressing the expression of FLC and stress-responsive
genes, and this finding suggests a mechanism by which tran-
scription can be regulated by salt. We also show that SKB1
methylates U6 small nuclear ribonucleoprotein (snRNP)-specific
Sm-like protein LSM4 and that mutations in SKB1 lead to splicing
defects in hundreds of genes that are involved in many biological
processes, including the abiotic stress response. In addition, the
Ism4 mutant, similarly to skb1, is found to be hypersensitive to
salt and results in the same splicing defects in some genes. Two
independent groups recently described the induction of a broad
range of RNA splicing defects in the skb7 mutant (Deng et al.,
2010; Sanchez et al., 2010).

Taken together, our work and that of Deng et al. (2010) and
Sanchez et al. (2010) provide a comprehensive picture of how
SKB1-mediated protein Arg methylations master transcription
and pre-mRNA splicing to regulate plant development and the
plant’s response to environment cues.

RESULTS

The skb1-1 Mutant Is Hypersensitive to Salt Stress

Previous studies by us and others have shown that SKB1 is a
member of an autonomous pathway that regulates flower-
ing time in Arabidopsis (Pei et al., 2007; Wang et al., 2007). The
skb1-1 flc-3 double mutant suppresses the skb7-1 late-flowering
phenotype. However, compared with wild-type and flc-3 mutant
plants, the skb1-1 flc-3 mutant was much smaller when grown in
soil (see Supplemental Figure 1 online). Linked to our previous
study, the SKB1 homolog in fission yeast is involved in the KCI-
induced hyperosmotic stress response (Bao et al., 2001). We
investigated whether SKB1 is also required in the salt stress
response in Arabidopsis. Four-day-old skb7 mutants and wild-
type seedlings germinated on Murashige and Skoog (MS) me-
dium were transferred to MS medium containing NaCl. The
growth of both skb7-1 and skb7-2 mutant plants was completely
inhibited by 120 or 160 mM NaCl, and the plants died. By
contrast, wild-type plants under the same conditions showed
slightly inhibited growth and remained alive (Figures 1A and
1B; see Supplemental Figure 2 online). The hypersensitivity of
skb1-1 mutant plants to NaCl was reversed in transgenic plants
(35S:SKB1 skb1-1) that constitutively expressed SKB1 in the
skb1-1 mutant background (Figure 1C).
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Figure 1. Phenotypic Analysis of skb7-1 Mutant Plants Exposed to Salt Stress.

(A) and (B) Comparison of the survival rate of the wild type (Col-0) and the skb7-1 mutant grown on MS medium containing the indicated concentration
of NaCl. Photographs were taken and the survival rate was determined 30 d after seedling transfer to the treatment medium. Data represent means =
(SE of three independent experiments (n > 50).

(C) and (D) Comparison of root growth of wild type (Col-0), skb7-1, and 35S:SKB1 skb1-1 plants grown on MS medium with 100 mM NaCl. Four-day-old
seedlings were transferred from MS medium to MS medium with 0 or 100 mM NaCl. Root growth was measured relative to controls 10 d after seedling
transfer onto the treatment medium. More than 24 roots were measured for each data point. Data represent means + SE of three independent
experiments.

(E) and (F) Comparison of the root growth of the wild type (Col-0) and skb7-1 mutant grown on MS medium with 100 mM KCI, 100 mM KNOg, or 10 mM
LiCl. Primary root length was measured and root growth relative to controls was analyzed 10 d after seedling transfer to the treatment medium. More
than 24 roots were measured for each data point. Data represent means = SE of three independent experiments.

(G) Relative electrolyte leakage of leaves from wild-type (Col-0), skb7-1, and 35S:SKB1 Col-0 plants after exposure to 100 mM NaCl. Data represent

means * SE of three independent experiments.

We examined the growth of roots, a primary indicator of salt
concentration. The root length of wild-type plants grown on MS
medium containing 100 mM NaCl was ~40 to 50% that of plants
grown on MS medium alone. By contrast, the root length of skb1
mutants was reduced to only 20% that of plants grown on MS
medium, and this root growth defect of skb7 mutants was
rescued in 35S:SKB1 skb1 transgenic plants (Figures 1C and
1D). In addition, compared with wild-type plants, transgenic
plants overexpressing SKB1 (35S:SKB1 Columbia [Col]) showed
slightly increased tolerance to NaCl-induced osmotic stress (see
Supplemental Figure 3 online).

To determine whether the skb7-7 mutant is specifically hyper-
sensitive to NaCl, wild-type and skb7-1 mutant seedlings were
transferred to MS medium containing KCI, KNOg, or LiCl for 10 d.
Primary root growth of the skb7-1 mutants was inhibited more
severely than that of the wild type with each treatment (Figures
1E and 1F).

In addition, we determined the relative electrolyte leakage
(REL) of skb1-1 seedlings treated with 100 mM NaCl and found
that the REL of the skb7-7 mutant was significantly higher than
that of the wild type but that the REL of plants overexpressing

SKB1 was lower (Figure 1G). Thus, SKB1 is involved in this
adaptive response to salt stress in Arabidopsis.

SKB1 Regulates the Salt Stress Response Independently
of FLC

SKB1 regulates flowering time in an FLC-dependent manner (Pei
et al., 2007; Wang et al., 2007; Schmitz et al., 2008). We asked
whether SKB1 functions in salt stress tolerance through the
expression of FLC. We examined the sensitivity to NaCl-induced
salt stress of flc-3, a mutant with loss of FLC function, and the
skb1-1 flc-3 double mutant. Compared with the wild type, the
skb1-1 mutant was hypersensitive to NaCl, whereas the flc-3
mutant was not (Figures 2A and 2B). However, the skb1-1 flc-3
double mutant showed a sensitivity to salt stress similar to that of
the skb7-1 mutant, which suggests that SKB17 functions inde-
pendently of FLC in salt stress tolerance.

We then examined other autonomous pathway genes, FVE,
FCA, FLD, FLK, FY, LD, PRMT4A, PRMT4B, and PRMT10, and
the PAF1 complex component, SDG8, and found that none of the
mutant plants was sensitive or more tolerant to NaCl than was
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Figure 2. The Sensitivity of Mutants of Genes That Regulate Flowering Time to Salt Stress.

(A) and (B) Similar to skb1-1, the skb1-1 flc-3 double mutant is hypersensitive to salt stress, and the sensitivity of flc-3 to salt stress is similar to that of

the wild type.

(C) The survival rate of the other mutants of genes that regulate flowering time, including fca, fve, fld4, flk, fy, Id, prmtd4a prmt4b, prmt10, and sdg8. Four-
day-old seedlings were transferred from MS medium to MS medium with 0, 80, 120, or 160 mM NaCl. Survival rate was determined 30 d after seedling
transfer to the treatment medium. Data represent means = SE of three independent experiments (n > 40).

(D) Flowering times of the wild type (Col-0) and the skb7-1 mutant treated on MS medium with 0, 25, 50, or 75 mM NaCl for 5 d before transfer to soil.

[See online article for color version of this figure.]

the wild type (Figure 2C; see Supplemental Figure 4 online). We
further examined the effects of salt stress treatment on the
flowering time of wild-type and skb7-1 plants. Five-day-old
seedlings germinated on MS medium were transferred to MS
medium containing 0, 25, 50, or 75 mM NaCl and cultured for 5d
before transfer to soil. Whereas flowering time delay of the wild
type was found to be NaCl concentration dependent, salt stress
treatment did not obviously affect the flowering time of the
skb1-1 mutant (Figure 2D). These results suggest that SKB1
might be a key regulator connecting flowering time and salt
tolerance.

skb1-1 Is Hypersensitive to ABA

High concentrations of salt induce ABA accumulation and acti-
vate ABA signaling pathways (Nakashima et al., 2000; Xiong
et al., 2002a; Zhu, 2002; Christmann et al., 2006). To examine
whether SKB1 is involved in ABA signaling, wild-type and skb1-1
seeds were planted in MS medium containing various concen-
trations of ABA. In the absence of ABA, skb1-1 and wild-type
plants showed similar seed germination rates (Figures 3A and
3B). In the presence of 0.3 wM ABA, only 40% of skb1-1 seeds
germinated, and these did not show any cotyledon greening. By
contrast, 100% of wild-type seeds germinated and showed
cotyledon greening (Figures 3A and 3B). The 35S:SKB1 skb1-1
transgenic seeds rescued the ABA hypersensitivity of the skb71-1
mutant (Figures 3A to 3D). In the presence of ABA, 35S:SKB1

Col-0 plants exhibited more green cotyledons than did wild-type
plants (Figures 3C and 3D), and the plants showed more root
growth (see Supplemental Figure 5 online).

To investigate the molecular mechanism underlying the hy-
persensitivity of skb1 plants to salt stress and ABA, we examined
the transcript levels of genes involved in the salt stress and ABA
response and signaling pathways. The expression of the stress-
responsive genes RD29A, RD29B, RD22, COR47, and Response
to ABA 18 (RAB18) and transcription factors DREB2A and ABF3,
as well as a regulator of ABA signaling, ABI71, was strongly
induced by both NaCl and ABA in wild-type plants; however, the
induced expression of these genes was lower in skb7-1 seedlings
(Figure 3E). Thus, loss of SKB1 function results in hypersensitivity
to increased salt and ABA, and SKB1 could be involved in the
ABA signaling pathway.

A High Concentration of Salt Reduces the Level of
H4R3sme2 by Disrupting the Association of SKB1
with Chromatin

To elucidate the molecular mechanism of the involvement of
SKB1 in the plant’s response to salt stress, we examined SKB1
mRNA expression. Wild-type 11-d-old (Col-0) plants were sub-
jected to 200 mM NaCl or 100 uM ABA. Compared with the
untreated control, neither mRNA (Figure 4A) nor protein (Figure
4B) levels of SKB1 differed in response to either treatment.
Therefore, the expression of SKB1 was not induced by high
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Figure 3. Loss of SKB1 Leads to Hypersensitivity to ABA.
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(A) and (B) Seed germination of the wild type (Col-0), skb7-1, 35S:SKB1 skb1-1, and 35S:SKB1 Col-0. Seeds harvested on the same day were planted
on MS medium containing 0, 0.2, 0.3, 0.5, or 1 .M ABA. Plates were transferred to a growth chamber after stratification at 4°C for 3 d. Photographs were
taken, and germination rate was determined 3 d after the transfer. Data represent means =+ SE of three independent experiments (n = 96).

(C) and (D) Cotyledon greening of the wild type (Col-0), skb71-1, 35S:SKB1 skb1-1, and 35S:SKB1/Col-0. Photographs were taken and cotyledon
greening rate was determined 6 d after transfer to the growth chamber. Data represent means * SE of three independent experiments (n = 96).

(E) Real-time quantitative RT-PCR analysis of the expression of salt stress and ABA-responsive genes in the wild type (Col-0) and skb7-1 and
normalized with 18S rRNA expression. Error bars indicate the relative SD of three independent experiments. Template RNA isolated from 11-d-old
seedlings growing on MS agar medium was treated with 200 mM NaCl for 6 h or 100 wM ABA for 3 h.

salinity or ABA. SKB1 has been linked to the histone mark
H4R3sme2 (Fabbrizio et al., 2002; Ancelin et al., 2006; Wang
et al., 2007). Using an H4R3sme2-specific antibody, we exam-
ined H4R3sme?2 levels under high salinity or ABA by immunoblot
analysis and found that the global level of H4R3sme2 was
reduced by both treatments in the wild type (Figure 4C).

To determine whether the decreased level of H4R3sme2
results from a change of SKB1 associative chromatin, we
performed a chromatin immunoprecipitation (ChlIP) assay using
anti-SKB1 and -H4R3sme2 antibodies to analyze the gene locus
of RD29A and RD29B, whose expression is regulated by histone
modification and DNA methylation in response to salt and
ABA stress (Gong et al., 2002; Sridhar et al., 2007). As shown in

Figures 4D and 4E, both anti-SKB1 and -H4R3sme2 antibodies
pulled down chromatin DNA at the d, e, f, g, and i regions in the
wild type but not in the skb7-7 mutant (see Supplemental Figure 6
online). Compared with untreated controls, treatment with salt
substantially decreased immunoprecipitated DNAs at these
chromatin regions (Figure 4E).

The transcription of the flowering time suppressor FLC is
suppressed by H4R3sme2 (Wang et al., 2007; Schmitz et al.,
2008) and is increased in plants grown on salt (Figure 4G) (Achard
et al., 2006). We then examined the H4R3sme2 and SKB1 level in
the FLC promoter and found that salt treatment resulted in
significantly decreased levels and even loss of both SKB1 and
H4R3sme?2 in the FLC promoter chromatin (Figure 4H). This
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Figure 4. SKB1 Expression Profile and H4R3sme2 Level in Global and Specific Sites in Response to Salt Stress and ABA Treatments.

(A) RT-PCR analysis of the expression of SKBT in the wild type (Col-0) in response to salt stress and ABA treatment. Template RNA isolated from
11-d-old seedlings grown on MS medium was treated with 200 mM NaCl for 6 h or 100 uM ABA for 3 h. TUBULIN was the loading control. Three
biological replicates were performed with similar results.

(B) Immunoblot analysis of SKB1 expression in response to salt stress and ABA treatment. Wild-type (Col-0) and skb7-1 plants were treated as in (A).
(C) Immunoblot analysis of Arg symmetric dimethylation modification of the H4R3sme2 level in response to salt stress and ABA treatment, using
histone-enriched whole protein extract and an H4R3sme2-specific antibody. Wild-type (Col-0) and skb7-1 seedlings were treated as in (A).

(D), (F), and (K) Diagrams of the RD29A and RD29B (D), FLC (F), and HAB1 (K) genes structure, with bars representing the regions examined by ChIP
shown in (E), (H), and (L), respectively. White boxes represent exons or 5’ or 3’ untranslated regions, and black lines represent introns.

(E), (H), and (L) ChIP assay for RD29B and RD29A (E), FLC (H), and HAB1 (L) performed with anti-SKB1 and -H4R3sme2 antibodies. Chromatin
extracted from 11-d-old seedlings grown on MS medium was treated with 200 mM NaCl for 6 h or 100 wM ABA for 3 h, untreated as a control. Data
represent triplicate multiquantitative PCR measurements of immunoprecipitated DNA, and the input represents chromatin before immunoprecipitation.
Error bars represent relative sb of ChIP data.

(G) Quantitative RT-PCR analysis of the expression of FLC in response to salt stress. Template RNA isolated from 11-d-old seedlings grown on MS
medium was treated with 200 mM NaCl for 6 h. The experiment was performed independently three biological replicates and normalized by TUBULIN
expression. Error bars indicate the relative sb of three independent experiments.

(I) Venn diagram of genes upregulated in the skb7-7 mutant in standard conditions (a) and in the wild type after treatment with 200 mM NaCl for 6 h (b),
as determined by microarray analysis.

(J) Real-time quantitative RT-PCR analysis of the expression of salt stress—induced genes in the wild type and skb7-7 mutant in standard and salt stress
conditions. Template RNA, experiments, and data analysis are indicated in (G).



indicates that salt stress increases the expression of FLC by
reducing H4R3sme2 levels and decreasing the association of
SKB1 with chromatin.

To further elucidate how the stress response is regulated by
SKB1, we performed a transcriptome analysis using a microarray
assay (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE26398). Relative to the wild type, the expression of 150
genes was upregulated in the skb7-1 mutant in unstressed
conditions. The expression of 1242 genes was induced in the
wild type by treatment with 200 mM NaCl for 6 h. Among these
1242 salt stress—induced genes, 74 genes, including the ABA
signaling negative regulator, Homology to ABI1 (HAB1), and the
protein kinase genes, MAP Kinase Kinase or Erk Kinase1 (MEK1),
MAP Kinase Kinase Kinase 1 (MEKK3), and Arabidopsis protein
kinase related to mammal mixed-lineage kinases and Raf protein
kinases 1 (MRK1), were upregulated in unstressed conditions in
the skb7-1 mutant plants (Figure 4l). The results of quantitative
RT-PCR confirmed that the expression of HAB1, MEK1, MEKK1,
and MRK1, and some other stress-responsive genes, such as
At1G17170 and At5G 17460, was increased in the skb7-1 mutant
grown under normal conditions (Figure 4J). Given the critical role
of HAB1 in ABA and salt stress (Saez et al., 2004, 2006), we
asked whether SKB1 regulates its transcription directly. ChIP
analysis showed that SKB1 associated with HAB7 chromatin,
and anti-H4R3sme2 antibody pulled down HAB1 chromatin
DNAs (Figures 4K and 4L). Consistently, either SKB1 association
with HAB1 chromatin or the level of H4R3sme2 in HAB1 chro-
matin decreased under salt stress conditions (Figures 4K and
4L). These results suggest that SKB1 suppresses the expression
of HAB1 by increasing the levels of H4R3sme2.

SKB1 Methylates the U6 snRNP LSM4 in Response to Salt
Stress and ABA

The histone H4R3sme2 is a silencing mark of transcription and its
reduced levels activate transcription. The H4R3sme2 levels of
RD29A and RD29B chromatin were decreased in skb7 mutant
plants (see Supplemental Figure 6 online); however, the ex-
pected higher mRNA levels of RD29A and RD29B were not
observed in the skb7 mutant plants (Figure 3E). This prompted us
to test whether other pathways are affected in the skb7 mutant.
We used an antibody, SYM11, which specifically recognizes
symmetric dimethylated arginine (sDMA)-containing peptides
(Boisvert et al., 2003), to test the change in sDMA at the global
level in response to high salinity or ABA treatment. The methyl-
ation signal of some protein(s) of ~14 kD was increased signif-
icantly and that of other proteins of ~10 kD were decreased in
the wild type after high salinity or ABA treatment; however, the
corresponding bands were lost or became much weaker in the
skb1-1 mutants (Figure 5A).

To identify these sDMA-containing proteins, we performed
immunoprecipitation with SYM11. The SYM11 immunoprecipi-
tates isolated from the protein extracts of the wild-type plants
treated with 100 .wM ABA for 5 h were subjected to SDS-PAGE,
and proteins of between 7 and 17 kD that could not be methyl-
ated in the skb7 mutant were identified by liquid chromatogra-
phy-tandem mass spectrometry (Figure 5B). These proteins
include histone H4, SM proteins (SME, SMF, and SMG-B), and
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SM-like proteins (LSM 4, 7, 8, and 6-B). Apart from H4, all of
these proteins are core components of snRNPs (Figure 5B) (He
and Parker, 2000; Pannone and Wolin, 2000; Zamski et al., 2001;
Zhao et al., 2009).

To test whether SKB1 could methylate the SM and LSM
proteins, the glutathione S-transferase (GST)-tagged fusion
proteins were purified from Escherichia coli. SKB1 methylated
only LSM4 (Figure 5C). The other SM and LSM proteins immu-
noprecipitated by SYM11 but were unable to be methylated by
SKB1. Therefore, these unmethylated SM or LSM proteins might
have formed a complex with methylated LSM4 and were
coimmunoprecipitated with methylated LSM4 (Figure 5B). Pro-
tein amino acid sequence alignment showed that Arabidopsis
LSM4, a 14-kD protein, is an evolutionarily highly conserved
protein, with homologs in yeast, mouse, and humans (see
Supplemental Figure 7 online); it contains three Arg-Gly repeats
(Mazzoni et al., 2005) at the C-terminal region (Figure 5D). To
define which Arg residues could be methylated, we generated
three truncated mutants that deleted one (d1), two (d2), or three
(d3) RG repeat(s) (Figure 5D). Compared with the methylation
signal for wild-type LSM4, methylation decreased gradually in
the d1 and d2 mutants and was completely absent in the d3
mutant (Figure 5E).

Loss of SKB1 Influences Pre-mRNA Splicing

U6 snRNA-associated LSM4 is involved in pre-mRNA splicing in
humans, yeast, and Xenopus laevis (Cooper et al., 1995; Tharun
et al., 2000; Pannone et al., 2001; Tharun and Parker, 2001;
Tomasevic and Peculis, 2002). To determine whether loss of
SKB1 function influences pre-mRNA splicing, we examined the
transcriptional products of over 20 genes that are or might be
involved in salt stress, ABA response, or in encoding Ser/Arg-rich
proteins that are important regulators of pre-mRNA splicing
(Reddy, 2004; Palusa et al., 2007). These transcripts include
exons interrupted by introns (Figure 6A; see Supplemental Figure
8 online; data not shown). Among these genes, the RT-PCR
product of RD22 in the skb1-1 mutant differed from that in the
wild type (Figure 6A). To determine whether this shifted PCR
product is an alternative splicing variant in the skb7 mutant, we
cloned and sequenced the PCR products of RD22 and demon-
strated that the shifted PCR product in the skb7-1 mutant was
RD22 with the second intron retained (Figure 6A). Furthermore,
expression of SKB1 in the skb7-1 mutant rescued this pre-mRNA
splicing defect of RD22 (Figure 6A), which suggests that SKB1 is
required for RD22 pre-mRNA splicing. In addition to RD22, a pre-
mRNA splicing defect was also found in a putative protein kinase
gene, At1G13350, and the pre-mRNA splicing defect was ame-
liorated in 35S:SKB1 skb1-1 transgenic plants (Figure 6A). Dif-
ferent from RD22 with the second intron retention, alternative
splicing occurred at At71G13350 in the skb7-1 mutant.

Toreveal the role of SKB1 in pre-mRNA splicing, we performed
a transcriptome RNA sequencing analysis and found that many
pre-mRNA splicing defects occurred in the skb7-1 mutant, in-
cluding exon skipping, intron retention, alternative 5’ splicing,
and alternative 3’ splicing. Intron retention events were more
common in the skb7-1 mutant than in the wild type (Figures 6B
and 6C). Based on the results of deep sequencing, we verified
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(A) Immunoblot analysis of Arg symmetric dimethylation modification with the SYM11 antibody in response to salt stress and ABA treatments. Total
protein was extracted from 11-d-old wild-type (Col-0) or skb7-1 seedlings treated with 200 mM for 6 h or 100 wM ABA for 3 h. The experiment was

performed independently three times with similar results.

(B) Total protein from wild-type seedlings treated with ABA for 5 h was immunoprecipitated with SYM11. Protein bands (7 to 17 kD) were identified by

mass spectrometry and are indicated at the right.

(C) and (E) In vitro methylation assay. GST-SM or GST-LSM proteins and GST-SKB1 were purified from E. coli and incubated in the presence of

[3H]-SAM. Methylated proteins were monitored by autoradiography.

(D) Full-length protein sequence of Arabidopsis LSM4, the location of three RG boxes, and the truncations in LSM4 (d1), LSM4 (d2), and LSM4 (d3).

the pre-mRNA splicing of some stress-related genes by RT-PCR.
We found that the pre-mRNA splicing of the genes of HAB1, FIP1
(RNA binding protein), AT1G15940 (similar to Tudor contains
domain ARM repeat), AT1G28060 (snRNP family protein),
AT1G24160 (unknown protein), AT1G69250 (nuclear transport
factor 2 family protein), and AT1G42440 (unknown protein) in
skb1 differed from that in the wild type (Figure 6D). Moreover, the
splicing-specific variants of these genes in the skb7 mutant
under unstressed conditions were similar to those of the wild
type under salt stress and ABA treatment (Figure 6D). In addition,
the splicing of other genes that are involved in the response to
salt stress and ABA, such as Calcineurin B-like Protein1 (CBL1),
ABF2, and HAB2, was also affected by SKB1 mutation (Figure
6D). Interestingly, two groups recently reported the pre-mRNA
splicing defects in the skb7-1 or prmt5-5 mutants (Deng et al.,
2010; Sanchez et al., 2010). Consistently, their studies found that
genes with splicing defects in the prmt5 mutants were enriched
in various biological processes, such as circadian rhythms and
flowering, and largely in response to abiotic stimulus. A com-
parison between our deep sequence data and these previously
reported results obtained by tilling arrays revealed that the same
or similar splicing defects were found in 28 genes out of a total of
44 that were validated by RT-PCR. By contrast, alternative splicing
of the circadian clock gene PSEUDO RESPONSE REGULATOR9

(PRR9) (Sanchez et al., 2010) was not found in our deep se-
quencing analysis (see Supplemental Table 2 online). This dif-
ference is most likely due to the plants being treated in a different
light-dark cycle, which influences PRR9 expression levels, or to
different methods of analysis being used. Thus, SKB1 is required
for pre-mRNA splicing and likely mediates the methylation of
LSM4.

Loss of LSM4 Results in Growth Retardation and
Hypersensitivity to Salt

We next investigated the function of LSM4. A T-DNA insertional
mutant (SALK_063398) was identified at the AT5G27720 region
of Arabidopsis in a Col genetic background from the Salk T-DNA
collection (Figure 7A). Full-length LSM4 mRNA was undetectable
in the /sm4 mutant (Figure 7B). The Ism4 mutant plants displayed
severe developmental retardation compared with wild-type
plants (Figure 7C), and Ism4 mutant plants died when grown in
MS medium or in soil. Because the developmental retardation
phenotype was observed only in homozygous plants, we concluded
that the Ism4 mutation is recessive. Since Ism4 homozygous
plants die during later development, heterozygous LSM4+/— (F1)
seeds were harvested and used to examine whether LSM4 is
involved in salt and ABA stress. About 25 or 21.5% of seeds (F2)
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(A) RT-PCR analysis of the pre-mRNA splicing pattern of RD22 and AT1G13350 in wild-type (1), skb7-1 (2), and 35S:SKB1 skb1-1 (3) plants. Eleven-
day-old seedlings grown on MS medium were treated with 200 mM NaCl for 6 h or 100 wM ABA for 3 h. Three biological replicates were performed with
similar results. The splicing pattern of each alternative splicing isoform is shown at the right. Gray square, exon; black line, unspliced intron; bent line,

spliced intron. Arrowheads at the right show primer locations.

(B) and (C) Statistical chart of alternative splicing (AS) genes and events. ES, exon skipping; IR, intron retention; A5’S, alternative 5’ splicing; A3'S,

alternative 3’ splicing.

(D) The splicing pattern of genes in the wild type and skb7-1 mutant. Candidate genes were selected that were identified as having different splicing
patterns in the wild type and skb7 mutant by transcriptome RNA sequencing.

exhibited germination defects in response to NaCl or ABA
treatment, respectively, whereas no defects were observed in
the absence of stress treatment (Figures 7D and 7E). The ratio of
germination defects in the F2 seeds was close to Mendelian
expectations (1:2:1), so seeds were Ism4 homozygous mutants

sensitive to salt and ABA, a similar phenotype was observed in
skb1 mutants (Figures 1 and 3). In addition, the splicing defect of
At1G13350, At1G28060, At1G69250, ABF2, and RLP4 in the
Ism4 mutant grown under unstressed conditions was similar to
that in the skb7-7 mutant (Figures 7F and 7G). More surprisingly,
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(A) LSM4 structure and the T-DNA insertion site of the Ism4 mutant (Salk_063398). White boxes represent exons or 5’ or 3’ untranslated regins, and

black lines represent introns.

(B) RT-PCR analysis of LSM4 expression in 7-d-old wild-type (Col-0) and /sm4 seedlings. TUBULIN was used as a loading control.

(C) The phenotypes of 4-week-old wild-type (Col-0) and /sm4 mutant seedlin

gs.

(D) The sensitivity of LSM4+/— F2 seedlings to ABA and salt stress. Photographs were taken after 8 d of culture at 23°C. Red arrows show nongreening

seedlings or ungerminated seeds.

(E) Quantitative analysis of wild-type (Col-0) and LSM4+/— F2 greening cotyledon rate in MS medium containing 0.5 uM ABA and of germination rate in

MS medium containing 100 mM NaCl, as shown in (D), n = 120.
(F) and (G) The pre-mRNA splicing pattern of genes, whose pre-mRNA splici

the splicing of At1G23280, At1G18160, CBL1, HAB2, and
At1G72050 in the Ism4 mutant grown under unstressed condi-
tions was similar to that in the wild type grown under salt stress
(Figures 6 and 7G). Note that the splicing of At1G15940 and
At1G42440 in the Ism4 mutant was different from that in both the
wild type and the skb7-1 mutant (Figure 7G), suggesting that loss

ng was affected by SKB1 mutation, in the /sm4 mutant.

of LSM4 function might disturb splicing more severely than does
compromised methylation. Thus, SKB1 and LSM4 may have
(at least in part) overlapping functions in the salt tolerance
of Arabidopsis. Nevertheless, we could not explain why the splic-
ing defect of RD22 was only detectable in the skb7-1 mutant
(Figure 7G).



DISCUSSION

In this study, we revealed how the Arabidopsis floral initiator
SKBH1, a protein Arg methyltransferase, perceives salt stress by
changing the level of its catalytic substrates, H4R3 and LSM4.
Whereas the level of H4R3sme2, a symmetric dimethylated
H4R3 modified by SKB1, decreased with salt treatment, coinci-
dent with upregulation of mMRNA transcription, the sDMA levels of
LSM4, a U6 snRNP-associated protein involved in posttrans-
criptional regulation, increased with salt treatment. Consistently,
when H4R3sme2 levels and the sDMA levels of LSM4 were
inhibited in the skb1 mutant, plants displayed a constitutive salt
response related to development as well as changes in tran-
scription and posttranscription, which indicates that SKB1 pro-
vides information on the salt status of the cell.

SKB1 as a Salt-Responsive Regulator Functions in
Transcription and Posttranscription

Gene expression is determined by both transcription and post-
transcription. Transcription is largely regulated by histone mod-
ifications. The histone mark H4R3sme2, catalyzed by SKB1 or its
homolog PRMT5, suppresses gene transcription, which is sup-
ported by the observation that decreasing H4R3sme2 levels
increase gene transcription by disrupting SKB1 (Pal et al., 2004;
Wang et al., 2007; Schmitz et al., 2008; Zhao et al., 2009;
Majumder et al., 2010). When plants are exposed to high con-
centrations of salt and ABA, SKB1 disassociates from chromatin
to reduce H4R3sme?2 levels and the resulting high expression of
genes in ABA signaling and salt response (Figures 3 and 4). Our
results suggest that SKB1-mediated H4R3sme2 is also a re-
sponse to salt and ABA. This result suggests a direct mechanism
by which salt and ABA affect gene transcription. Posttranscrip-
tional regulation of gene expression includes pre-mRNA splicing,
RNA transport, and decay. We and others found that SKB1
methylates spliceosome component protein(s) for pre-mRNA
splicing (Meister and Fischer, 2002; Bedford and Richard, 2005;
Gonsalvez et al., 2006; Anne et al., 2007; Jansson et al., 2008;
Bedford and Clarke, 2009; Bruns et al., 2009; Deng et al., 2010;
Sanchez et al., 2010). SKB1 methylates LSM4, and its methyl-
ation is increased with salt and ABA treatment but is decreased in
skb1 mutant plants (Figure 4), which suggests that LSM4 meth-
ylation levels respond to salt and ABA stress. Furthermore, skb1
and /sm4 mutant plants show defects in pre-mRNA splicing
(Figures 7F and 7G), which suggests that SKB1 is linked to the
posttranscriptional regulation of gene expression in response to
salt. This finding also implies that the phenomena of low expres-
sion of genes in the salt response of the skb7 mutant whereby
these mis-spliced RNAs such as intron retention might be
degraded in the posttranscriptional process.

Cross-Link between Salt Response and
Developmental Processes

High concentrations of salt delay flowering time, either by in-
creasing the expression of FLC or decreasing LFY expression in
Arabidopsis. The accumulation of DELLA proteins in the gibber-
ellin pathway, which induces growth restrain and inhibits the
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expression of LFY, promotes the survival of plants under high salt
conditions (Achard et al., 2006). In contrast with DELLA accu-
mulation, which is resistant to high concentrations of salt, skb7
mutant plants, which exhibit retarded growth and late flowering,
are sensitive to salt, which suggests that another mechanism
exists that connects salt tolerance and developmental pro-
cesses. Previous studies by us and others have shown that the
expression of FLC was upregulated in the skb7-1 mutant, which
downregulates LFY expression (Pei et al., 2007; Wang et al.,
2007). Here, we found that SKB1 dissociates from the FLC
promoter after high salt and ABA treatment and that H4R3sme2
levels at the FLC promoter decrease correspondingly (Figure
4G). This increases FLC expression (Figure 4G) and results in late
flowering in the wild type. In addition, salt stress—induced late
flowering does not occur in skb1 mutant plants (Figure 2D). This
finding suggests that the salt response pathway activates FLC
expression in response to salt stress, independently of DELLAs.
However, other autonomous pathway mutants, such as fld, fve,
fca, flk, fy, Id, prmt4a/4b, prmt10, and the PAF1 complex mutant
sdg8, which up- or downregulate FLC expression, as well as the
flc mutant, are neither more sensitive nor more tolerant to salt
(Figures 2C and 2D). Consistently, the skb1 flc double mutant
suppresses the skb1 late-flowering phenotype but does not
rescue growth retardation and salt sensitivity (Figures 2A and
2B). This suggests that FLC expression only confers flowering
time in the presence or absence of salt but does not permit salt
tolerance or growth retardation. Interestingly, another salt re-
sponse pathway, pre-mRNA splicing, also affects flowering time
and growth in plants (Quesada et al., 2005; Terzi and Simpson,
2008; Lorkovi¢, 2009). Pre-mRNA splicing is also perturbed in
skb1 mutant plants (Deng et al., 2010; Sanchez et al., 2010; this
work) by reducing Arg symmetric dimethylation of LSM4 (Figure
5), a U6 snRNP protein in our study (Figure 7). Moreover, SAD1, a
homolog of human LSM5 and another U6 snRNA-associated
LSM protein, also confers salt and ABA tolerance and retards
plant growth (Xiong et al., 2001b). These results suggest that
SKB1 influences plant growth and salt tolerance by regulating
pre-mRNA splicing through LSM methylation.

Regulation of SKB1 Dissociation from Chromatin in
Response to Salt Stress

SKB1, or PRMT5, methylates Arg residues in multiple histone
and nonhistone proteins, including H4R3 (Pei et al., 2007; Wang
et al., 2007; Schmitz et al., 2008) and LSM4 in plants and H4R3,
H3R8 (Pal et al., 2004), p53 (Jansson et al., 2008), p300 (Yang
et al., 2009), 130-kD cis-Golgi matrix protein (GM130) (Zhou
et al.,, 2010), slit-robo Rho GTPase activating protein 2 (srGAP2)
(Guo and Bao, 2010), Ribosomal protein S10 (Rps10) (Ren et al.,
2010) and SM (Friesen et al., 2001; Meister and Fischer, 2002)
in animals. SKB1 localizes to both the cytoplasm and the nu-
cleus. In the nucleus, SKB1-mediated H4R3sme2, as well as
H3R8sme2 in mammalian cells, is closely associated with tran-
scriptional repression. In the cytoplasm, SKB1 mainly exists in
the spliceosomal complex (Meister and Fischer, 2002) and Golgi
apparatus (Zhou et al., 2010). The subcellular distribution of
SKB1 in the cytoplasm and the nucleus, which link to substrate
selection, is attributed to the status of cells. Regulation of SKB1
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function remains poorly understood. In mammalian cells, the
association of SKB1 with Blimp1 is thought to be critical for its
translocation from the nucleus to the cytoplasm (Ancelin et al.,
2006). By contrast, coexpression of its binding partners, AJUBA
and SNAII, increases the redistribution of SKB1 in the nucleus
(Hou et al., 2008). In addition, the association of COPR5 with
SKB1 changes the balance of affinity for substrates from H3R8
toward H4R3 (Lacroix et al., 2008). In plants, the association of
SKB1 with chromatin is reduced in response to salt stress.
However, it is unclear if SKB1 is released from chromatin to
regulate splicing by changing association partners.

Modification of SKB1 by phosphorylation, acetylation, or
ubiquitylation has not been reported, although possible modifi-
cation sites of human PRMT5 are reported in the human protein
reference database (http://www.hprd.org). It would be interest-
ing to determine whether plant SKB1 is indeed modified and
whether this modification shifts the balance of activity from H4R3
toward LSM4 in response to salt stress.

Methylation of LSM4 Influences Its Function in
Pre-mRNA Splicing

A key form of posttranscriptional regulation is RNA splicing,
which occurs in the spliceosome. The Sm and Lsm proteins are
core proteins of spliceosomal U snRNPs. SmB/B’, SmD1, SmD3,
and Lsm4 are symmetrically dimethylated by PRMT5, and these
methylations increase but are not required for the binding to the
SMN complex to promote the assembly of the spliceo-
some (Chari et al., 2008). Therefore, PRMT5-dependent Sm or
Lsm methylation might modulate the kinetics or efficiency of
UsnRNPs biogenesis and pre-mRNA splicing. Although direct
evidence linking LSM4 symmetric dimethylation with UsnRNPs
assembly is lacking in Arabidopsis, given that splicing machinery
and SKB1 are evolutionarily conserved and that LSM4 symmet-
ric dimethylation by SKB1 was found in this work and other (Deng
et al,, 2010), we speculate that methylation of LSM4 contributes
to the efficiency of UsnRNP assembly. In addition, our results
and the recent studies of Sanchez et al. (2010) and Deng et al.
(2010) revealed that splicing defects in the skb1 mutants occur in
several specific biological processes, indicating that LSM4 sym-
metric dimethylation might regulate splicing site selection. Inter-
estingly, in addition to LSM4, other Arabidopsis proteins involved
in the RNA splicing process, including SM, LSM, and RNA
binding proteins, contain Gly-Arg-rich domains that are methyl-
ated by SKB1 or other methyltransferases. Determining whether
and how the methylation of these Arg residues regulates splicing
site recognition during different biological events will enhance
our understanding of the molecular mechanism underlying pre-
mRNA splicing.

We propose that SKB1 affects gene transcription by methyl-
ating H4R3 and functions posttranscriptionally by modifying
LSM4. Under normal growth conditions, SKB1 associates mainly
with chromatin to maintain H4R3sme?2 at high levels and thereby
suppresses the transcription of genes such as FLC, which
regulates flowering time, and RD29A, RD29B, and HAB1, which
function in stress signaling. Meanwhile, the methylation levels of
LSM4 are kept at relatively low levels to regulate pre-mRNA
splicing of genes such as At1G18160 for intron removal and

At1G13350 for alternative splicing. When plants are exposed to
salt stress, a new balance between transcription and posttran-
scription regulation is established by changing the levels of
SKB1-mediated H4R3sme2 and LSM4. In response to salt,
H4R3sme2 levels decline, which increases the transcription
of FLC and stress response genes, such as RD29A, RD29B,
and HABT1. Coincident with transcription, SKB1 methylates
LSM4, which improves the efficiency of pre-mRNA splicing
of At1G18160 or alters the splicing variants of genes such as
At1g13350. Thus, SKB1 is likely an integrator of plant develop-
ment and the salt response.

METHODS

Plant Materials and Growth Conditions

The Arabidopsis thaliana ecotype Col-0 was used as wild type in this
study. skb1-1, skb1-2, 35S:SKB1 skb1-1, 35S:SKB1 Col-0, skb1-1 flc-3,
flc-3, fld-4, and fve-3 were identified or described previously (He et al.,
20083; Ausin et al., 2004; Bezerra et al., 2004; Wang et al., 2007). prmt4a
prmt4b, prmt10, and fy were previously described (Niu et al., 2007, 2008)
and were gifts from Xiaofeng Cao. fca (SALK_057540), flk (SALK_007750),
Id (SALK_150861), sdg8 (SALK_065480), and /sm4 (SALK_063398) were
isolated from the SALK collection, and the gene-specific primers used to
verify these mutants and the T-DNA left border primer LBb1 are listed in
Supplemental Table 1 online. Seeds of each genotype were surface
sterilized with 70% ethanol for 1 min and 15% sodium hypochlorite for 15
min and washed four times with sterile water. Sterilized seeds were plated
on MS medium. For experimental treatments, the MS agar medium was
supplemented with NaCl, KNO3, KCI, LiCl, or ABA at concentrations listed
in Results. Plants were stratified at 4°C in darkness for 3 d and then
transferred to a culture room at 23°C with a 16-h-light/8-h-dark photo-
period (light intensity ~120 wE s~'m—32),

Salt Stress Tolerance and Root Growth Response to Salts

Seeds were germinated on MS agar medium. For the NaCl tolerance
assay, 4-d-old seedlings were transferred from germination medium to
MS agar medium containing different concentrations of NaCl. For the root
growth assay, 4-d-old seedlings were transferred from germination
medium to MS agar medium containing different concentrations of
NaCl, and then the seedlings were grown vertically for 10 d.

ABA Sensitivity Assay

To measure ABA sensitivity at germination, seeds were plated on MS agar
medium containing various concentrations of ABA. To score seed ger-
mination, the percentage of seeds showing cotyledon emergence was
determined 3 d after transfer to 23°C. To measure ABA sensitivity of
postgermination growth, the seedlings with green cotyledons were
counted to determine the percentage of cotyledon greening, as ABA is
an inhibitor of cotyledon greening.

Electrolyte Leakage Test
Relative electrolyte leakage was determined according to a previous
description (Cao et al., 2007).

RNA Extraction and Real-Time Quantitative PCR Analysis

Total RNA was isolated from 11-d-old seedlings treated with MS liquid
medium or MS liquid medium containing 200 mM NaCl for 6 h or 100 .M



ABA for 3 h with TRIzol reagent (Invitrogen) as recommended by the
manufacturer and digested with DNase | (TaKaRa). cDNAs were synthe-
sized from 4 pg total RNA using Superscript Ill reverse transcriptase
(Invitrogen). The cDNA was quantified using a SYBR PCR master mix
(Applied Biosystems) with gene-specific primers (see Supplemental
Table 1 online) in an Applied Biosystems real-time system.

Microarray Analysis

Total RNA was isolated with Trizol reagent (Invitrogen) from 11-d-old
seedlings of the wild type and skb7-1 mutant without or with 200 mM NaCl
for 6 h. The 29k Arabidopsis Genome Array hybridization was performed by
CapitalBio Corporation. Array scanning and data analysis were performed
as previously described (Zheng and Wang, 2008; Li et al., 2009). Two
independent biological replicates were performed, and only genes whose
expression alteration was consistent in two microarray assays were se-
lected as differentially expressed genes. These microarray data are avail-
able at http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE26398.

Transcriptome Sequencing

Total RNA was isolated with Trizol reagent (Invitrogen) from 11-d-old
seedlings of the wild type and skb7-1 mutant grown in standard condi-
tions. Experiments were performed and data were analyzed by the Beijing
Genomics Institute as previously described (Wang et al., 2009).

Immunoblot Analysis

Total protein was extracted from 11-d-old seedlings treated with MS
liquid medium or MS liquid medium with 200 mM NaCl for 6 h or 100 uM
ABA for 3 h. Immunoblot analysis was performed with anti-SKB1 poly-
clonal antibody and SYM11. Histone-enriched protein was isolated as
described (Lildballe et al., 2008), and immunoblot analysis was performed
with antibodies against H4 symmetric dimethyl Arg 3 (Abcam; catalog
number ab5823).

ChIP

Twenty-day-old seedlings grown under long-day conditions and treated
with MS medium with 0 or 200 mM NaCl for 8 h were used in a ChIP assay
as previously described (Bowler et al., 2004). Primers for quantitative PCR
detection of RD29A, RD29B, FLC, or HAB1 chromatin regions are listed in
Supplemental Table 1 online.

Constructs, Protein Purification, and Methylation Analysis

Full-length coding sequences of Arabidopsis SMs or LSMs were ampli-
fied by PCR and cloned in frame into pGEX4T-1. Specific primers are
presented in Supplemental Table 1 online. GST-SM or GST-LSM expres-
sion, purification, and methylation assays were as previously described
(Bao et al., 2001).

SYM11 Immunoprecipitation

Immunoprecipitation was performed as previously described (Shalitin
et al., 2002) with some modification. Briefly, seedlings were treated with
MS medium with 100 uM ABA for 5 h and homogenized in ice-cold
immunoprecipitation buffer (20 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1 mM
EDTA, 10% glycerol, 0.2% Triton X-100, 1 mM PMSF, and 1X Complete
protease inhibitor cocktail [Roche]). Extracts were passed through 0.22-
pmfilters. The filtrate was then precleared by the addition of 20 L protein
G-sepharose beads (Merck) at 4°C for 1 h. SYM11 was added (1:150) to
the filtrate, and samples were incubated at 4°C for 4 h. Then, protein
G-sepharose was added (1:150), and samples were incubated at 4°C for
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2 h. The immunoprecipitation complex was washed three times with ice-
cold washing buffer (50 mM Tris-HCI, pH 8.0, 140 mM NaCl, 1 mM EDTA,
and 0.1% Triton X-100), mixed with SDS-PAGE sample buffer, and boiled
for 5 min. SDS-PAGE was performed, and the gels were stained with
silver stain. Proteins were identified by mass spectrometry as previously
described (Boisvert et al., 2003).

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL data libraries under the following accession
numbers: SKB1, At4G31120; RD29A, At5G52310; RD29B, At5G52300;
RD22, At5G25610; RAB18, At5G66400; COR47, At1G20440; DREB2A,
At5G05410; DREB2B, At3G11020; ABF2, At1G45249; ABF3,
At4G34000; ABI1, At4G26080; HAB1, At1G72770; HAB2, At1G17550;
MRK1: At3G63260; MEK1, At4G26070; MEKK1, At4G08500; CDPK2,
At1G35670; CIPK3, At2G26980; CDPK13, At3G51850; CBLT,
At4G17615; RLP4, At1G28340; TUBULIN, At5G62690; SME-A,
At4G30330; SME-B, At2G18740; SMG-B, At3G11500; LSM4,
At5G27720; LSM6-B, At2G43810; LSM7, At2G03870; and LSMS,
At1G65 700. The microarray data were submitted to the National Center
for Biotechnology Information Gene Expression Omnibus (http://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE26398).

Supplemental Data

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

Supplemental Figure 1. The Phenotypes of flc-3, Wild Type (Col-0),
skb1-1 flc-3, and skb1-1 Grown in Soil for 35 d under Long Days.

Supplemental Figure 2. The skb7 Mutants Are Hypersensitive to Salt
Stress.

Supplemental Figure 3. Overexpression of SKB1 Slightly Increases
the Tolerance to Salt Stress.

Supplemental Figure 4. The Phenotypes of Flowering Time-Control-
ling Gene Mutants Grown on Medium with Salt.

Supplemental Figure 5. Growth of Plants on MS Medium Containing
Different Concentrations of ABA.

Supplemental Figure 6. Anti-SKB1 and -H4R3sme2 Antibodies
Could Not Pull Down Chromatin DNA in the skb7-1 Mutant.

Supplemental Figure 7. Sequence Alignment of LSM4 Homologs in
Arabidopsis, Human, Mouse, and Yeast.

Supplemental Figure 8. RT-PCR Analysis of the Splice Variants of
Ser/Arg-Rich Proteins Encoding Genes.

Supplemental Table 1. Primers for Real-Time Quantitative RT-PCR,
Gene Cloning, and Verification of SALK T-DNA Insertion Mutants.

Supplemental Table 2. Alternative Splicing Changes in the Wild Type
and skb7-1 Mutant.
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