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Modification of proteins by the reversible covalent addition of 
the small ubiquitin like modifier (SUMO) protein has im-
portant consequences affecting target protein stability, sub-cel-
lular localization, and protein-protein interactions. SUMOylation 
involves a cascade of enzymatic reactions, which resembles 
the process of ubiquitination. In this study, we characterized 
the SUMOylation system from an important crop plant, rice, 
and show that it responds to cold, salt and ABA stress con-
ditions on a protein level via the accumulation of SUMOylated 
proteins.  We also characterized the transcriptional regulation 
of individual SUMOylation cascade components during stress 
and development. During stress conditions, majority of the 
SUMO cascade components are transcriptionally down re-
gulated. SUMO conjugate proteins and SUMO cascade com-
ponent transcripts accumulated differentially in various tissues 
during plant development with highest levels in reproductive 
tissues. Taken together, these data suggest a role for SUMOyl-
ation in rice development and stress responses. [BMB reports 
2010; 43(2): 103-109]

INTRODUCTION

Post-translational modifications of proteins through the rever-
sible covalent attachment of small proteins like ubiquitin and 
ubiquitin-like modifiers have critical effects on protein stability 
and biological activities. Small ubiquitin-like modifier (SUMO) 
proteins possess a similar 3-dimensional structure as that of 
ubiquitin, but only show ~18% identity at the amino acid lev-
el and have an additional ~15 N-terminal amino acids. 
Ubiquitination and SUMOylation of target proteins occurs via 
a cascade of similar enzymatic reactions including the sequen-
tial action of E1 enzymes for SUMO activation, E2 enzymes 
for conjugation and E3 enzymes for ligation. In spite of the 
structural and mechanistic similarities, ubiquitination and 

SUMOylation have very different biological consequences. 
Ubiquitination mostly associates with the proteasomal degra-
dation of target proteins, whereas SUMOylation has various ef-
fects on target protein localization, stability, transcription fac-
tor activity, interactions with other proteins, other post-transla-
tional modifications and effects on chromatin structure 
(reviewed in (1, 2)).

All of the SUMOylation system components are present in 
plant genomes and some have been characterized on a bio-
chemical and genetic level in Arabidopsis where they are es-
sential for plant development (3-6). During abiotic stress con-
ditions, the SUMOylation system affects plant survival via the 
accumulation of SUMO conjugates (5-11). SUMOylation also 
modulates ABA signaling (12), mediates bacterial resistance 
(13) and is involved in viral pathogenesis (14, 15). Even 
though the effects of SUMOylation are well understood at a 
molecular and whole organism level, the regulation of the 
SUMOylation system in plants remains poorly understood. 
SUMOylation can be regulated at four levels: (a) by altering 
the gene expression of SUMO cascade components (b) by reg-
ulating the enzyme activity of proteins involved in SUMOylation 
(c) by regulating the recruitment of E3 ligases and (d) by em-
ploying cross talk with other post-translational modifications 
(16, 17). In this study, we report the first comprehensive se-
quence analysis and transcriptional regulation of all SUMO 
component genes in the economically important monocot rice 
model system. We also show that during plant development 
SUMO conjugates accumulate at higher levels in actively 
growing tissues and that the SUMOylation system responds to 
stress conditions via the accumulation of SUMO conjugated 
proteins.

RESULTS AND DISCUSSION

Sequence analysis
All of the SUMO cascade component gene sequences were 
analyzed by aligning the rice sequences with Arabidopsis, hu-
man and yeast sequences. We documented important domains 
and critical residues in each set of proteins (Supplemental Fig. 
1). Among the three SUMO genes in rice, OsSUMO1 and 
OsSUMO2 are highly homologous with 89% amino acid 
identity. OsSUMO3 showed less than 40% identity with other 
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Fig. 1. SUMOylation profiles and SUMO
cascade component RNA accumulation 
in different tissues. (A) SUMOylation 
profiles in tissues from vegetative and re-
productive tissues were determined by 
western blot analysis of 25 μg of total 
proteins. Relative mRNA accumulation 
levels of rice (B) SUMO genes (C) E1 
genes D(i) and D(ii) E2 genes and (E) E3
genes were determined by quantitative 
real-time PCR by obtaining absolute 
copy number for each gene and normal-
izing with the absolute copy number of 
the 18srRNA gene. Note the differences 
in the scale of the Y-axis in the different 
graphs. Note that all of the SUMO com-
ponents are expressed in all tissues and 
the majority of them are highly abun-
dant in reproductive tissues of young 
panicles and milk seeds.

plant, yeast and human SUMO proteins. The SUMOylation 
pathway contains two E1 enzymes, named SAE1 and SAE2, 
which mutually stabilize each other (18) and together form a 
functional heterodimer. Rice contains a single SAE1 gene 
(OsSAE1a) which shows 60% identity with both of the Arabi-
dopsis SAE1 proteins. Similar to other studied organisms, the 
rice genome encodes a single SAE2 gene (OsSAE2) which ex-

hibits 79% identity with AtSAE2. Three E2 genes named 
OsSCE1a, OsSCE1b, and OsSCE1c are encoded within the rice 
genome. OsSCE1a and OsSCE1b proteins are very closely re-
lated to AtSCE1a with 89% and 86% identity respectively. On 
the other hand, OsSCE1c shows less than 60% identity with 
other rice and Arabidopsis E2 proteins. In contrast to Arabi-
dopsis, which contains a single PIAS-type E3 ligase, two PIAS- 
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type E3 ligase genes were identified in rice (OsSIZ1; Os05g 
0125000 and OsSIZ2; Os03g0719100) (2). 

Developmental changes in SUMOylation levels and 
expression of SUMOylation cascade components
To study the changes in SUMOylation profiles during develop-
ment, we isolated total proteins from various tissues during dif-
ferent rice development stages and subjected them to western 
blot analysis using a polyclonal antibody developed against 
the AtSUMO1 protein (Fig. 1A). OsSUMO1 and OsSUMO2 
proteins show high homology to AtSUMO1 with 89% and 
84% identity at the amino acid level, respectively. Since the 
AtSUMO1 antibody was suggested to cross react with the 
AtSUMO2 protein (10), which has 87% amino acid identity 
with that of AtSUMO1, we hypothesized that the anti- 
AtSUMO1 antibody could recognize rice SUMO proteins and 
their conjugates. Using Arabidopsis crude extracts for western 
blot analysis, the anti-AtSUMO1 antibody recognized an abun-
dant 14 kDa species in Arabidopsis which likely represents 
AtSUMO1/2 species (10). Similarly, the AtSUMO1 antibody 
recognized an abundant 14 kDa species in rice which likely 
represents OsSUMO1/OsSUMO2 species (Fig. 1A). In addi-
tion, high levels of high molecular weight SUMOylated pro-
teins accumulated in large amounts in tissues such as crown, 
stem and panicle which correlate with active growth and 
development. The lowest amount of SUMO conjugates, along 
with a low amount of free SUMO protein, was observed in leaf 
and dough seed tissues. In roots, stems and milk seed tissues, 
moderate amounts of SUMOylated proteins were found. These 
data indicate that SUMOylation of proteins may have a speci-
alized function in actively growing tissues. These observations 
are further supported by the proven role of SUMOylation and 
its components in plant growth and development at a func-
tional level in Arabidopsis (3-6).

To understand the role of individual SUMO cascade compo-
nents and their regulation during development, we studied 
their individual expression patterns within different tissues by 
quantitative real-time PCR analysis. In our expression analysis, 
we were only able to detect OsSUMO1 and OsSUMO2 tran-
scripts among the three SUMO genes tested (Fig. 1B). After 
evaluating multiple primer pairs and using cDNA derived from 
different tissues, we were still unable to amplify OsSUMO3 
(data not shown). In Arabidopsis, even though the genome 
encodes nine SUMO genes, only four of them are expressed 
(6, 10). Expression of OsSUMO1 is at least two-folds higher 
than that of OsSUMO2 in vegetative tissues, however, they are 
expressed at comparable levels in reproductive tissues like ma-
ture panicles and developing seeds. High levels of expression 
for both of these genes can be found in milk seeds and young 
panicle tissues. These correlative data suggest that both genes 
may be functionally important during plant reproductive de-
velopment. Furthermore, these data also indicate that OsSUMO1 
has a more generalized function, whereas OsSUMO2 may per-
form specialized functions during plant reproductive develop-

ment. OsSUMO2 is expressed at very low levels in leaf tissue, 
which may contribute to the low levels of free SUMO and 
SUMOylated proteins detected in leaf tissue (Fig. 1A).

Among the E1 genes, OsSAE1a is expressed at very high lev-
els compared to OsSAE2 in all of the examined tissues (Fig 
1C). A similar observation was noted in Arabidopsis where 
AtSAE1a and AtSAE1b are highly expressed relative to AtSAE2 
(6). However, it is interesting to note that the SUMO activation 
enzymes SAE1 and SAE2 form a functional heterodimer sug-
gesting that these proteins should be present in equal amounts. 
AtSAE2 transcript was proposed to be more efficiently trans-
lated and/or the protein may be more stable which would re-
sult in a stoichiometrically equal level for both of the E1 pro-
teins (6). Similar mechanisms may also apply for rice E1 
proteins. In rice, both SAE1a and SAE2 transcripts are highly 
expressed in reproductive tissues like panicles, developing 
flowers and seeds, indicating a potential role for these genes 
during reproductive development.

Among the three SUMO conjugation enzyme genes, 
OsSCE1b is expressed at very high levels (at least 15 folds 
more) compared to OsSCE1a and OsSCE1c in all of the tissues 
studied (Fig. 1D(i)). All three of the E2 transcripts are specifi-
cally enriched in milk seed tissue (Fig. 1D(i) and D(ii)). These 
results indicate that OsSCE1b is the most transcriptionally ac-
tive E2 gene and may function as the major SUMO conjugat-
ing enzyme in rice. OsSCE1a and OsSCE1c are expressed in 
all of the tissues at relatively low levels (Fig. 1D(ii)).

Among the two PIAS-type E3 ligases, OsSIZ1 is expressed at 
least two-fold higher than that of OsSIZ2 in all of the tested 
tissues.  These correlative data indicate that OsSIZ1 may func-
tion as the major SUMO ligase in rice (Fig. 1E). Both OsSIZ1 
and OsSIZ2 are highly expressed in panicle and milk seed tis-
sues and OsSIZ2 was specifically enriched in crown tissue. 
Low expression of OsSIZ1 and OsSIZ2 was noticed in leaf tis-
sue which may contribute to the lowest levels of SUMOylated 
proteins which were identified in leaves (Fig. 1A).

Response of SUMOylation system to abiotic stress 
conditions
To understand the role of SUMOylation in rice stress re-
sponses, we examined the changes in SUMOylation profiles 
after cold, salt and ABA stress treatments in rice seedlings over 
a period of 24 hrs. Changes in SUMOylation profiles were 
subsequently monitored with western blot analysis. To under-
stand the role and regulation of individual components of 
SUMOylation cascade during stress conditions, we studied the 
changes in transcript levels with real-time PCR analysis.
(A) Cold stress
During cold stress at 4oC, roots accumulated high molecular 
weight SUMO conjugates after only 1 hr of treatment. These 
conjugates were maintained at relatively similar levels during 
the remaining 24 hrs of treatment (Fig. 2A). This accumulation 
likely resulted from the appearance of new SUMO conjugates 
or from an increased amount in the levels of SUMOylated pro-
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Fig. 2. Cold stress induces the accumulation of SUMO conjugates and
affects SUMO component gene expression. (A) In planta SUMOylation 
profiles in root tissue of 1 week old seedlings grown in a growth chamber
maintained at 30oC (0 hr time point) and then transferred into cold
water maintained in a growth chamber at 4°C. Fifteen μg of total proteins 
were isolated and subjected to western blot analysis. Note the accumu-
lation of high molecular weight SUMO conjugates after cold stress
treatment. (B) Changes in mRNA levels of rice SUMOylation components
with cold treatment were determined by quantitative real-time PCR. 
Changes in transcript abundance were represented as fold change by
calibrating the relative mRNA levels of each time point with the relative
mRNA level of the 0 hr time point. Note the down regulation of transcript
levels for SUMO and E1 genes. Among E2 and E3 genes, OsSCE1b, 
OsSCE1c and OsSIZ2 are transiently up regulated.

Fig. 3. Salt stress induces the accumulation of SUMO conjugates and
effects SUMO component gene expression. (A) Western blot analysis 
of 15 μg of total proteins from 1 week old seedling root tissue grown 
in tap water (0 hr) and after transfer to 250 mM salt solution. Note 
the accumulation of high molecular weight SUMO conjugates after 
transferring to salt solution. (B) Changes in mRNA levels of rice 
SUMOylation components with salt stress as determined by quantitative
real-time PCR. Fold change was calculated as described for Fig. 2B.
Note the down regulation of SUMO and E1 and E2 (except OsSCE1a)
encoding genes. Among the E3 genes, OsSIZ1 and OsSIZ2 were 
up-regulated.

teins that were present prior to initiation of the stress 
treatments. A similar accumulation of SUMOylated proteins 
was noted in Arabidopsis upon cold stress, which was medi-
ated to a large extent by the E3 enzyme AtSIZ1 (8). In addition, 
a master regulator of cold responses in Arabidopsis (ICE1) was 
identified as a target for SUMOylation. SUMOylation of ICE1 
enhances its stability and affects its ability to mediate transcrip-
tional regulation (8). AtSIZ1 T-DNA insertion lines are freezing 
sensitive and impaired in their capacity to cold acclimate. The 
accumulation of SUMO conjugates in rice indicates that 
SUMOylation likely plays an important and similar role in the 
response to cold stress in this monocot model system.

In response to cold stress, the majority of the SUMO cas-

cade component transcript levels were decreased (Fig. 2B). 
Most prominently, SUMO transcripts and SUMO activation 
enzyme transcripts were reduced by more than half of their 
original level after 24 hrs of cold treatment. However, tran-
scripts for the SUMO conjugation enzymes OsSCE1b, OsSCE1c 
and the PIAS-type SUMO ligation enzyme OsSIZ2 showed a 
transient increase during early periods of cold treatment. These 
increases in gene expression may contribute to the accumu-
lation of SUMOylated proteins after exposure to cold stress. 
Given the importance of SUMO ligases in increasing the effi-
ciency of SUMOylation and specificity (19-21), the increase in 
their transcription may result in the accumulation of ligase pro-
teins and consequently an increase of SUMO conjugated 
proteins.
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Fig. 4. ABA induces accumulation of SUMO conjugates and af-
fects SUMO component gene expression. (A) SUMO conjugate 
levels from 1 week old seedling root tissue grown in tap water 
(0 hr) and after transferring to 50 mM ABA solution were de-
termined by western blotting with 15 μg of total protein extracts. 
Note the accumulation of high molecular weight SUMO con-
jugates after transferring to ABA solution (B) Changes in mRNA 
levels of rice SUMOylation components were determined by 
quantitative real-time PCR analysis. Fold change was calculated as 
described for Fig. 2B. OsSUMO2 and OsSIZ2 exhibited five and 
two fold up-regulation in response to ABA.

(B) Salt stress
Compared to the rapid changes observed during cold stress, 
SUMO conjugates gradually accumulated during 12 hrs of salt 
treatment and slightly decreased after 24 hrs (Fig. 3A). The ob-
served increase in SUMOylated proteins may affect plant sur-
vival during salt stress. In Arabidopsis, the SUMOylation sys-
tem was recently shown to respond to salt stress. Double mu-
tants for two SUMO proteases (OTS1 and OTS2) showed ex-
treme sensitivity to salt stress and overexpression of OTS1 in-
creased salt tolerance. These data clearly indicate an important 
role for the SUMOylation system in response to salt stress (11). 
Our data are in good accordance and thus corroborate the hy-
pothesis that increased accumulation of SUMO conjugates 
during salt stress may have functional implications in rice.

OsSUMO1 transcripts decreased to a large extent after ex-
posure to salt stress, whereas, OsSUMO2 transcripts tran-
siently increased and were maintained nearly at initial levels 
(Fig. 3B). Both SUMO E1 enzyme transcripts are decreased in 
response to salt stress. Among the E2 enzymes, OsSCE1a tran-
script levels were maintained at similar levels, whereas, 
OsSCE1b and OsSCE1c showed a significant reduction relative 
to initial transcript levels. Among the E3 genes, OsSIZ1 
showed a transient increase, whereas, OsSIZ2 began to in-
crease after 6 hrs of treatment. Comparative analysis of SUMO 
conjugate profiles and real-time PCR data enabled us to con-
clude that OsSIZ2 may play an important role in mediating 
SUMO conjugate accumulation during salt stress in rice. 
(C) ABA treatment
Abscisic acid mediates plant responses to stress conditions 
such as cold, salinity and drought (22, 23). In Arabidopsis, us-
ing transgenic plants overexpressing AtSUMO1 and AtSUMO2, 
along with co-suppression lines of AtSCE1a, ABA was shown 
to play a dual role in ABA signaling by positively effecting the 
induction of ABA responsive genes and by attenuating the 
ABA signaling pathway that leads to growth inhibition (12). 
However, it is not known if ABA mediates these physiological 
and molecular responses by affecting the SUMO conjugate 
levels of proteins in plants. Here, we show that ABA treatment 
effects SUMO conjugate accumulation in rice (Fig. 4A). Changes 
in profiles were reflected after 1 hr of ABA treatment by the ap-
pearance of new SUMOylated proteins. These data further 
support the hypothesis that the SUMOylation of proteins in 
rice is a functionally important component in the response of 
rice to abiotic stress.  

After treating with ABA, the majority of SUMO cascade 
component transcripts exhibited a transient decrease during 
the first 2 hrs of treatment and subsequently returned to basal 
levels (Fig. 4B). The OsSUMO2 gene showed a prominent pos-
itive response 6 hrs subsequent to ABA treatment, where its 
transcript expression was induced six-fold. Conversely, OsSUMO1 
was not induced, thereby indicating a specific role for OsSUMO2 
in ABA stress response. Among the E1 genes, OsSAE1a tran-
script levels increased after 6 hrs and E2 genes show a tran-
sient decrease followed by restoration to basal levels. Among 

the E3 ligases, OsSIZ2 transcript levels were induced 2-folds in 
24 hrs. These transcript expression analyses indicate that 
OsSIZ2 may be responsible for increased SUMOylation levels 
during ABA treatment and that the majority of rice proteins 
may be conjugated by OsSUMO2.

In summary, we demonstrated that rice responds to different 
abiotic stress treatments by accumulating SUMO conjugated 
proteins. This study also indicated that individual components 
of the SUMOylation system are regulated at the transcriptional 
level during stress conditions. Studies on the expression of in-
dividual SUMO components and the accumulation of SUMO 
conjugates in different tissues indicated that SUMOylation 
may play an important role in plant growth and reproductive 
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development in rice.

MATERIALS AND METHODS

Sequence analysis
Rice SUMOylation system components have been previously 
identified (2). In this study, we obtained sequences for in-
dividual components from the Rice Annotation Project 
Database (RAP-DB) (http://rapdb.dna.affrc.go.jp/). Known pro-
tein/DNA sequences were used as search queries to BLAST 
against rice sequence databases to determine if the rice ge-
nome encodes additional SUMO, E1, E2 and E3 proteins. We 
were unable to identify any additional sequences through our 
database searching (data not shown). Arabidopsis sequences 
were obtained from TAIR (http://www.arabidopsis.org) and hu-
man and yeast sequences were obtained from the NCBI 
database. Sequences were aligned using ClustalW (24) and 
were searched for conserved domains using the Pfam database 
(25). Percentage identity among sequences was determined by 
using the Vector NTI® Software (Invitrogen, Carlsbad, CA, 
USA).

Plant materials and cDNA preparation
Rice seed sterilization, growth conditions in either growth 
chambers or glasshouses, stress treatments, RNA isolation and 
cDNA preparation were performed as previously described 
(26). 

Real-time PCR analysis
Primers were designed using 3’UTR sequences for SUMO, E1, 
E2 and E3 genes to amplify 210 bp regions (Supplemental 
Table 1). 18SrRNA was employed as a control gene for nor-
malization and gene specific primers were designed as  pre-
viously described (26). All of the genes were initially amplified 
using young panicle cDNA as the template with GoTaqⓇ Flexi 
DNA Polymerase (Promega, Madison, WI, USA) and cloned into 
the pGEMT- easy vector to generate standard curves. Plasmids 
were quantified using a NanoDropND-1000 (NanoDrop, 
Wilmington, DE, USA) and copy number was calculated based 
on molecular mass. Absolute standard curves were prepared 
using SYBR® Green (Applied Biosystems, Foster City, CA, 
USA) based upon the quantification of plasmid serial dilutions. 
Absolute quantities were calculated in each sample for 
18SrRNA and all SUMO cascade genes. For the devel-
opmental series expression analysis, normalized values (*106) 
were shown as relative expression. For each stress treatment, 
fold change was calculated by calibrating the relative ex-
pression for each time point with the relative expression of the 
time zero sample.

Western blots
Proteins were isolated and quantified as previously described 
(26). The only exception was the inclusion of 2 mM N-ethyl-
maleimide into the SDS loading buffer (12) to prevent de- 

SUMOylation during protein isolation and further storage. For 
stress treatments, 15 μg of total proteins were subjected to 
SDS-PAGE and transferred to nitrocellulose membranes ac-
cording to standard protocols. For developmental SUMOylation 
profiles, 25 μg of total protein was used for western blot 
analysis. Membranes were probed with AtSUMO1 primary an-
tibody (10) (Abcam, Cambridge, MA, USA) followed by in-
cubation with an HRP conjugated secondary anti-rabbit 
antibody. Western blots were developed on CL-XPosure X-ray 
film (Pierce, Rockford, IL, USA) by employing the SuperSignal 
West Pico chemiluminescent substrate (Pierce, Rockford, IL, 
USA).
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