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A B S T R A C T

SUMOylation is an important protein modification that regulates the properties of substrate proteins in a variety
of cellular processes. SUMOylation is catalyzed via a cascade of enzymes and is usually stimulated by SUMO E3
ligases. However, the molecular functions and regulatory mechanisms of SUMOylation in forage crops are un-
known. Here, we isolated and functionally characterized DiMMS21, a homolog of the Arabidopsis thaliana SUMO
ligase AtMMS21, from the forage legume Desmodium intortum. DiMMS21 is expressed ubiquitously in various D.
intortum organs and its encoded protein is found in the cytoplasm and nucleus. Bioinformatics analysis indicated
that DiMMS21 contains a conserved SP-RING domain that is required for its activity. Biochemical evidence
supports the notion that this protein is a functional SUMO ligase. When expressed in an Arabidopsis mms21
mutant, DiMMS21 completely rescued the defects in root, leaf, and silique development. The results from co-
tyledon greening and marker gene expression suggested that DiMMS21 can only partially complements the role
of AtMMS21 in abscisic acid (ABA) responses. In summary, we characterized the molecular features of DiMMS21
and uncovered potential roles of this SUMO ligase in development and ABA responses, increasing our under-
standing on the function of SUMOylation in forage crops.

1. Introduction

Proteins in eukaryotic cells are regulated by a variety of post-
translational modifications, such as methylation, phosphorylation,
acetylation, glycosylation, and ubiquitination by ubiquitin and ubi-
quitin-like proteins during diverse biological processes (Kerscher et al.,
2006). Similar to ubiquitin, small ubiquitin-like modifier (SUMO) is a
small polypeptide that covalently attaches to the lysine residues of its
substrate proteins (Augustine and Vierstra, 2018). Unlike ubiquitin,
which is usually involved in protein degradation via the 26S protea-
some, SUMO is usually involved in regulating the localization, stability,
or activity of different substrates (Hay, 2013). The SUMO conjugation
pathway involves a cascade of enzymes including E1 (SUMO-activating
enzyme), E2 (SUMO-conjugating enzyme), and usually E3 (SUMO li-
gase) (Wilkinson and Henley, 2010). Moreover, SUMO can be removed
by SUMO proteases for recycling. This contributes to dynamic changes
in the modification status of specific substrate proteins (Elrouby, 2017).

In yeast and mammalian cells, SUMOylation is a critical regulator of
many cellular processes, such as innate immunity, the cell cycle, DNA

repair, chromatin maintenance, and transcriptional control (Seeler and
Dejean, 2003). Proteomics approaches have identified many SUMOy-
lation substrates in Arabidopsis thaliana (Miller et al., 2010, 2013; Rytz
et al., 2018), suggesting that SUMOylation is also a critical in regulation
of proteins in plant cells. Detailed functional studies have revealed that
SUMOylation is involved in plant development and stress responses
(Augustine and Vierstra, 2018). Moreover, the enzymes required for
SUMOylation in plant cells are essential for various biological pro-
cesses. For instance, the depletion of the E1 activating or E2 con-
jugating enzymes results in embryo lethality in Arabidopsis (Saracco
et al., 2007).

Two E3 SUMO ligases, AtSIZ1 and AtMMS21 (also known as HPY2),
have been identified in Arabidopsis; these proteins might stimulate the
SUMOylation of specific substrates (Miura et al., 2005; Catala et al.,
2007; Huang et al., 2009; Ishida et al., 2009). AtSIZ1 primarily parti-
cipates in signal transduction during responses to environmental
changes, such as heat, cold, and phosphate starvation, as well as sal-
icylic acid and abscisic acid (ABA) treatment. Many proteins associated
with these pathways are substrates of AtSIZ1 (Castro et al., 2012).
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AtMMS21 is a functional SUMO ligase with a conserved SP-RING motif
that is essential for its enzyme activity. The loss of AtMMS21 results in
developmental defects in roots, leaves, and siliques (Huang et al., 2009;
Ishida et al., 2009), likely due to the stimulation of critical components
in these developmental processes. For instance, the E2Fa/DPa complex
is dissociated by AtMMS21 in the G1/S transition of the cell cycle (Liu
et al., 2016). SUMOylation of BRAHMA, a SWI/SNF component re-
quired for chromatin remodeling, is also regulated by AtMMS21, in
transcriptional control during root development (Zhang et al., 2017a).
AtMMS21 interacts with RPT2A, a component of the 26S proteasome,
to regulate proteasome activity during development (Yu et al., 2019). In
addition, AtMMS21 functions as a component of the SMC5/6 complex,
which is involved in homologous recombination during DNA repair and
meiosis (Xu et al., 2013; Liu et al., 2014; Yuan et al., 2014). AtMMS21
also takes part in the regulation of ABA-dependent drought responses
(Zhang et al., 2013).

In contrast to SIZ1, which has been functionally characterized in
several other plant species, such as rice (Oryza sativa), tomato (Solanum
lycopersicum), soybean (Glycine max), apple (Malus sp.), and Dendrobium
(Park et al., 2010; Liu et al., 2015; Zhang et al., 2016, 2017b; Cai et al.,
2017), the roles of MMS21 homologs in other plants have not yet been
reported. Here, we performed functional characterization of DiMMS21,
an MMS21 homolog from Desmodium intortum (Debela et al., 2012). D.
intortum, a large perennial legume found in tropical and subtropical
regions, is an important forage crop with high feeding and commercial
value due to its rapid growth, high yields, and high nutritional com-
position (Nurfeta et al., 2009). This legume has a well-developed root
system, which is critical for its rapid growth and nitrogen fixation
(Nurfeta, 2010). However, abiotic stresses such as low temperature and
drought limit the distribution of this forage crop (Midega et al., 2017).
AtMMS21 is involved in root development and stress responses in
Arabidopsis; therefore, we performed functional analysis of the
homolog of AtMMS21 in D. intortum. We identified DiMMS21, analyzed
its sequence, and compared it to MMS21 homologs from other species.
In addition, we investigated the expression patterns of DiMMS21 in
various D. intortum organs. Finally, we introduced DiMMS21 into the
AtMMS21 mutant and analyzed its function in root, leaf and silique
development, as well as in ABA sensitivity. Our findings expand our
understanding of the roles of MMS21 in plants and provide hints about
the role of SUMOylation in regulating development and stress responses
in forage legumes.

2. Materials and methods

2.1. Plant materials and growth conditions

The seeds of D. intortum were obtained from the Guangdong
Provincial Key Laboratory of Biotechnology for plant development re-
search at the School of Life Science, South China Normal University.
Plump seeds were sterilized and planted in a well-prepped seedbed
plastic boxes filled with soil substrates, following the establishment and
management for conservation plantings described in the USDA NRCS
Hoolehua Plant Materials Center, Hoolehua, Hawaii. The boxes were
placed in a climate control cabinet with the temperature set at 25 °C; a
10-h light/14-h dark photoperiod, and a humidity of 60%. Arabidopsis
thaliana plants (Columbia-0 wild type and mms21-1 (Huang et al., 2009)
from ABRC) were grown in conditions at 21 °C with 16-h-light/8-h-dark
cycles, photoperiod, and humidity of 40%. Seeds were surface sterilized
and sown on half-strength Murashige and Skoog (MS) medium con-
taining 1% sucrose and 0.8% agar.

2.2. Isolation and detection of the full-length CDS of DiMMS21

Total RNA from D. intortum was extracted using the TRIZOL reagent
(Tiangen) following the manufacturer's instructions. Samples were
treated with DNase (Promega) to eliminate genomic DNA

contamination. DNA-free RNA was used for reverse transcription by the
PrimeScript™ RT reagent Kit (Takara) and sent for further RNA-seq
analysis. Based on the gene annotations of the de novo sequences from
RNA-Seq, a cDNA encoding a potential MMS21 homolog in D. intortum
(DiMMS21) was chosen for further study. Its sequence similarity with
MMS21 proteins in other species was confirmed by BLASTP using the
deduced amino acid sequence from the cDNA. The full-length CDS of
DiMMS21, was amplified via RT- PCR using the primers pCanG-
DiMMS21-F/R, and cloned into the pCanG vector under control of a 35S
promoter using AatII and SmaI. The CDS information of DiMMS21 in the
construct was verified via sequencing. The sequence information of the
primers used in this study is included in Table S1.

2.3. Bioinformatics analysis of DiMMS21

The CDS of DiMMS21 was translated into protein sequence for
bioinformatics analysis. The theoretical PI (isoelectric point) and MW
(molecular weight) of DiMMS21 was predicted via the online program
pI/MW from Expasy (https://web.expasy.org/compute_pi/)(Gasteiger
et al., 2003). The phylogenetic tree was constructed using the amino
acid sequences of MMS21 homologs from different species by MEGA5.1
with 1000 bootstrap tests by the Maximum Likelihood method (Tamura
et al., 2011). Alignment of protein sequence among DiMMS21 and
other homologs were performed via the Clustal software (http://www.
clustal.org/) (Sievers et al., 2011). Predicted molecular modeling of the
DiMMS21 structure was built on the phyre2 online server (http://www.
sbg.bio.ic.ac.uk/phyre2/) (Kelley et al., 2015).

2.4. Subcellular localization of DiMMS21

The CDS of DiMMS21 was amplified by RT-PCR, using the primers
pYFP-DiMMS21-F/R, and cloned into an YFP expression vector based on
pBluescript (Liu et al., 2016), using BamHI and NcoI. The empty vector
with YFP was used as a control. The plasmids were transformed into
Arabidopsis protoplasts for transient expression, according to the pro-
tocol from the Sheen's laboratory (Yoo et al., 2007). 48 h after trans-
formation, the YFP fluorescence was detected under a Zeiss LSM 710
laser microscope with 514 nm for excitation and 530–600 nm for
emission. The signals from chlorophyll auto-fluorescence were also
recorded.

2.5. SUMOylation assay

To detect the auto-SUMOylation activity of DiMMS21, the CDS of
DiMMS21 without the stop codon was amplified by RT-PCR using the
primers pCDF-DiMMS21-F/R (the coding sequence of a FLAG tag was
included in the pCDF-DiMMS21-R primer for generation of the
DiMMS21-FLAG protein), then was cloned into the pCDFDuet-1 vector
using BamHI and SalI. The plasmid was transformed into bacteria strain
BL21 (DE3) carrying pET28-SAE1a-His-AtSAE2 (E1) (Budhiraja et al.,
2009) and pACYCDuet-1-SCE1-SUMO1(GG) (E2 and SUMO1) (The
plasmids were transformed sequentially) for detection of SUMO con-
jugation (Okada et al., 2009). The transformed cells were cultured in LB
medium to an OD600 of 0.5 and induced for protein expression by
0.2 mM IPTG (final concentration). After incubation for 12 h at 25 °C,
cells were harvested, mixed with 4× SDS sample buffer and boiled for
5min for regular SDS-PAGE. After electrophoresis, proteins were
transferred onto a PVDF membrane (Immobilon, USA). The membrane
was incubated sequentially with 5% non-fat milk in PBST for 30min,
the rabbit anti-FLAG antibody (Sigma) for 1 h, and the anti-rabbit HRP-
linked antibody (Cell Signaling Technology) for 1 h. The signals were
visualized by chemiluminescence using the ECL plus kit (Cwbio, China)
according to the manufacturer's instructions.
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2.6. Generation of the DiMMS21 complemented plants

The pCanG-DiMMS21 plasmid was introduced into Agrobacterium
tumefaciens EHA105 for further transformation into the Arabidopsis
thaliana, wild type or mms21-1, via the floral dip method (Clough and
Bent, 1998). The transformed plants were selected on the MS medium
supplemented with kanamycin. The transcript level of T3 homozygous
plants was verified via RT-PCR. The representative lines with over-
expression of DiMMS21 were used for phenotype analysis.

2.7. ABA treatment

Seeds were sown in the plates containing MS medium without or
with different concentrations of ABA. Plates were exposed at 4 °C in the
dark for 2 d and moved to 22 °C with a 16 h light/8 h dark cycle. The
percentage of seed germination was scored at indicated times.
Germination was defined as an obvious emergence of the radicle
through the seed coat. Cotyledon greening is defined as obvious coty-
ledon expansion and greening.

2.8. Measurement of transcript levels

To detect the expression profile of DiMMS21, RNA from different
organs of Desmodium intortum was extracted and the genomic DNA was
removed following the methods described above. A similar amount of
RNA from each sample was used for reverse transcription, then the
cDNA was used for semi-quantitative PCR using the primers RT-
DiMMS21-F/R. The relative levels of signals were analyzed by ImageJ.
To detect the expression levels of DiMMS21 in the transgenic
Arabidopsis plants, the procedures of semi-quantitative RT-PCR were
similar and ACTIN1 was used as an internal control (Yang et al., 2011).

To measure the transcript levels of ABA responsive genes, different
genotypes of 7-d-old plants were transferred to 1/2 MS liquid mediums

with 10 μM ABA for 0, 3 or 6 h, then RNA was extracted using the Plant
RNAprep Pure Kit (Tiangen) with DNaseI (Promega) treatment fol-
lowing the manufacturer's instructions and subjected to reverse tran-
scription using a PrimeScript RT Reagent Kit (Takara). RT-qPCR was
then carried out using SYBR Premix Ex Taq (Takara) in a Bio-Rad CFX
96 system (C1000 Thermal Cycler) and detected by Bio-Rad CFX
Manager software (Bio-Rad). ACTIN2 was used as an internal control
(Zhang et al., 2017a).

2.9. Data analysis

For measurement of root length, the data are mean ± SD from 30
seedlings for each genotype in three independent experiments. For
comparison of root meristem cell numbers, the data are mean ± SD
from 10 roots for each genotype. For analysis of the leaf area (the 8th
rosette leaf, calculated by ImageJ) and silique, the data are mean ± SD
from 10 samples for each genotype in three independent experiments.
For detection of ABA sensitivity, the data are mean ± SD from three
independent experiments (at least 50 seeds for each genotype were used
in every experiment). The significant difference was analyzed by the
two-tailed Student's t-test. ***p < 0.001, **p < 0.01, *p < 0.05, n.s.
(no significance): p > 0.05.

3. Results

3.1. Isolation and molecular analysis of DiMMS21

To obtain the transcript information of D. intortum, its total RNA was
extracted for RNA-seq analysis. Based on the gene annotations in the
RNA-seq data, a cDNA encoding a potential MMS21 homolog in D. in-
tortum (named as DiMMS21) was chosen for further study. We obtained
the coding sequence (CDS) of DiMMS21by RT-PCR. The complete CDS
of DiMMS21 is 762 bp long, encoding a predicted protein with 253

Fig. 1. Molecular analysis of DiMMS21 based on bioinformatics. (A) Amino acid sequence alignment of DiMMS21 and AtMMS21. The alignment was performed
using Clustal software.*The conserved cystine/histidine residues in the SP-RING domain. (B) Alignment of the amino acid residues in the SP-RING domain. The
MMS21 and SIZ1 homologs from various species were used in the analysis. (C) Predicted molecular model of the DiMMS21 protein structure.
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Fig. 2. Phylogenetic analysis of MMS21 proteins
from D. intortum and other species. The species are
Candida albicans (Ca), Kluyveromyces marxianus
(Km), Saccharomyces cerevisiae (Sp), Candida glabrata
(Cg), Danio rerio (Dr), Homo sapiens (Hs), Pan tro-
glodytes (Pt), Medicago truncatula (Mt), Cicer ar-
ietinum (Cic), Vigna radiata (Vr), Desmodium intortum
(Di), Glycine max (Gm), Glycine soja (Gs), Gossypium
raimondii (Gr), Vitis vinifera (Vv), Nicotiana sylvestris
(Ns), Solanum lycopersicum (Sl), Solanum tuberosum
(St), Arabidopsis thaliana (At), Brassica napus (Bn),
Jatropha curcas (Jc), Populus euphratica (Pe), Cucumis
sativus (Cs), Setaria italic (Si), Oryza sativa (Os), and
Brachypodium distachyon (Bd). SiMMS21X1/X2 are
two isoforms of SiMMS21. The complete protein se-
quences were used to construct the phylogenetic tree
using the Maximum Likelihood method with MEGA
software. The numbers at the nodes indicate the
bootstrap values.

Fig. 3. The SUMO ligase activity, organ-specific expression pattern, and subcellular localization of DiMMS21. (A) Auto-SUMOylation of DiMMS21 was
measured in a reconstituted SUMOylation system in E. coli. In the presence of E1 and SUMO1, unconjugated and SUMO-conjugated FLAG-tagged DiMMS21 were
detected by an anti-FLAG antibody in both the presence and absence of E2. *nonspecific signals. (B) The expression patterns of DiMMS21. RT-PCR analysis of
DiMMS21 transcripts in various D. intortum organs. DiTubulin was used as an internal control. OL, old leaves; YL, young leaves; Ost, old stems; Yst, young stems; R,
roots; FB, flower buds; F, flowers. The image is a representative of three experiments. The relative expression data (DiMMS21/DiTubulin) are mean ± SD from
quantifications via ImageJ. (C) Subcellular localization of DiMMS21-YFP. The constructs are shown in the top panel. Empty vector with YFP was used as a control.
The signals were detected using confocal microscopy 24 h after protoplast transformation. DAPI was used for nucleus labeling. The signals from YFP (yellow), DAPI
(blue), chloroplast (red), and merged images are shown. Bar= 10 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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amino acid residues. Information about the CDS and deduced protein
sequence of DiMMS21 is provided in Table S2. Its protein sequence
similarity with MMS21 proteins from other species was confirmed by
BLASTP using the deduced amino acid sequence from the cDNA. The
predicted molecular weight of DiMMS21 is 28 kDa, and the predicted PI
is 5.1.

Sequence alignment indicated that DiMMS21 and AtMMS21 share
53% amino acid identity (Fig. 1A). The enzyme activity of MMS21 re-
lies on the SP-RING motif, a five-cysteine/histidine residue region re-
quired for Zn2+ binding, and the residues in this region are highly
conserved between DiMMS21 and AtMMS21. The essential residues in
the SP-RING domain are also similar to those of SIZ1 proteins in various
species (Fig. 1B). Molecular modeling of DiMMS21 suggested that this
protein consists of several helices (Fig. 1C).

In addition, we performed phylogenetic analysis using the predicted
MMS21 protein sequences of several species from GenBank (Fig. 2). The
phylogenetic tree is divided into four clades, including mono-
cotyledons, dicotyledons, fungi, and animal species. The protein se-
quence of DiMMS21 is similar to that of MMS21 homologs from other
legume species, such as Glycine max (Gm) and Glycine soja (Gs), in the
dicotyledon group (Fig. 2). Our sequence and motif similarity analyses
support the notion that DiMMS21 is a conserved SUMO ligase.

3.2. SUMO ligase activity, organ-specific expression, and subcellular
localization of DiMMS21

Because auto-SUMOylation is important for SUMO ligases in further
enhancement of the reaction on protein substrates, we fused DiMMS21
with a FLAG tag and expressed it in a reconstituted SUMOylation
system in bacteria (expressing E1, E2 and SUMO1; the bacteria ex-
pressing E1 and SUMO1 was used as a negative control) to analyze its
auto-SUMOylation activity. In the presence of E1 and E2, the SUMO1
molecules were covalently attached to DiMMS21, resulting in a shift in
protein size, as revealed by SDS-PAGE (Fig. 3A), similar to the results
from AtMMS21 (Huang et al., 2009; Ishida et al., 2009). This bio-
chemical evidence supports the notion that DiMMS21 is a functional
SUMO ligase, although its catalytic activity needs to be confirmed by
enhancing SUMOylation of substrates in the further experiments.

In Arabidopsis, AtMMS21 is expressed in all organs (Huang et al.,
2009; Ishida et al., 2009). Therefore, we investigated the expression
patterns of DiMMS21 in various D. intortum organs. Semiquantitative
RT-PCR indicated that DiMMS21 was expressed in all organs, including
roots, stems, leaves, and flowers. DiMMS21 transcript levels were
highest in young leaves and old stems (Fig. 3B).

Given that SUMOylation primarily occurs in the nucleus and cyto-
plasm, we examined the subcellular localization of DiMMS21 by fusing
DiMMS21 with YFP and expressing this construct in protoplasts. The
fusion protein localized to both the nucleus and cytoplasm (Fig. 3C), a
pattern similar to that of AtMMS21 (Huang et al., 2009).

3.3. DiMMS21 rescues the developmental defects of the AtMMS21 mutant

Because a transformation system has not yet been established for D.
intortum, we performed functional analysis of DiMMS21 in Arabidopsis.
We cloned the CDS of DiMMS21 into a plasmid under the control of the
35S promoter and transferred it into wild-type and AtMMS21 mutant
(mms21-1) Arabidopsis. Various transgenic plants overexpressing
DiMMS21 were obtained; representative lines with the proper expres-
sion levels were used for functional characterization (Fig. 4A).

Given that mms21-1 has defects in root development, we measured
the root lengths of the complemented plants. The short root phenotype
of mms21-1 was rescued by transformation with DiMMS21 in seedlings
during different seedling developmental stages (Fig. 4B and 4C). The
defective root development of mms21-1 results from a disordered root
meristem region (Xu et al., 2013). Indeed, our microscopy analysis in-
dicated that meristem size in mms21-1 was completely recovered by the

overexpression of DiMMS21 (Fig. 4D and 4E). Because propidium io-
dide (PI) is used as a marker for dead cells that have a loss of membrane
integrity (Truernit and Haseloff, 2008), the results of PI staining in-
dicated that the level of cell death in the root meristem was also dra-
matically reduced in the complemented plants (Fig. 4D).

We previously demonstrated that AtMMS21 plays roles in regulating
leaf and silique development (Huang et al., 2009). Therefore, we ana-
lyzed the phenotypes of the complemented plants at several different
developmental stages in detail. The leaves were smaller in mms21-1
than in the wild type, but this defect was completely rescued by
DiMMS21 (Fig. 5A, D). Similarly, the short siliques and dwarf pheno-
type were also recovered in the complemented plants (Fig. 5B–D).
Collectively, these results indicated that DiMMS21 can replace the
functions of AtMMS21 in root, leaf, and silique development.

3.4. DiMMS21 partially complements the function of AtMMS21 in ABA
responses

Given that mms21-1 is more sensitive to ABA than the wild type
(Zhang et al., 2013), we also compared the ABA sensitivity of mms21-1
plants with or without DiMMS21 expression. We plated seeds on
medium containing 0, 0.2, 0.5, or 1 μM of ABA and measured the ger-
mination percentage and cotyledon greening percentage.

Since there were only small differences in the germination percen-
tages of wild-type versus mms21-1 seeds under ABA treatment, we fo-
cused on the percentage of cotyledon greening in these lines. Compared
to the wild type, the cotyledon greening percentage of mms21-1 was
dramatically reduced under ABA treatment. When DiMMS21 was ex-
pressed in the mms21-1 mutant, the cotyledon greening rate was par-
tially but not completely recovered (Fig. 6). Therefore, DiMMS21 may
also be involved in regulating ABA signal transduction, but its mole-
cular role in this process might differ from that of AtMMS21.

To reveal the reason why DiMMS21 can only partially complement
the function of AtMMS21 in ABA responses, the transcript levels of
several ABA responsive genes, including ABI3, ABI5, RD29B and RAB18
(Zhang et al., 2013), were detected. The 7-d-old seedlings were treated
with 10 μM ABA for 0, 3 or 6 h, then total RNA was extracted for
quantitative RT-PCR. During the ABA treatment, these marker genes
were upregulated in all plants with different genotypes. Similar to the
previous study (Zhang et al., 2013), following the treatment with ABA,
the transcript levels of these genes were higher in the mms21-1 mutant
than those in the wild type (Fig. 7). Overexpression of DiMMS21 par-
tially repressed the misexpression of these genes in mms21-1. Generally,
overexpression of DiMMS21 did not suppress the increasing transcript
levels of these genes in the mms21-1 mutant with 3-h ABA treatment,
but inhibited additional increasing of these genes with 6-h ABA treat-
ment (Fig. 7). These quantitative transcript data supported the notion
that DiMMS21 can not completely complement the roles of AtMMS21 in
regulating the ABA signaling pathway.

4. Discussion

SUMOylation plays important roles in regulating a number of cel-
lular processes in plants, including development and stress responses
(Park and Yun, 2013), but its function in forage crops is unclear. Here,
we characterized the molecular role of the SUMO ligase, DiMMS21,
from the forage legume D. intortum. DiMMS21 is ubiquitously expressed
in a variety of organs in D. intortum, suggesting it functions during
various stages in this plant. AtMMS21 enhances SUMOylation of pro-
teins including DPa, BRM and RPT2a for maintenance of normal de-
velopment (Liu et al., 2016; Zhang et al., 2017a; Yu et al., 2019). In-
terestingly, AtMMS21 is co-localized with these protein substrates in
nucleus and/or cytoplasm, supporting that SUMOylation primarily oc-
curs in these subcellular areas. Similar to AtMMS21 (Huang et al.,
2009), DiMMS21 is found in both the nucleus and cytoplasm, consistent
with its function in this process.
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The SUMO ligase MMS21 is conserved among species. Indeed, our
alignment analysis showed that the amino acid sequence of DiMMS21
shares high identity with that of AtMMS21, suggesting they might share
conserved functions. Phylogenetic analysis supported the evolutionary
relationship between DiMMS21 and its homologs in other species. The
characteristics of DiMMS21 are closest to those of MMS21 proteins in
other dicotyledons, indicating that its protein structure was conserved
during evolution. Although the entire protein sequence of DiMMS21 is
similar to that of AtMMS21, the most highly conserved region is the SP-
RING domain (Duan et al., 2009), which is essential for the SUMOy-
lation reaction. Several critical residues in this region are identical to
those of SIZ1 proteins (Ishida et al., 2012), suggesting that DiMMS21 is

a functional SUMO ligase; this notion is supported by biochemical
evidence from an auto-SUMOylation assay.

SUMOylation is important for many biological processes in plant
cells, and many components of the SUMOylation machinery, are es-
sential in plant development and stress responses (Murtas et al., 2003;
Miura et al., 2010; van den Burg et al., 2010; Castro et al., 2018).
MMS21 is a SUMO ligase that might mediate the SUMOylation of dis-
tinct protein substrates in different biological processes. Previous stu-
dies showed that depletion of AtMMS21 in Arabidopsis results in de-
velopmental defects (Huang et al., 2009; Ishida et al., 2009; Xu et al.,
2013; Liu et al., 2014), as well as hypersensitivity to ABA (Zhang et al.,
2013). The developmental defects of the AtMMS21 mutant, including

Fig. 4. DiMMS21 rescues the defective root
development of the AtMMS21 mutant. (A)
Expression levels of DiMMS21 and AtMMS21 in
wild-type, mms21-1 and DiMMS21/mms21-1.
The transcript levels were measured using RT-
PCR. ACTIN1 was used as an internal control
(Yang et al., 2011). (B) Comparison of root
length among wild-type and mms21-1 plants
with or without DiMMS21 expression. The pho-
tograph was taken 7 days after germination.
Bar= 1 cm. (C) Root length at different time
points. DAG, days after germination. The data
are mean ± SD from 30 seedlings for each
genotype in three experiments. (D) Root mer-
istem regions of wild-type, mms21-1, and
DiMMS21 mms21-1 seedlings. The roots of 7-
day-old seedlings were stained with 10 μg/mL PI
for 1 min and mounted in water for confocal
microscopy with the excitation/emission wave-
lengths: 561 nm/591–635 nm for PI. The mer-
istem regions are indicated by arrowheads. En-
larged images of the quiescent centers are shown
in the bottom panel. Dead cells are stained red
by PI, resulted from losses of membrane in-
tegrity. Bar = 50 μm. (E) Statistical analysis of
cell number in the indicated meristems. The
data are mean ± SD from 10 seedlings.
***p < 0.001; n.s. (no significance): p > 0.05;
Student's t-test. (For interpretation of the refer-
ences to colour in this figure legend, the reader
is referred to the Web version of this article.)

Fig. 5. DiMMS21 complements the leaf and
silique developmental defects of the
AtMMS21 mutant. (A) The phenotypes of 3-
week-old wild-type, mms21-1, and com-
plemented plants. Photographs of whole plants
are shown in the top panel, and the detached
leaves are shown in the bottom panel.
Bar = 1 cm. (B) Siliques from the indicated
plants. Bar = 1 cm. (C) The phenotypes of 6-
week-old plants. Bar = 5 cm. (D) Statistical
analysis of the area of the 8th rosette leaves of 3-
week-old plants and silique length of 6-week-old
plants. The data are mean ± SD from 10 sam-
ples. ***p < 0.001; n.s. (no significance):
p > 0.05; Student's t-test.
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short roots, small root meristem regions, dwarfism, and short siliques,
were completely recovered via overexpression of DiMMS21. AtMMS21
enhances SUMO conjugation to DPa, BRM, and RPT2a during devel-
opment (Liu et al., 2016; Zhang et al., 2017a; Yu et al., 2019). Since
these substrates are also conserved among species, it is highly likely
that DiMMS21 also helps regulate the activity of their homologs in D.
intortum.

However, the defect of green cotyledon emergence of the AtMMS21
mutant in response to ABA was only partially rescued by DiMMS21
overexpression. Because seed germination and cotyledon greening are
two independent processes (Castro et al., 2015), the result also suggests
SUMOylation mediated by MMS21 may be more important for post-
germination development under ABA treatment. The quantitative RT-

PCR data indicated that the transcript levels of the ABA responsive
genes, such as ABI3, ABI5, RD29B and RAB18, are upregulated in the
AtMMS21 mutant (Zhang et al., 2013), but the increase of these tran-
script can only be partially suppressed by overexpression of DiMMS21
(Fig. 7), supporting the notion from cotyledon greening analysis. In-
terestingly, similar to MMS21, SIZ1 also plays a role in regulation of the
ABA responsive genes (Miura et al., 2009), suggesting an interplay
between different components in the SUMOylation pathway during
ABA signaling transduction. The substrates of AtMMS21 in the ABA
signaling pathway have not yet been identified. Therefore, it would be
useful to compare the substrate difference between DiMMS21 and
AtMMS21 in ABA responses in the future.

D. intortum is used as a forage crop in tropical and subtropical

Fig. 6. The effect of DiMMS21 on ABA sensitivity in the AtMMS21 mutant. (A) Seeds were stratified on medium containing 0, 0.2, 0.5, or 1 μM ABA. The
photographs were taken 10 days after stratification. (B) Germination percentages and cotyledon greening percentages of the lines shown in A. The data are
mean ± SD from three independent experiments. ***p < 0.001; **p < 0.01; *p < 0.05; n.s. (no significance): p > 0.05; Student's t-test.

Fig. 7. The effect of DiMMS21 on the transcript
levels of ABA responsive genes in the AtMMS21
mutant. 7-d-old seedlings of wild type, mms21-1 and
DiMMS21/mms21-1 were treated with 10 μM ABA for
0, 3 or 6 h. RNA was extracted for quantitative RT-
PCR. ACTIN2 was used as an internal control (Zhang
et al., 2017a). The transcript level of each gene in the
wild type for 0-h ABA treatment is set to 1, respec-
tively. The relative transcript levels of ABI3 (A), ABI5
(B), RD29B (C) and RAB18 (D) are shown. The data
are mean ± SD from three experiments.
***p < 0.001; **p < 0.01; *p < 0.05; n.s. (no
significance): p > 0.05; Student's t-test.
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regions, but few studies have focused on the molecular analysis of this
species. This legume grows rapidly and has a large biomass, with a well-
developed root system (Nurfeta, 2010). However, it is unknown how its
production could be regulated and improved via molecular biology.
Abiotic stresses including cold and drought stress limit the distribution
of D. intortum. Therefore, a better understanding of signal transduction
during these processes would lay the foundation for further optimizing
stress tolerance in this forage crop (Kulkarni et al., 2018). For instance,
heterologous expression of OsSIZ1, a rice SUMO E3 ligase, enhances
abiotic stress tolerance in transgenic creeping bentgrass (Li et al.,
2013). Our study represents the first characterization of the molecular
role of a SUMO ligase from D. intortum and provides hints about its roles
in development and stress responses. These results provide a basis for
improving the productivity and stress tolerance of this forage crop. In
the future, it would be valuable to modulate the expression of DiMMS21
in D. intortum and examine its effects on stress tolerance and growth in
this forage legume.

5. Conclusion

We isolated the cDNA of an MMS21 homolog from D. intortum and
measured its gene expression profile, subcellular localization, and
SUMO ligase activity. DiMMS21 overexpression completely rescued the
developmental defects of an Arabidopsis mms21 mutant but not its ABA
sensitivity, thus uncovering similarities and differences between these
MMS21 homologs. This study increases our understanding of the roles
of SUMOylation in the development and stress responses of forage le-
gumes.
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