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Abstract Protein post-translational modifications diver-
sify the proteome and install new regulatory levels that are
crucial for the maintenance of cellular homeostasis. Over
the last decade, the ubiquitin-like modifying peptide small
ubiquitin-like modifier (SUMO) has been shown to regulate
various nuclear processes, including transcriptional control.
In plants, the sumoylation pathway has been significantly
implicated in the response to environmental stimuli,
including heat, cold, drought, and salt stresses, modulation
of abscisic acid and other hormones, and nutrient homeo-
stasis. This review focuses on the emerging importance of
SUMO in the abiotic stress response, summarizing the
molecular implications of sumoylation and emphasizing
how high-throughput approaches aimed at identifying the
full set of SUMO targets will greatly enhance our under-
standing of the SUMO-abiotic stress association.
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Introduction

Modulation of protein activity is essential for the func-
tioning of a living organism, particularly during rapid
environmental changes, when physiological responses must
often occur both quickly and reversibly. This modulation
can take place by the addition of small molecules to the
target proteins, a process known as post-translation modi-
fication (PTM). Important modifiers of proteins include not
only phosphate, methyl, acetyl, lipids, and sugars, but also
small peptides [1, 2]. Ubiquitin is the foremost example of
the latter, but a series of similar ubiquitin-like modifiers
(UBLs) have also been described that share analogous
structural conformation and conjugation machinery [1, 3,
4]. One such UBL, the small ubiquitin-like modifier
(SUMO), is an essential factor in development processes in
eukaryotic organisms, being implicated in several cellular
mechanisms such as the maintenance of genome integrity,
subcellular trafficking, transcription modulation, and reg-
ulation of the cell cycle [5, 6]. Unlike ubiquitin, SUMO is
not traditionally associated to protein degradation, rather to
the control of the target’s conformation, which interferes
with protein activity and creates or blocks interacting
interfaces depending on the target at hand [7, 8]. Since
sumoylation and ubiquitination target the same type of
amino acid, they were initially suggested to be antagonistic
processes. This notion is currently evolving, as recruitment
of ubiquitin by SUMO chains has been shown to occur in
humans and yeast via SUMO-targeted ubiquitin ligases
(STUDbLSs) [9]. SUMO may therefore act as a positive
regulator of the ubiquitin proteasome system (UPS),
though STUbBL plant homologs have yet to be established.
In support of this mechanism, heat shock has been found to
induce the formation of mixed SUMO/ubiquitin chains in
Arabidopsis [10].
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One unique characteristic of SUMO is environmental
stress challenges induce a drastic increase in SUMO-con-
jugates; this increase seems to be preserved among
eukaryotic organisms [11-15]. In the model plant Arabid-
opsis, SUMO is specifically involved in a plethora of
abiotic stress responses, including those to extreme tem-
peratures, water-availability, salinity, oxidative stress, and
nutrient imbalance [15-27]. In addition, it is involved in
plant development and the response to pathogens [28-30].
Many of the known SUMO targets are related to RNA- and
DNA-associated processes, namely transcription factors
(TFs) and chromatin-remodeling components [10, 11, 31].
SUMO can be removed from conjugates by SUMO pro-
teases, with the protein then returning to its non-modified
state. Thus, the balance between the conjugated/deconju-
gated forms is a major determinant in the modulation of
SUMO-target function [11, 15]. These highly reversible
and transient modifications place SUMO as a rapid tran-
scriptional regulator in response to stress.

This review focuses on recent advances regarding the
ever-growing link between PTM by SUMO and plant
responses to environmental challenges. We also demon-
strate how new information on the full range of SUMO
targets may bring new insights into the modulation of the
plant stress response.

A primer of the sumoylation pathway

SUMO is a small protein of approximately 100—115 amino
acids. Despite its relatively reduced homology to other
UBLs, it shares a similar ubiquitin-like structural confor-
mation characterized by a f-grasp fold that seems to act as
a multi-functional scaffold (Fig. 1a) [3, 32]. Unlike ubiq-
uitin, SUMO possesses a flexible amino acid extension in
its N-terminal end, and its topology is differently charged
[3, 33]. The Arabidopsis genome contains eight putative
SUMO copies, but only four paralogs have confirmed gene
expression (SUMI ~ SUM2 > SUM3 ~ SUMS) [27]. At
least three SUMOs can be found in Oryza sativa and four
in Populus trichocarpa [34, 35]. Arabidopsis SUMI and -2
(SUM1/2) are functionally equivalent [27] and in planta,
the SUMI, -3 and -5 isoforms have been shown to conju-
gate with high-molecular-weight target proteins [36].
SUMO isoforms display different conjugation profiles, and
not all isoforms are capable of forming poly-SUMO chains
(SUM1/2, but not SUM3) [15, 27, 30, 37, 38]. SUMO
profiles show that SUM1/2 and SUM3 have different
specificities and possibly different targets. In vitro, conju-
gation rates are highest for SUM1 and SUM2 > SUM3 >
SUMS, possibly because differences in the residues are
important for the interaction with the E1 activating enzyme
[30, 38].
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SUMO ubiquitin-like proteases (ULP), also designated
sentrin/SUMO-specific proteases (SENP), process pre-
SUMOs by removing C-terminal amino acids, exposing a
di-glycine motif. Sumoylation by which the maturated
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Fig. 1 The sumoylation pathway. a Three-dimensional (3D) struc-
ture of human small ubiquitin-like modifier (SUMO) 1 (acc. no.
1ASR) and ubiquitin (acc. no. lUBQ), obtained from the Protein Data
Bank (www.rcsb.org/pdb/home/home.do/) and visualized using Jmol,
an open-source Java viewer for chemical structures in 3D (www.
jmol.org/). b The sumoylation cycle is a conserved five-step pathway
(involving maturation, El-activation, E2-conjugation, E3-ligation,
deconjugation) and mediates the balance between the conjugated/
deconjugated forms of a target protein. SUMO isoforms encode a pre-
SUMO peptide that undergoes maturation by ubiquitin-like proteases
(ULP). These SUMO-specific cysteine endopeptidases cleave the
C-terminal end, exposing a di-glycine (GG) motif. In the presence of
ATP, heterodimeric EI SUMO-activating enzymes 1 and 2 (SAEI,
SAE2) promote the C-terminal binding of SUMO to AMP (SUMO-
AMP). A SUMO glycine (G) residue is also coupled to a cysteine
(C) of the SAE2, through a high-energy thioester bond. The peptide is
then conjugated to an E2 SUMO-conjugating enzyme (SCEl),
through transesterification of a C residue in the E2. E2s are subse-
quently capable of transferring SUMO to a target protein. This step is
mostly mediated by SUMO E3 ligases, even though E3-independent
transfer is possible. An isopeptide bond is generated between the
SUMO G residue and the e-amino group of a lysine (K) side chain in
the target protein’s sumoylation consensus motif YyKXE (i, large
hydrophobic residue; K, lysine; X, any amino acid; E, glutamic acid),
although alternative sumoylation sites also exist. ULPs display iso-
peptidase in addition to endopeptidase activity, deconjugating SUMO
from the target. This final step recycles SUMO and, most signifi-
cantly, mediates the balance between the target’s conjugated/
deconjugated forms
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SUMO is covalently attached to a target protein occurs
through a three-step cascade (El, E2, E3) similar to the
ubiquitin pathway (Fig. 1b). The E1 (SUMO activating
enzyme: SAE1-SAE2 heterodimer) promotes the ATP-
dependent activation of SUMO, while the E2 (SUMO
conjugating enzyme: SCE) mediates conjugation of SUMO
to a target protein. SUMO E3 ligases enhance the conju-
gation step. SUMO can be removed by the action of SUMO
proteases, thereby recycling free SUMO into the pathway
(Fig. 1b). Conjugation traditionally occurs in a lysine res-
idue of the target protein, within a sumoylation consensus
motif YyKXE (, large hydrophobic residue; K, lysine; X,
any amino acid; E, glutamic acid). Several alternative
SUMO-conjugation sites have also been described,
including the inverted consensus motif, hydrophobic clus-
ter motif, phosphorylation-dependent SUMO motif
(PDSM), and the negatively charged amino acid-dependent
SUMO motif (NDSM) [2, 39]. Positioning of the motif
within the target is extremely important. Most validated
SUMO consensus sites tend to be placed in extended loops
or intrinsically disordered regions of the substrate outside
of its globular fold, since the motif adopts an extended
conformation to interact effectively with the E2. In addi-
tion, SUMO interacting motifs (SIMs) mediate non-
covalent interactions between SUMO and various different
SIM-containing proteins, adding complexity to the network
of SUMO-dependent protein interactions. SIMs are tradi-
tionally composed of a short stretch of hydrophobic amino
acids (V/DX(V/T)(V/), flanked by acidic residues [39].
Orthologs for the full scope of the SUMO pathway
components can be found in plant genomes. Genomic
studies in Arabidopsis thaliana have validated the exis-
tence of a functional SUMO pathway in plants, revealing
the important role of this pathway in developmental pro-
cesses and the plant’s response to external stimuli
(Table 1). Mutations that disrupt the main conjugation
machinery, i.e., SUMO peptides (SUM1/2), the SAE2
subunit of the E1 heterodimer, and/or the SUMO E2 con-
jugation enzyme SCEI, result in developmental arrest at
the early stages of embryogenesis [27]; a similar finding
has been observed in other models [40]. However, over-
expression of SUMOs results in growth-defective plants
[30, 36]. To date, two E3 ligases have been characterized in
Arabidopsis, the SIZ/PIAS-type SAP and Miz 1 (SIZ1) and
the NSE2/MMS21-type High ploidy 2 (HPY2), both with
pleiotropic phenotypes in loss-of-function mutants, evi-
dencing the importance of E3s within the pathway [16, 21,
29, 41-43]. SUMO proteases are more abundant in the
genome than any other SUMO pathway component,
resulting in a high degree of redundancy [37, 44, 45].
Mutants also display developmental phenotypes: Early
in Short Days 4 (ESD4) mutants are severely dwarfed,
and their developmental defects are incremented by the

over-expression of SUM1 [46]; ULPlc and ULPI1d, also
designated Overly Tolerant to Salt 2 and -1 (OTS2 and -1),
respectively, act redundantly to regulate flowering and
rosette growth (Castro et al., unpublished data) [26]. More
information can be found in a series of excellent reviews
that recently addressed the diversity of the plant SUMO
machinery and its impact on plant development [4, 45, 47].

The SUMO-abiotic stress association

The accumulation of SUMO-conjugates during stress is
ubiquitous in eukaryotes [11, 14, 15]. In plants it has been
observed in rice, poplar and, more frequently, Arabidopsis
following heat shock [15, 16, 22, 23, 27, 30], cold shock
[17, 48], drought [21], salt stress [26], exposure to exces-
sive copper [25], and incubation with hydrogen peroxide,
ethanol, and canavanine [15]. Conjugation is accompanied
by a decrease in the pool of free SUMOs and correlates
with the duration and intensity of the stress [15, 49]. In the
absence of the stimulus, SUMO-conjugate levels decrease
within hours or even minutes, suggesting that sumoylation
acts transiently [11, 15].

Functional approaches using Arabidopsis thaliana
knockout mutants have implicated various SUMO pathway
components in abiotic stress responses (Table 1). The
lethality of the SUM1/2, E1, and E2 knockouts has meant
that most evidence has been obtained in E3 and ULP
mutants. Null SIZI alleles (sizl-1, sizI-2, and sizI-3) dis-
play a series of abiotic stress-related phenotypes, including
sensitivity to extreme temperatures, drought stress, and
excess copper, altered phosphate-starvation responses,
reduced nitrogen (N) assimilation, and salt tolerance
(Table 1) [16-25]. SIZ/PIAS family members are com-
posed of different regulatory domains [50], and directed
mutation studies have implicated the SIZ1 SP-RING
domain (essential for SUMO conjugation and nuclear
localization) in heat shock sensitivity during germination
[23]. In rice, the two SIZ1 orthologs (OsSIZ1/2) are
involved in heat stress-induced sumoylation, but they can
only partially complement the Arabidopsis siz/ mutant
[51], suggesting that OsSIZ1 and -2 have slightly different
functions. The accumulation of SUMO-conjugate levels
during heat, cold, and drought stress and following expo-
sure to excess copper has been shown to be essentially
SIZ1 dependent, although the slight but visible presence of
stress-responsive SUMO-conjugates in siz/ suggests either
alternative E3s or E3-independent conjugation [16, 17, 21,
25, 27]. HPY2, an E3 ligase that also displays an SP-RING
domain, has been mainly associated with the regulation of
cell cycle division, and no role in abiotic stress resistance
has yet been attributed to this ligase [42, 43]. There are
a number of other genes in the Arabidopsis genome
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Table 1 Expressed Arabidopsis small ubiquitin-like modifier pathway components

SUMO pathway component Loss- or gain-of- Developmental Abiotic stress-related phenotype Reference
(AGI code) function allele phenotype
SUMO peptide
SUMI (At4g26840) sumli-1 Wild type [27]
358::SUM1 Early flowering short ~Lower ABA root growth inhibition; [27, 30, 55,
petioles decreased acquired thermotolerance 76]
SUM2 (At5g55160) sum2-1 Wild-type [27]
358::SUM?2 Early flowering short ~ Lower ABA root growth inhibition [30, 76]
petioles
suml-1 sum2-1 Embryo lethal [27]
suml-1 amiR-SUM?2 Pleiotropic [30]
SUM3 (At5g55170) sum3-1 Late flowering [30]
358::SUM3 Early flowering [30]
SUMS (At2g32765) n.d n.d
E1 (activation)

SAEla (At4g24940) saela-1 Wild-type [27]

SAE1b (At5g50580) n.d n.d

SAE2 (At2g21470) sae2-1 Embryo lethal [27]

E2 (conjugation)
SCE1 (At3g57870) scel-5, scel-6 Embryo lethal [27]
co-SCEla* n.d Higher ABA root growth inhibition [76]
E3 (ligation)
HPY2/MMS21 hpy2-1, hpy2-2, mms21-1 Pleiotropic [42, 43]
(At3g15150)

SIZ1 (At5g60410) sizl-1, sizl-2, sizl-3 Pleiotropic Sensitivity to extreme temperatures, drought [16-25]
and copper excess; abnormal Pi-starvation
responses; higher ABA-induced inhibition
of germination and root growth; impaired
in N-metabolism; tolerance to salt

Protease
ESD4 (At4g15880) esd4-1, esd4-2 Pleiotropic [46, 99]
358::ESD4 Wild-type [46]
esd4-1 355::SUM1,2,3  Pleiotropic [46]
esd4-1 Pleiotropic [46]
358::preSUM1,2,3
ULP1a/ELS1 (At3g06910) elsi-1, elsi-2 Slightly smaller [100]
esd4-2 elsl-1 Pleiotropic [100]

ULP1b (At4g00690) n.d n.d

ULP1c/OTS2 (Atlgl0570) ots2-1 Wild-type [26]

ULP1d/OTS1 (At1g60220) otsl-1 Wild-type [26]

358::07TS1 Salt tolerance [26]
otsl-1 ots2-1 Early flowering Salt sensitivity [26]
otsl-1 ots2-1 Smaller rosette [101]

ULP2a (At4g33620)
ULP2b (At1g09730)

358::HA:SUM1
n.d
n.d

n.d
n.d

SUMO small ubiquitin-like modifier, n.d not determined, ABA abscisic acid, Pi inorganic phosphate

* Co-supression line
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possessing an SP-RING domain which are potential SUMO
E3 ligases, including PIAS-like 1 (At1g08910) and PIAS-
like 2 (At5g41580) proposed by Novatchkova and co-
workers [52]. Interestingly, PIAS-like 2 has been found to
be modified by SUMI1 [10], although its involvement in
stress-responses has yet to be reported.

Relative to other SUMO pathway components, there are
a larger number of plant SUMO proteases and these have
different SUMO isoform discrimination and enzymatic
activities [37, 44]. Plant SUMO proteases display some
degree of functional redundancy which has delayed their
characterization. The fact that SUMO targets seem to be
conjugated transiently following stress imposition impli-
cates ULP-dependent deconjugation in the abiotic stress
response. The identification of abiotic stress-related phe-
notypes has been limited to the redundant gene pair
ULP1c/OTS2 and ULP1d/OTSI1. Conti and co-workers
[26] reported that this ULP1 pair is a determinant of salt
tolerance, and subsequent evidence suggests they also act
as negative regulators of drought tolerance (Castro et al.,
unpublished data).

Identification of SUMO targets

Identification of the full set of sumoylated proteins is a
major objective of current SUMO research, as it provides a
molecular link between SUMO function and the numerous
phenotypes displayed by SUMO pathway components. In
non-plant models, various strategies have been employed
to screen for SUMO targets, namely, purification of epi-
tope-tagged SUMO, use of anti-SUMO antibodies, or
isolation through SIMs [2, 53]. In plants, initial approaches
relied on hypothesis generation to identify candidate genes,
based on phenotypic evidence and literature mining, and
resulted in the identification of nine proteins that are su-
moylated [Fig. 2a, subset 1; Electronic Supplementary
Material (ESM) File 1] [16-18, 24, 38, 41, 54, 55]. Can-
didate genes were validated through a series of in bacteria,
in planta, or in vitro studies. The majority of proteins play a
regulatory role in gene expression, which is consistent with
traditional SUMO function [56-58]. Importantly, most
proteins are involved in abiotic stress responses, thereby
validating the physiological and functional data in support
of a major role for sumoylation in abiotic stress resistance.
However, the discovery rate using candidate gene
approaches is slow when the large number of hypothesized
sumoylation targets within the plant proteome is taken into
account. This limitation has led to a recent series of sys-
tematic functional genomics approaches being used to
identify SUMO targets (Fig. 2a; ESM File 1). These
approaches can be categorized into the in planta screening
of Tag-SUMO-conjugates coupled with peptide sequencing

(herein designated SUMO-conjugates) [10, 31, 36] or the
identification of protein—protein interaction (PPI) partners
of the sumoylation machinery (herein designated Sumoy-
lation-interacting) [59-63].

In plants, mass identification of SUMO-conjugates
(Fig. 2a, subset 2) was first performed by Budhiraja and co-
workers [36] through in vivo expression of HIS-tagged
SUMI, -3, and -5. Single-step enrichment by affinity col-
umn chromatography was used before mass spectrometric
protein identification, revealing 14 putative SUMO targets.
Five of the candidates were subsequently shown to be
sumoylated in vitro. Most targets are involved in DNA-
related or RNA-dependent processes, namely, the regula-
tion of chromatin structure, splicing, translation, and
assembly and dis-assembly [36]. The highest rending
SUMO-conjugate assay was performed by Miller and co-
workers [10], who developed a stringent method to isolate
a total of 357 His-SUMI-conjugating proteins from Ara-
bidopsis. Given the known involvement of SUMO in
abiotic stress, Arabidopsis plants were subjected to heat
and oxidative stresses in addition to the control treatment.
Once more, the majority of targets consisted of nuclear
proteins involved in chromatin remodeling/repair, tran-
scription, RNA metabolism, and protein trafficking.
Interestingly, many were condition specific, which supports
a stress-specific modulation of the pool of SUMO-conju-
gates. Park and co-workers [31] used two-dimensional (2D)
gel electrophoresis to screen for SUMO targets following
heat stress imposition and identified a total of 27 proteins
involved in DNA- or RNA-related metabolism, signaling
pathways, and general metabolism. The seemingly defi-
cient coverage of SUMO targets evidenced by Budhiraja
et al. [36] and Park et al. [31] may be due to the use of
overextended tags, which have been shown to compromise
SUMO function in Arabidopsis [10]. For instance, 6His-
FLAG3-SUMI proteins failed to identify SUMO-conju-
gates under conditions of no stress, when SUMO
conjugation is lowest [31]. Tagged SUMOs may also
compete deficiently with the native peptide, a problem that
was overcome by Miller and co-workers’ [10] use of a
suml-1 sum2-1 background. As a result there is no sig-
nificant overlap between the three sets of SUMO-
conjugates, as evidenced by Venn diagram analysis
(Fig. 2b).

In a sumoylation-interacting approach (Fig. 2a, subset
3), a high-throughput strategy aimed at identifying SUMO
targets was carried out by Elrouby and Coupland [60], who
used a yeast two-hybrid (Y2H) system to identify 238 in-
teractors of SUMO pathway components SCE1 and/or
ESD4. An Escherichia coli-based sumoylation system was
used to test a substantial number of targets, indicating that
approximately half are bona fide SUMO substrates. Pro-
teins involved in stress responses, namely temperature
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Fig. 2 Annotation and characterization of the predicted plant SUMO
targets. a The four major strategies adopted for identifying plant
SUMO targets have rendered a total of 768 proteins. b Venn diagram
analysis of the three existing SUMO-conjugate studies. ¢ Venn
diagram analysis of the four subsets of strategies used to identify
SUMO targets. d Scatterplot of enriched gene ontology (GO) terms
(biological process) for the subset of SUMO-conjugates. GO func-
tional categorization was performed using VirtualPlant 1.2 software
(http://virtualplant.bio.nyu.edu/cgi-bin/vpweb/), using the BioMaps
function with a 0.01 p-value cutoff [102]. Exclusion of GO term
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redundancy and subsequent scatterplot analysis were performed using
the REVIGO tool (http://revigo.irb.hr/), with a 0.5 C-value [65].
Bubble size indicates the frequency of the GO term, colored circles
indicate GO terms related to stress or nutritional stimuli. The scat-
terplot represents the cluster representatives in a 2D space (x- and
y-axis) derived by applying multidimensional scaling to a matrix of
the GO terms’ semantic similarities [65]. # Number of genes within
the subset, asterisk non-Arabidopsis genes, MALDI-TOF MS matrix-
assisted laser desorption/ionization—time of flight mass spectrometry
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stress, were shown to be over-represented within Y2H in-
teractors. A similar screening using SIZ1 as bait resulted in
the identification of GTE3 and GTES, members of global
transcription factor group E that contain a bromodomain
that is possibly involved in binding to acetylated histones
[59]. Other Y2H interactions have been reported, including
the interaction of Nuclear Pore Anchor (NUA) protein
with ESD4. In other models, tomato Cys protease LeCp
interacted with the SUMI1/2 ortholog T-SUMO, and
rice OsFKB20, a stress-inducible FK506-binding protein,
interacted with OsSCE1 [61-63]. As an additional source
of potential SUMO targets, we used the Arabidopsis
Interactions Viewer function from BAR [64], a database of
almost 10° predicted and confirmed Arabidopsis interacting
proteins, to identify estimated interactors for all compo-
nents of the sumoylation machinery (Fig. 2a, subset 4;
ESM File 1). Our analysis rendered a total of 176 predicted
interactors, mostly associated with SUMO peptides.

We cross-referenced all predicted plant SUMO targets
in order to obtain an overview of all four subsets of pro-
teins (Fig. 2c; ESM File 1). Not surprisingly, four out of
the five most over-represented proteins included SUMI,
SAE2, SCEI1, and SUMO ES3 ligase candidate PIAS-like 2,
which validates the current analysis. However, there was
still no significant overlap between subsets, similar to an
analogous study of yeast SUMO targets [53]. This limited
overlap suggests that saturation is far from being achieved;
however, it may also reflect the different methodologies
employed, particularly considering that PPI-based approa-
ches (subsets 3 and 4) may detect non-covalent interactions
mediated by SIMs rather than the bona fide sumoylation of
substrates. Since SUMO-conjugate genes provide the
highest confidence candidates, we analyzed gene ontology
(GO) term enrichment for this subset (Fig. 2d). The RE-
VIGO tool was used to exclude redundant GO terms, as
redundancy tends to confound interpretation and inflate the
perceived number of biologically relevant results [65]. As
expected, functional categorization of biological processes
revealed standard roles in SUMO function. However, over-
represented GO terms also included stimuli that have been
physiologically and functionally associated with the su-
moylation pathway, namely, abiotic stress and nutrient-
related stimuli. Using a detailed GO term categorization of
the subset of 393 SUMO-conjugates, we identified 52
abiotic stress-related proteins (ESM File 2). These form a
core of highly likely SUMO targets that link SUMO
function to a wide range of abiotic stress responses. In non-
plant models, many known targets are regulators of
expression (acting as transcription factors, co-activators, or
repressors) [40]. A detailed analysis of the 52 genes we
identified reveals a strong involvement in transcriptional
regulation and nucleic acid binding activities, concomitant
with the role for SUMO in the control of transcription

during environmental challenges already envisaged for
known plant SUMO targets [16, 17, 55].

Molecular basis of SUMO regulation of abiotic stress
tolerance

Extreme temperatures

During heat stress, protein stability is compromised, which
affects cellular structures and organelles, including the
nucleus [66]. The best documented resistance proteins
comprise transiently expressed heat shock proteins (HSPs)
which act as molecular chaperones of the native protein
structure [66, 67], as well as heat shock factors (HSFs) that
function as key signaling effectors, modulating the tran-
scription of heat-responsive genes [67]. Both types of
proteins can be abundantly found in confirmed or predicted
SUMO conjugates, including HSFA1D, HSFA2, HSFB2B,
HSP70-1/HSC70-1, HSP17.4, HSC70-3/HSP70-3, HSP17.
6C-CI, and HSP70. HSP70 proteins are particularly over-
represented in the different subsets of sumoylated proteins
(ESM File 1), which is consistent with their central role in
protein folding processes, namely, during external stress
[68]. Interestingly, over-expression of HSC70 results in a
reduced accumulation of SUMI1/2 conjugates following
heat shock [15]. The impact of sumoylation on these tar-
gets is unresolved, with the exception of the Arabidopsis
transcription factor HSFA2 [55] (Fig. 3a). HSFA2 is a key
element in acquired thermotolerance [69], and its activity
in the nucleus seems to be repressed by SUMI at position
K315 [55]. Over-expression of SUMI in seedlings results
in a reduced tolerance to repeated heat, implying that su-
moylation acts negatively upon acquired thermotolerance
[55]. Conversely, SIZ1 seems to be a positive regulator of
basal responses (acting independently of salicylic acid), but
not of acquired thermotolerance [22, 27], which suggests
the involvement of a SIZ1-independent pathway in the
control of acquired thermotolerance. The seemingly
antagonistic effect of SUMO pathway components on the
different heat stress responses reflects the complex nature
of these mechanisms. It also supports the idea that modu-
lation of SUMO-conjugate steady-state levels during heat
stress represents a dynamic and precisely fine-tuned pro-
cess [70]. A microarray analysis study revealed that in the
sizl mutant, eight HSPs and HSFs (e.g. HSFA7A and
HSF4/HSFBI) were up-regulated under standard growth
conditions, while no down-regulated HSPs and HSFs were
observed [21]. Similarly, sHSP-CI is consistently down-
regulated following SUMI1 over-expression [55]. Experi-
mental evidence corroborates the notion that sumoylation
acts mainly as an inhibitor of transcription [56]. Apart
from HSFs, other heat-related TFs are predicted to be
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Fig. 3 Molecular aspects of the SUMO-abiotic stress association in
Arabidopsis thaliana. a SIZ1 is a positive regulator of basal
thermotolerance. Heat shock likely induces sumoylation of several
heat shock factors (HSF’s), heat shock proteins (HSPs), and WRKYs.
Sumoylation of HSFA2 blocks its activity and consequently down-
regulates acquired thermotolerance. b Cold stress regulates the
transcription factor (TF) ICE1 through SIZ1-dependent sumoylation,
antagonizing HOS1-dependent ubiquitination (Ub) and the degrada-
tion of ICEl. Sumoylation activates ICEl inhibiting MYBI5
expression and activating the CBF3/DREBIla-regulon. ¢ Salt and
drought stress responses seem to be antagonistically regulated by
SIZ1 and ULPlc/d. SIZ1 sumoylates and exerts a positive effect on
key regulators of the drought response, while ULPlc/d may
counteract this effect by removing SUMO from the target. d ABIS,

N-assimilation; tolerance to
COpper excess
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—

sumoylated in association to heat stress, namely WRKY?3
and WRKY4, two Group 1 members of the large WRKY
TF family associated with numerous stress stimuli [10, 71].

In addition to heat shock, SIZ1 is also important for cold
acclimation and tolerance to freezing and chilling. More
specifically, Miura and co-workers [17] found that upon
cold imposition, SIZ1 positively affects the expression of
the C-repeat Binding Factor 3/Dehydration Responsive
Element Binding factor la (CBF3/DREBIa) TF and, con-
sequently, its regulon. The CBF3/DREBla regulator
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a key TF in the abscisic acid (ABA) signaling pathway, is sumoylated
by SIZ1, which antagonizes ABI5-ubiquitination but also inactivates
ABIS TF activity. e Nutrient availability can be controlled by SUMO.
SIZ1 sumoylates nitrate reductases NIA1 and NIA2, contributing
positively to nitrogen (N) assimilation. In response to inorganic
phosphate (Pi) starvation, SIZ1 bi-sumoylates PHR1 and possibly
LPR2, activating the expression of the PHR1-regulon and blocking
LPR2 function in the remodeling of root architecture under conditions
of Pi starvation. In response to excess copper (Cu), SIZ1 sumoylates
an unknown target that directly or indirectly regulates expression of
YSL1/3, important for metal re-allocation. f Sumoylation impacts on
development at various levels, including ABIS5-mediated seed
dormancy and growth arrest, nutrient homeostasis, and allocation of
metal ions

Inducer of CBF Expression 1 (ICE1) was shown to be
sumoylated by SIZ1 at position K393, which does not
seems to impact on ICE1 TF activity, rather it counteracts
polyubiquitination by the E3 ubiquitin ligase HOSI,
decreasing ICEl-degradation and allowing CBF3/
DREB]Ia-regulon expression (Fig. 3b). ICE1 sumoylation
can also negatively regulate MYBI15, a repressor of the
CBF3/DREB]a-regulon that binds to MYB elements in the
promoter of several cold-inducible genes (Fig. 3b) [17]. It
is likely that other SUMO substrates are involved in the
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response to cold, since the transgenic line ICEI(K393R)
displays less sensitivity to freezing than the siz/ mutant.
Also, SUMO-conjugates increase drastically after cold
imposition, indicating that numerous proteins are SUMO
modified upon challenge. We identified various cold-rela-
ted proteins within the subset of abiotic stress-related
SUMO-conjugates (see ESM File 2), namely, Stabilized 1
(STA1) and the components of transcriptional coactivator
complexes ADA2a, ADA2b, and GCNS.

Drought and salt stresses

Drought and salt stresses have a tremendous impact on
plant growth and development, significantly affecting crop
yield. Plants cope with water limitation using complex
physiological and molecular strategies that can be gener-
ally grouped within the categories of escaping, avoiding, or
tolerating the stress [72]. Drought induces SUMO-conju-
gate accumulation in Arabidopsis, a process partially
dependent on the activity of the E3 ligase SIZ1 [21]. SIZ1
seems to act positively on drought tolerance since the siz/
mutant shows drought sensitivity to short- and long-term
dehydration. In addition, microarray data indicates that an
extensive number of drought-responsive genes are signifi-
cantly de-regulated in the siz/ mutant [21]. In terms of the
stress hormone abscisic acid (ABA), there is sufficient
evidence to suggest that both ABA-dependent and -inde-
pendent mechanisms are involved in the SUMO-drought
association (Fig. 3c). In support of ABA-independent
mechanisms, no significant difference in the sumoylation
pattern following drought imposition was observed
between wild-type and aba?2 (a mutant impaired in ABA
biosynthesis) plants [21]. The authors of this study suggest
that SIZ1 participates in ABA-independent pathways
mediated by TFs other than ERD1 and DREB2A, since
their regulons are not transcriptionally affected in the siz/
mutant. On the other hand, sumoylation may control the
activity of DREB2A by regulating DREB2A-Interacting
Protein 1 and -2 (DRIP1/2), predicted to be a SUMI target
by Miller and co-workers [10]. These two proteins contain
C3HC4 RING domains functioning as E3 ubiquitin ligases
that target DREB2A for proteolysis [73], therefore acting
as negative regulators of drought responses.

In contrast, rice seedlings treated with ABA were shown
to accumulate SUMO-conjugates [51, 74]. Most signifi-
cantly, de-regulated genes in siz/-3 during drought have
been found to have a 41 % overlap with ABA-responsive
genes, and under normal growth conditions, genes of the
ABA biosynthetic pathway (namely ABAI and NCED3) are
also de-regulated [21, 75]. Developmentally, the siz/
mutant displays ABA hypersensitivity in cotyledon
greening after germination, functionally associated to the
SP-RING domain responsible for the ligase activity of

SIZ1 [23]. Over-expression of SUM1/2 was observed to
attenuate ABA-mediated growth inhibition while SCEla-
co-suppressed lines displayed the opposite phenotype [76].
It is likely that ABA-signaling changes the sumoylation
pattern of at least a small number of targets, enough to exert
a phenotypical effect on the plant. A suitable target is the
homeobox leucine zipper TF ATHB6, a SUMO-conjugate
candidate that negatively regulates ABA responses [77].
Strong evidence supporting the SUMO-ABA relationship,
albeit distinct from the drought response, is the demon-
strated sumoylation of ABA Insensitive 5 (ABIS5), a bZIP
TF that positively regulates ABA-dependent seed germi-
nation and desiccation via binding of the ABA-responsive
element (ABRE, ACGTGG/TC) cis-element (Fig. 3d) [18].
SIZ1 knockout does not affect ABI5 expression but
enhances that of its regulon. The K391 residue of ABIS5 is
sumoylated in vivo and in vitro in a SIZ1-dependent fash-
ion, rendering ABIS inactive. In addition, sumoylation may
also stabilize ABIS by counteracting ubiquitin-dependent
degradation mediated by the ubiquitin E3 ligase Keep On
Going (KEG) [18].

In contrast to the positive regulation of drought-stress
responses, SIZ1 acts as a negative regulator of high salinity
responses (Fig. 3c). In fact, siz/ was first isolated from a
second mutation screening that suppressed the sos3 salt-
sensitivity phenotype [16], and siz/ seedlings are tolerant
to salt. In parallel, the double knockout mutant for SUMO
proteases ULP1c/OTS2 and ULP1d/OTS1 displays sensi-
tivity to salt stress, while over-expression of ULP1d/OTS1
increases salt tolerance [26]. The mutant ots! ots2 disrupts
SUMO deconjugation constitutively, increasing the accu-
mulation of SUM1/2-conjugated proteins (but not SUM3),
particularly in response to salt stress [26]. Miura and co-
workers [19] recently found that siz/ accumulates less
sodium (Na) and more potassium (K) in shoots compared
to the wild type, suggesting the involvement of ionic
adjustments. Salt stress has also been shown to negatively
modulate ULP1d/OTS1 (and probably ULP1c/OTS2)
abundance via the ubiquitin—proteasome system rather than
through transcription [26]. Thus, it is possible that, at least
partially, the increment of SUMI/2-conjugates during
stress is due to the turnover of SUMO proteases, implying a
new level of regulation in the sumoylation pathway.

Nutrient imbalance

Nutrient deficiency is a type of stress that severely condi-
tions plant growth and development. To circumvent
nutritional scarcity plants possess a wide range of strategies,
involving morphological, biochemical and transcriptional
remodeling. Sumoylation, by controlling the homeostasis of
essential nutrients such as N, inorganic phosphate (Pi), and
copper (Cu), is emerging as a hub in nutritional sensing and
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response processes in plants (Fig. 3e). Under low Pi con-
ditions, the siz/ mutant shows exacerbated Pi-starvation
responses, such as inhibition of primary root growth,
extensive lateral root and root hair development, increased
root-to-shoot ratio, and anthocyanin accumulation, sug-
gesting that this E3 acts as a negative regulator [16, 19, 20].
Remodeling of the root architecture during Pi-deficiency
involves an altered auxin pattern, with SIZ1 acting as a
negative regulator in the transcription of a series of auxin-
responsive genes [20]. This regulation may involve the
sumoylation of Auxin-Resistant 4 (AXR4, present in the list
of abiotic stress-related SUMO-conjugates). AXR4 is
involved in auxin redistribution and re-modulates root
architecture in response to Pi starvation [78]. Miura and co-
workers [16] found that Phosphate Starvation Response 1
(PHR1), a key transcription factor in several Pi-starvation
responses, is positively regulated by SIZ1-dependent su-
moylation at positions K261 and K372 (Fig. 3e). In support
of this finding, SIZ1 appears to positively regulate Pi-star-
vation genes such as /PS] and RNS1, which are part of the
PHR1-regulon [16]. Also, PHRI1 expression is not signifi-
cantly induced nor is its subcellular localization affected by
Pi-starvation [79], suggesting modulation at the PTM level.

Unlike siz/, no differences in root hair length and
number have been observed in the phrl mutant [16, 79,
80], suggesting the existence of additional pathways reg-
ulated by SIZ1/SUMO in response to Pi-starvation. One
plausible candidate found in the SUMO-conjugate list by
Miller et al. [10] is Low Phosphate Root 2 (LPR2). LPR2
and its paralog LPR1 are multicopper oxidases that posi-
tively control the decrease in primary root length and
increase in the number of lateral roots upon Pi-starvation
[81]. Since the Ipr2 mutant seems to be insensitive (while
sizl is hypersensitive) to Pi-starvation, sumoylation may
have a negative effect on LPR2 function. This antagonistic
role is supported by the intermediate phenotype displayed
by the Iprl sizl double mutant in terms of root architecture,
anthocyanin content, and regulation of the Pi-starvation-
responsive genes PAP2, IPSI and PT2 [82].

SIZ1-dependent sumoylation also controls N homeo-
stasis in Arabidopsis, positively regulating the catalytic
activity of nitrate reductases NIA1 and NIA2 [24]. These
two enzymes are important for N-assimilation, explaining
why sizl displays a low N content. Moreover, the siz/
pleiotropic phenotype is reverted by exogenous ammonium
but not nitrate, reinforcing the notion that deficient N
reduction is one of the main determinants of the siz/
pleiotropic phenotype (Fig. 3e, f) [24].

Nutrient availability is essential for normal growth, yet
an excess of nutrients may lead to detrimental effects. For
example, Cu is a crucial factor in multiple biological pro-
cesses, but an overabundance induces reactive oxygen
species (ROS) production and results in toxicity due to its

@ Springer

high redox activity [83]. The involvement of SIZ1 in the
control of Cu level and distribution was suggested by Chen
and co-workers [25], who showed that under conditions of
excess Cu, the mutant siz/ accumulated this nutrient in the
aerial organs and showed Cu hypersensitivity. These phe-
notypes could be partially explained by the observed
induction of the metal transporters Yellow Stripe-Like I and
-3 (YSLI1/3). Since sumoylated proteins increase in a Cu
dose-dependent fashion, SUMO is likely to block the
transcription of YSL1/3 (Fig. 3e) [25]. YSL transporters
have also been associated to iron and zinc remobilization
[84], and Chen and co-workers [25] observed that man-
ganese, zinc, and Pi also accumulate in the siz/ mutant
while the accumulation of potassium decreases, suggesting
that sumoylation is closely involved in the allocation and
homeostasis of metal ions as well as other nutrients.

Additional insights into SUMO function and regulation
by stress

In plants, SUMO seems to take part in the interplay
between normal development and abiotic-stress coping
modes. Hormones are important factors in many tolerance
responses [85, 86], and should play a key role in the
SUMO-abiotic stress association since mutants for SUMO
pathway components have been shown to de-regulate the
metabolism/homeostasis of salicylic acid (SA), ABA,
auxins, ethylene, brassinosteroids, jasmonic acid, and
cytokinins [10, 18, 20, 21, 28, 29, 41-43, 62, 76]. The
foremost example is SA, which accumulates considerably
in suml-1 amiR-SUM2, and sizI mutants. Inhibiting SA
levels in siz/ mutants by mutating PAD4 or ectopically
expressing the bacterial salicylate hydrolase transgene
NahG largely reverts its pleiotropic phenotype [28]. This
includes the SIZ1-dependent response to cold, but not that
to basal thermotolerance, highlighting an underlying
complexity [22, 48].

SUMO modulation of abiotic stress responses occurs
primarily at the nuclear level. Saracco and co-workers [27]
observed that sumoylated proteins concentrate in the
nucleus, while part of the free SUMO is cytoplasmic,
suggesting that SUMO exerts a function in the regulation
and remodeling of the nuclear proteome. In agreement with
this function, isolated SUMO targets are mainly nuclear
proteins [10, 31, 36]. In general, SUMO is assumed to be a
repressor of transcription, namely by modification of
chromatin-remodeling complexes and more specifically
by the promotion of histone deacetylation [87, 88]. Not
surprisingly, chromatin remodeling is also a critical
aspect of plant abiotic stress responses [89], and we have
identified several chromatin-associated proteins, such as
GCNS5, ADA2a, and ADA2b, within the subset of abiotic
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stress-related SUMO-conjugates (see ESM File 2). A
functional correlation is now emerging between sumoyla-
tion and mRNA fate in the nucleus (particularly in response
to abiotic stress), since in non-plant models, sumoylation
candidates are involved in all steps of mRNA processing
and export from the nucleus [90]. In support of this func-
tional correlation, Arabidopsis ESD4, the first SUMO
protease described in plants, is preferentially located in the
nuclear periphery, associated to the nuclear pore complex
component NUA [61] and possibly to the nucleoporin
NUP160 [91]. Mutants of these components accumulate
SUMO-conjugates and Poly(A) 4+ RNA in the nucleus [61,
91]. The E3 ligase siz/ mutant displays similar mRNA
retention in the nucleus, while evidencing decreased
SUMO levels, particularly in response to stress [91]. It
would appear that the disruption of SUMO homeostasis
leads to mRNA accumulation in the nucleus, a phenome-
non that can also be observed following abiotic stress [91].

Perhaps the most intriguing enigma lays in the regula-
tion of the SUMO pathway. Part of the answer may reside
in the fact that the sumoylation machinery itself is a target
of SUMO modification. For example, upon being exposed
to heat stress, the E1 subunit SAE1 and E2 SCE1 undergo
reduced sumoylation while the sumoylation of SIZ1
increases substantially [49]. Moreover, SUMO components
may themselves be susceptible to temperature changes, as
suggested by Castafio-Miquel and co-workers [38] who
showed that sumoylation is enhanced by high temperatures.
Interestingly, SIZ1 is a target of multimeric sumoylation in
lysines K100, K479 (a non-consensus site) and K488, the
first also being induced by oxidative stress [10]. In mam-
mals, low physiological concentrations of H,O, inhibit
SUMO conjugation by inducing the formation of a disul-
fide bond between the catalytic cysteines of the E1 and E2
enzymes [92], whereas higher ROS levels inhibit SUMO
proteases, leading to increased conjugation [93]. Modula-
tion of sumoylation by the redox status of the cell is an
interesting concept, given that most environmental stimuli
trigger ROS signaling events in a wave-like manner [94],
consistent with the transient nature of the sumoylation/
desumoylation cycle. Interestingly, siz/ mutants display
increased H,O, levels [95]. Ascorbate Peroxidase 1
(APX1) and Catalase 3 (CAT3), two important H,O,
scavengers and modulators of the celular redox status [96,
97], are also likely to be sumoylated [10, 38]. Future
research efforts should not overlook the interplay between
SUMO and ROS homeostasis.

An increasing focus of attention is the cross-talk
between diverse PTMs [2, 39]. An attractive prospect is the
identification in plants of human and yeast STUbL ortho-
logs that would link the sumoylation of a target to its
ubiquitin-dependent protein degradation [9]. Acetylation
can also target the same lysine residue as SUMO and

ubiquitin [40], and future focus on the three competing
PTMs should be important. In non-plant models, sumoy-
lation was also shown be both positively and negatively
regulated by substrate phosphorylation [40]. In Arabidop-
sis, cross-talk between MAP Kinase 3/6/4 signaling and
sumoylation has been suggested, with one example being
the common targeting of WRKY TFs [88], opening up new
possibilities for SUMO-abiotic stress interplay in plants.

Final considerations and future perspectives

A strong correlation between sumoylation and abiotic
stress tolerance seems to be conserved among eukaryotic
organisms [98], and SUMO has clearly emerged as a
heavyweight PTM contender in the regulation of plant
development, hormonal metabolism, resistance to pathogen
challenge and, particularly, the response to environmental
stimuli. Many SUMO targets act as key hubs in abiotic
stress responses, yet in vivo, SUMO substrates are modi-
fied at very low steady states, a clear contradiction to the
drastic phenotypes of mutants with altered SUMO path-
ways. One possible explanation for this paradox is that
SUMO may be a PTM as common as phosphorylation. A
first glimpse at the rapidly expanding number of SUMO
targets suggests as much, with sumoylation candidates
implicating this PTM in key abiotic stress responses.
Future gene-centered approaches will be pivotal to confirm
these hypotheses at a molecular level. Studies of SUMO
pathway components should also be addressed. The E3
ligase SIZ1 is clearly a major abiotic stress determinant,
but solving SUMO protease function and specificity will
shed new light on the dynamics of SUMO conjugation/
deconjugation cycles. Most significantly, future research
should address the mechanistic influence of SUMO on
target molecules, including chromatin remodeling and
RNA-fate mechanisms. The use of high-throughput strat-
egies, such as that of Miller et al. [10], to accelerate the
discovery of SUMO conjugates and map them to different
environmental challenges is now an attractive prospect,
particularly when coupled with the use of null mutants of
SUMO pathway components. It is clear that understanding
the full impact of SUMO on the proteome during abiotic
stress will be a demanding yet exciting challenge in
forthcoming years.
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