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Summary
SUMOylation is involved in various aspects of plant biology, including drought stress. However,

the relationship between SUMOylation and drought stress tolerance is complex; whether

SUMOylation has a crosstalk with ubiquitination in response to drought stress remains largely

unclear. In this study, we found that both increased and decreased SUMOylation led to increased

survival of apple (Malus 9 domestica) under drought stress: both transgenic MdSUMO2A

overexpressing (OE) plants and MdSUMO2 RNAi plants exhibited enhanced drought tolerance.

We further confirmed that MdDREB2A is one of the MdSUMO2 targets. Both transgenic

MdDREB2A OE and MdDREB2AK192R OE plants (which lacked the key site of SUMOylation by

MdSUMO2A) were more drought tolerant than wild-type plants. However, MdDREB2AK192R OE

plants had a much higher survival rate than MdDREB2A OE plants. We further showed

SUMOylated MdDREB2A was conjugated with ubiquitin by MdRNF4 under drought stress,

thereby triggering its protein degradation. In addition, MdRNF4 RNAi plants were more tolerant

to drought stress. These results revealed the molecular mechanisms that underlie the relationship

of SUMOylation with drought tolerance and provided evidence for the tight control of

MdDREB2A accumulation under drought stress mediated by SUMOylation and ubiquitination.

Introduction

Drought stress is one of the main abiotic constraints that limit

agricultural development and productivity (Geng et al., 2020; Li

et al., 2019). As the global climate warms in the twenty-first

century, the frequency of severe drought conditions is increasing

(Dai, 2013). Water shortage impairs plant growth and develop-

ment, limiting plant production and reducing the performance of

crop plants and fruit trees (Basu et al., 2016). In fruit trees, water

deficit inhibits flower bud differentiation and tree vegetative

growth, thereby causing flowers and fruits to drop (Niu et al.,

2019; Virlet et al., 2015). To cope with drought stress, plants

respond at both the morphological and molecular levels, exhibit-

ing changes in photosynthesis, stomatal movement, hormone

content, leaf development, stem extension, root proliferation,

hydraulic conductivity and gene expression (Basu et al., 2016;

Geng et al., 2020; Li et al., 2020; Liao et al., 2016; Seiler et al.,

2011; Sun et al., 2018; Yordanov et al., 2000). Therefore,

decoding the molecular mechanisms that underlie drought

responses is critical to the development of new cultivars for

future agriculture (Geng et al., 2018; Li et al., 2020; Liao et al.,

2016; Sun et al., 2013b, 2018).

Small ubiquitin-like modifier (SUMO) is a ~100-amino-acid

polypeptide that is structurally related to ubiquitin (Vierstra,

2012). Similar to ubiquitin, SUMOs are encoded as precursor

proteins. To attain their mature form, precursor SUMOs require

SUMO protease to cleave a C-terminal peptide and expose two

consecutive glycine residues that are essential for conjugation to

substrates. The biochemical pathway of SUMOylation is also

analogous to that of ubiquitination. The first step is SUMO

activation, an ATP-dependent reaction that is catalysed by the

heterodimeric E1-activating enzyme, SAE1/SAE2. In the second

step, activated SUMO is transferred from SAE to the SUMO-

conjugating enzyme (SCE). Finally, the conjugation of SUMO to its

substrates is catalysed by SCE (Colby et al., 2006). The consensus

sequence wKXE/D (where w is a hydrophobic aliphatic residue; X

can be any residue; K, E and D are standard one-letter symbols for

amino acids; and K is the attachment site for SUMO) is considered

to be the canonical SUMO attachment site (Elrouby et al., 2014;

Novatchkova et al., 2004), although other sites may exist. SUMO

proteases de-SUMOylate the SUMOylated substrates to recycle

SUMO. In addition to its covalent attachment to target proteins,

SUMO can also establish noncovalent interaction with cellular

proteins (Galanty et al., 2012).

In addition to the regulation of development and cellular

homeostasis under normal growth conditions, SUMOylation is

also involved in various biotic and abiotic stress responses,

including the response to drought stress (Augustine and Vierstra,

2018; Benlloch and Lois, 2018; Castro et al., 2012; Staudinger,

2017). OsbZIP23 is a SUMOylation substrate that is targeted by

the SUMO protease OTS1. SUMOylation of OsbZIP23 causes the

transcriptional activation of drought protection genes and

improves drought tolerance (Srivastava et al., 2017). Overexpres-

sion of SUMO E2-conjugating enzyme (SCE1) in rice (Oryza sativa)

impairs drought tolerance by reducing the accumulated proline

content relative to the wild type (Nurdiani et al., 2018). However,

overexpression of SaSce9 from the halophyte grass Spartina

alterniflora enhances salinity and drought stress tolerance in

Arabidopsis (Karan and Subudhi, 2012), indicating that SCE plays

various roles in different plants. The SUMO E3 ligase MMS21

negatively influences Arabidopsis drought response through an

ABA-dependent pathway (Zhang et al., 2013). Likewise, the rice
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SUMO protease OsOTS1 also plays a negative role in drought

stress response through an ABA-dependent pathway (Srivastava

et al., 2017). Another SUMO E3 ligase, SIZ1, plays more

complicated roles in drought stress response in different plant

species. Rice OsSIZ1 confers drought tolerance in transgenic

bentgrass and cotton (Mishra et al., 2017). Transgenic tobacco

plants ectopically expressing tomato SlSIZ1 are more tolerant to

drought stress (Zhang et al., 2017b), as are Arabidopsis plants

overexpressing SIZ1. However, SIZ1 has opposite roles in same

species such as Arabidopsis (Catala et al., 2007; Kim et al., 2017;

Miura et al., 2013). Reports on Arabidopsis SIZ1 overexpressing

(OE) plants and siz1 mutants indicate that either increased or

decreased SUMOylation levels can improve drought resistance.

However, the physiological and molecular basis for this effect is

unclear. In addition, despite the identification of drought-related

SUMO targets, the biological function of their SUMOylation

modification is largely unknown.

The SUMO-interacting proteins (SIPs) play a crucial role in the

regulation of SUMOylated proteins; they usually interact with

SUMO through SUMO-interactingmotifs (SIMs). Proteinswith SIMs

include a group of RING-type ubiquitin E3 ligases, DNA methyl-

transferases or demethylases, and histone methyltransferases or

demethylases (Elrouby et al., 2014; Kumar et al., 2017). The best-

studied SIPs are the RING-type ubiquitin E3 ligases that target

SUMOylated proteins for degradation by the proteasome pathway.

RING finger protein 4 (RNF4, also known as SUMO-targeted

ubiquitin E3 ligase or STUbL) ubiquitinates promyelocytic leukae-

mia protein (PML) or the nuclear receptor NR4A1 that has been

SUMOylated by SUMO2/3 in mammals (Geoffroy and Hay, 2009;

Lallemand-Breitenbach et al., 2008; Zhang et al., 2017a). RNF4

also ubiquitinates SUMOylated proteins in the fission yeast

Schizosaccharomyces pombe (Sun et al., 2007) and promotes the

ubiquitination of activated MEK1 in a RING-finger-dependent

manner inDictyostelium (Sobko et al., 2002). SUMOylation of PML

recruits RNF4, triggering its Lys 48-linked polyubiquitination and

degradation (Lallemand-Breitenbach et al., 2008; Tatham et al.,

2008). NR4A1 is SUMOylated by SUMO2/3 and targeted by RNF4

for polyubiquitination and subsequent degradation to control

macrophage cell death (Zhang et al., 2017a). Although several

studies have reported the important and conserved role of RNF4 in

multicellular eukaryotes, only one study has investigated the role of

AT-STUbL4 in the floral transition in plants (Elrouby et al., 2014).

At-stubl4mutant plants flowered later than the wild type, whereas

AT-STUbL4 OE plants flowered earlier (Elrouby et al., 2014). To

date, it remains unclear whether RNF4 can recognize and ubiqui-

tinate SUMOylated proteins in plants, especially during the

response to drought stress.

Dehydration-responsive element-binding factor (DREB2A) is a

transcription factor that binds specifically to the DRE/CRT cis-

element and is rapidly induced by dehydration (Li et al., 2019; Liu

et al., 1998). DREB2A is a key factor in plant drought stress

tolerance. Overexpression of full-length DREB2A in apple, Pen-

nisetum glaucum, Zea mays and O. sativa enhances tolerance to

drought stress (Agarwal et al., 2007; Cui et al., 2011; Liao et al.,

2016; Qin et al., 2007). In Arabidopsis, DREB2A is unstable under

control conditions owing to its negative regulatory domain (NRD)

(Mizoi et al., 2013; Morimoto et al., 2017; Qin et al., 2008;

Sadhukhan et al., 2014; Sakuma et al., 2006a). The overexpres-

sion of DREB2A-CA (a constitutively active form of DREB2A with

the NRD domain deleted) increases drought tolerance in Ara-

bidopsis (Sakuma et al., 2006a). Various post-translational mod-

ifications of DREB2A, including SUMOylation and ubiquitination,

are tightly associated with its stability and transcriptional activity

in Arabidopsis (Qin et al., 2008; Wang et al., 2020). Two types of

ubiquitin E3 ligase, BPMs and DRIPs, mediate the degradation of

DREB2A in Arabidopsis (Morimoto et al., 2017; Qin et al., 2008).

However, SUMOylation of DREB2A by SCE1 can repress the

interaction between DREB2A and BPM2, thereby increasing

DREB2A protein stability under high temperature (Wang et al.,

2020). Whether SUMOylated DREB2A can be targeted by

ubiquitin E3 ligases for degradation remains unclear.

Apple DREB2A does not contain theNRDdomain that is targeted

for degradation in Arabidopsis. Unlike Arabidopsis DREB2A,

MdDREB2A is consistently stable under normal conditions (Li et al.,

2019). Overexpression of MsDREB6.2 (a MdDREB2A homolog) or

MpDREB2A enhanced drought tolerance of apple orArabidopsis (Li

et al., 2019; Liao et al., 2016). Given the lack of an NRD domain in

MdDREB2A, its post-translational modifications and the molecular

mechanisms of its protein stability under stress require clarification.

In this study, we found that both increased and decreased

SUMOylation levels improved apple drought tolerance. We further

identified MdDREB2A as one of the SUMOylation target proteins

and demonstrated that SUMOylation ofMdDREB2Awas critical for

protein stability and drought tolerance. In addition, we further

provided evidence that SUMOylated MdDREB2A could be recog-

nized and ubiquitinated by MdRNF4 under drought stress, leading

to the degradation ofMdDREB2A. Our results highlight the roles of

SUMOylation in apple drought tolerance and provide insight into

the RNF4-mediated ubiquitination of SUMOylated MdDREB2A in

response to drought.

Results

Expression patterns and localization of SUMO2s in apple

The apple genome contains six SUMO2 genes (Figure 1a). Due to

genome duplication, each pair of genes on different chromosomes

has almost identical coding sequences, and we therefore named

the three pairs MdSUMO2A, MdSUMO2B and MdSUMO2C.

Protein alignment revealed a protein sequence similarity of 76%–
88% among these three MdSUMO2 proteins (Figure 1a), indicat-

ing the high conservation among MdSUMO2 isoforms. To charac-

terize the function of apple SUMO2proteins in response to drought

stress, we first examined their expression patterns under drought.

We found that the MdSUMO2s had similar expression patterns in

response to drought (Figure 1b), suggesting that they may have

similar functions under drought stress. Apple SUMO2A and

SUMO2B were more abundant in all tissues, whereas SUMO2C

was less abundant in all tissues examined (Figure S1A and

Appendix S1).WhenMdSUMO2A::GUSwas ectopically expressed

in Arabidopsis, similar results were observed, and GUS signal was

detected in all tissues (Figure S1B–I).
We aligned SUMO2A proteins from different plant species and

found that their sequences were highly conserved throughout the

plant kingdom (Figure S2A). MdSUMO2A was highly similar to

SUMO2A from Prunus mume (Figure S2B). We then cloned

SUMO2A, SUMO2B and SUMO2C from the apple genome. Co-

localization with mCherry suggested that apple SUMO2A,

SUMO2B and SUMO2C are localized in the nucleus, plasma

membrane and cytoplasm (Figure 1c).

Knocking down MdSUMO2s or knocking in one
MdSUMO2 gene leads to drought stress tolerance

To understand the biological function of the MdSUMO2s, we

generated a series of transgenic plants: MdSUMO2A OE (over
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expression) with a higher MdSUMO2A expression level; MdSU-

MO2A RNAi with reduced expression of MdSUMO2A only; and

MdSUMO2 RNAi with reduced expression of MdSUMO2A,

MdSUMO2B and MdSUMO2C (Figure 2).

After transplant, the transgenic plants and nontransgenic

plants (GL-3) were exposed to prolonged drought stress by

maintaining soil volumetric water content of 18%–23% for

3 months. As shown in Figure 3a,b, long-term moderate drought

stress reduced the growth of all plants. However, compared with

GL-3 plants, MdSUMO2A OE plants were taller, and MdSUMO2

RNAi plants were shorter (Figure 3a,b, Figure S3). In addition to

differences in plant height, MdSUMO2A OE plants had longer

internodes than GL-3 plants under drought stress, whereas

MdSUMO2 RNAi plants had shorter internodes (Figure S4).

Moreover, MdSUMO2A OE plants had greater shoot dry weights

under control and drought conditions, whereas MdSUMO2 RNAi

plants had lower aboveground biomass (Figure S5). These results

indicate that MdSUMO2A OE plants grew more vigorously under

long-term drought, whereas MdSUMO2 RNAi plants grew more

slowly.

Drought can adversely affect crop photosynthetic capacity,

water use efficiency and yield (Mao et al., 2015; Sun et al.,

2013a; Xu et al., 2008), and drought stress reduced the

photosynthetic capacity of all plants in the current experiment

(Figure S6). However, MdSUMO2A OE plants had a greater

photosynthetic capacity than GL-3 plants under drought stress,

whereas that of MdSUMO2 RNAi plants was lower (Figure S6A).

Under drought stress, stomatal conductance and transpiration

rate were also higher in MdSUMO2A OE plants than in GL-3

plants, and both parameters were lower in MdSUMO2 RNAi

plants (Figure S6B,C). We also measured the photosynthetic

capacity of GL-3 and transgenic plants under drought during the

daytime from 7:00 AM to 5:00 PM. Similar results were observed.

That is, MdSUMO2A OE plants maintained the highest photo-

synthetic rate under drought stress and exhibited a higher

transpiration rate and stomatal conductance after noon, whereas

MdSUMO2 RNAi plants had the lowest values for these param-

eters (Figure 3c and Figure S7).

The root system plays an important role in plant drought

resistance (Geng et al., 2018; Hu et al., 2018; Liao et al., 2016).

After long-term drought, the root systems of MdSUMO2A OE

plants were much more extensive (Figure 3d), as indicated by root

dry weight in Figure S8. However, the root systems ofMdSUMO2

RNAi plants were much smaller than those of GL-3 under control

and drought conditions (Figure 3d and Figure S8). Consistent

with their strong root systems and greater shoot growth,

MdSUMO2A OE plants had higher hydraulic conductivity of roots

and shoots (Figure 3e,f), whereas those of MdSUMO2 RNAi

plants were lower. These results suggest that MdSUMO2A OE

plants performed better under drought, exhibiting vigorous shoot

and root growth, as well as higher hydraulic conductivity and

photosynthetic capacity.

Figure 1 Sequences, responses to drought stress and localization of MdSUMO2s. (a) Comparison of amino acid sequences of MdSUMO2A, MdSUMO2B,

and MdSUMO2C in apple. MD03G1194700 and MD11G1211000 were named MdSUMO2A; MD17G1103900 and MD09G1113800 were named

MdSUMO2B; MD05G1173700 and MD10G1161600 were named MdSUMO2C. (b) MdSUMO2 expression in response to drought in 2-month-old GL-3

plants, which were exposed to drought for 0 and 6 days. (c) Subcellular localization of MdSUMO2s. YFP-MdSUMO2A, YFP-MdSUMO2B or YFP-

MdSUMO2C was transformed into 5-week-old tobacco (Nicotiana benthamiana) leaves for 3 days, and YFP and mCherry fluorescent signals were then

observed. Bars = 40 lm. Error bars indicate standard error (n = 3). Asterisks indicate significant differences based on one-way ANOVA and Tukey test (**,

P < 0.01).
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Leaf morphology is important for drought tolerance (Anyia and

Herzog, 2004; Sun et al., 2013a; Wu et al., 2014). MdSUMO2

RNAi leaves were smaller than those of GL-3 and MdSUMO2A OE

plants under control and drought conditions (Figure 4a), as

indicated by leaf area measurements in Figure 4b. MdSUMO2

RNAi leaves were much thicker than GL-3 and MdSUMO2A OE

leaves under control and drought conditions (Figure 4c,d). By

contrast, the leaf area, thickness and water holding capacity of

MdSUMO2A OE leaves were comparable to those of GL-3 leaves

under control and drought conditions (Figure 4a–e). As a high-

throughput and cost-efficient method to assess WUE (water use

efficiency), d13C, has been reported to has significantly positive

correlation with apple WUE. The results showed that MdSUMO2

RNAi plants maintained a higher WUE than GL-3 and MdSUMO2

OE plants under control and drought conditions (Figure 4f). Plants

accumulate the phytohormone abscisic acid (ABA) after drought

stimulus (Zhu, 2016). After drought stress, the ABA content of

MdSUMO2A OE plants was lower than that of GL-3 plants,

whereas that of MdSUMO2 RNAi plants was higher (Figure S9).

These results suggest that MdSUMO2 RNAi plants resist drought

by adjusting their leaf morphology, increasing their WUE, and

accumulating more ABA.

There were no significant differences in the parameters

mentioned above between MdSUMO2A RNAi and GL-3 plants

under drought stress (Figures 1–5, Figures S3–S9), suggesting

that the MdSUMO2s have redundant functions in response to

drought.

To further support the notion that both MdSUMO2A OE and

MdSUMO2 RNAi plants were tolerant to drought stress, we

treated all plants with a shorter-term drought stress. After

3 weeks of drought treatment, 83% of the GL-3 plants had

wilted, whereas 40% of the MdSUMO2A OE plants and 58% of

the MdSUMO2 RNAi plants were still alive (Figure 5a–d),
suggesting that the MdSUMO2 RNAi plants had a higher survival

Figure 2 Expression of MdSUMO2s in MdSUMO2A RNAi plants (a), MdSUMO2 RNAi plants (b) and MdSUMO2A OE plants (c). (d) Protein level of

MdSUMO2A in Gl-3 and MdSUMO2A OE plants.
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capacity than the MdSUMO2A OE plants. By contrast, MdSU-

MO2A RNAi plants did not differ in survival rate from GL-3 plants

under drought stress (Figure 5e,f). We also performed an extreme

drought treatment after the long-term drought treatment by

withholding water for 10 days. Both the MdSUMO2 RNAi and

MdSUMO2A OE plants performed better than the GL-3 plants

under drought, and the MdSUMO2 RNAi plants were more

drought tolerant than theMdSUMO2A OE plants (Figure S3B). All

these data suggest that MdSUMO2A OE and MdSUMO2 RNAi

plants were more drought tolerant than GL-3 plants and that

Figure 3 MdSUMO2A OE plants show increased tolerance to drought stress. (a) Morphology ofMdSUMO2 transgenic plants under control and long-term

drought stress. Bar = 10 cm. (b–f) Plant height (b), net photosynthesis under long-term drought stress condition (c), root morphology (d), bar = 5 cm, root

hydraulic conductivity (e) and shoot hydraulic conductivity (f) of GL-3 and MdSUMO2 transgenic plants under control and long-term drought stress. Plants

were exposed to drought for up to 3 months. During treatment, 43%–48% soil volumetric water content (VWC) was maintained as control and 18%–

23% of VWC was maintained as drought treatment. Error bars indicate standard error [n = 12 in (b), 7 in (c), 5 in (e) and (f)]. Asterisks indicate significant

differences based on one-way ANOVA and Tukey test (*, P < 0.05; **, P < 0.01). OE, overexpression.
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MdSUMO2 RNAi plants had higher survival ability than MdSU-

MO2A OE plants.

In addition, we examined the SUMOylation of GL-3 and

MdSUMO2 transgenic plants under control and prolonged

drought stress conditions. As shown in Figure S10, MdSUMO2A

OE plants had a slightly higher SUMOylation level than GL-3

plants under control and drought conditions, whereas the

SUMOylation level of MdSUMO2 RNAi plants was lower.

Identification of MdSUMO2 targets reveals SUMOylation
of MdDREB2A by MdSUMO2s

To obtain reliable MdSUMO2 targets, we generated transgenic

apple calli carrying 6His-H89R-MdSUMO2A and performed

affinity purification with three steps as described previously

(Miller et al., 2010; Rytz et al., 2016), including two Ni-NTA

affinity chromatography steps and one anti-SUMO1 antibody

affinity chromatography step. Since Arabidopsis SUMO1 has high

sequence similarity with MdSUMO2 (Figure S2A), we used the

anti-SUMO1 antibody to recognize three MdSUMO2s. Using this

stringent approach, we identified 988 and 1110 potential targets

of MdSUMO2A under control and simulated drought condition,

respectively (Data S1), including MdDREB2A, MdALI, MdAQP2,

MdHSP90, MdWRKY, MdH2B, MdCAT1 and MdbZIP (Fig-

ure S11). Using a SUMOylation reconstitution assay in Escherichia

coli, in which MdSUMO2 and the candidate substrates were

expressed (Elrouby and Coupland, 2010), we verified the

SUMOylation of MdDREB2A, MdAQP2 and MdALI by the

MdSUMO2s (Figure 6a–g). Three and one lysine sites are poten-

tial SUMO conjugation sites in MdDREB2A and MdAQP2 respec-

tively. To determine the actual SUMOylation sites, each candidate

lysine (K) was replaced by arginine (R) singly or in combinations.

SUMOylation assays using the E. coli system showed that K192

was the main mapped SUMOylation site for the MdSUMO2A-

mediated SUMOylation of MdDREB2A (Figure 6a and Fig-

ure S12A,B). For MdSUMO2B-mediated SUMOylation of

MdDREB2A, mutation in either K192, K217 or K369 effectively

Figure 4 MdSUMO2 RNAi plants display increased tolerance to drought stress. (a–e) Leaf morphology (a, bar = 5 cm), leaf area (b), leaf thickness (c and

d, bar = 200 lm), water holding capacity (e) and water use efficiency (f) of GL-3 and MdSUMO2 transgenic plants under control and long-term

drought stress. Leaf thickness was observed using tungsten filament scanning electron microscope (TEM); water holding capacity = (leaf saturated

weight � dry weight)/dry weight; water use efficiency was detected by carbon isotope (d13C) composition. Plants were exposed to drought for up to

3 months. During treatment, 43%–48% soil volumetric water content (VWC) was maintained as control and 18%–23% of VWC was maintained as

drought treatment. Error bars indicate standard error [n = 9 in (b), 16 in (d), 6 in (e), 3 in (f)]. Asterisks indicate significant differences based on one-way

ANOVA and Tukey test (*, P < 0.05; **, P < 0.01). OE, overexpression.
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blocks isopeptide linkage of SUMO to MdDREB2A, although the

reduction by K369R was slight (Figure 6b). In addition, when

K192 of MdDREB2A was mutated, MdDREB2A SUMOylation by

MdSUMO2C was dramatically reduced (Figure 6c). The E.coli

system also showed that MdSUMO2A, instead of MdSUMO2B or

MdSUMO2C, could SUMOylate MdAQP2 (Figure 6d). Moreover,

K272 was required for MdSUMO2A-mediated MdAQP2

SUMOylation (Figure 6e and Figure S12C). For MdALI, there are

five lysine sites and one SIM for potential SUMO conjugation.

Deleting the SIM or mutating each lysine to R could not abolish

the SUMOylation of MdALI by MdSUMO2A (Figure S12D).

However, mutation of all five lysine sites to R or mutation of

four lysine sites to R and in combination with SIM deletion could

almost completely abolish the SUMO conjugation by MdSU-

MO2A, indicating that these five lysine sites and the SIM were all

required for SUMOylation of MdALI by MdSUMO2A (Figure 6f,g

and Figure S12E).

Because it is an important factor in plant drought stress

response (Chen et al., 2007; Qin et al., 2007; Reis et al., 2014;

Sakuma et al., 2006a), we next focused on MdDREB2A. Since

MdDREB2A could be SUMOylated in the E. coli system, and

MdDREB2A did not contain the SIM, we tested the interaction of

MdDREB2A and MdSCE1, the SUMO E2-conjugating enzyme.

MST and CO-IP analysis revealed that MdSCE1 interacts with

MdDREB2A in vitro and vivo (Figure S13). SUMOylation can

affect target protein localization, protein–protein interaction and

protein stability. We co-localized MdSUMO2A with MdDREB2A

and found that SUMOylation of MdDREB2A did not affect its

subcellular localization (Figure S14). We also examined the effect

of SUMOylation on the stability of MdDREB2A. As shown in

Figure 6h, MdDREB2A protein level was significantly increased in

the MdSUMO2 RNAi plants under drought conditions but also

slightly higher in the MdSUMO2A OE plants.

In addition to the in vitro SUMOylation of MdDREB2A, we also

examined the in vivo SUMOylation of MdDREB2A by MdSUMO2

under control and drought conditions. After immunoprecipitation

using anti-MdDREB2A antibody, SUMOylation of MdDREB2A was

detected in GL-3 plants under drought stress, but much less

SUMOylation was observed in MdSUMO2 RNAi plants (Fig-

ure 6h).

SUMOylation of MdDREB2A is critical for drought stress
tolerance and is coupled with ubiquitination during
drought

DREB2A is a positive regulator of plant drought and heat stress

tolerance (Cui et al., 2011; Kim et al., 2011; Li et al., 2019).

Arabidopsis wild-type plants overexpressing DREB2AK163R (in

which K was mutated to R) exhibited decreased thermotolerance

(Wang et al., 2020). We therefore examined whether SUMOyla-

tion of MdDREB2A affected apple drought stress resistance. We

transformed 35S::MdDREB2A (MdDREB2A OE) and 35S::MdDRE-

B2AK192R (MdDREB2AK192R OE, in which K192 was mutated to

arginine) into wild-type GL-3 apple plants. Both transgenic plants

had better survival ability under drought stress compared with the

wild type (Figure 7a,b). However, MdDREB2AK192R OE plants had

a higher survival rate than MdDREB2A OE plants (Figure 7a,b). In

addition, after drought stress, MdDREB2A OE plants had higher

photosynthetic capacity than MdDREB2AK192R OE plants

Figure 5 Tolerance of MdSUMO2 transgenic plants and GL-3 in response to short-term drought stress. (a) Tolerance of MdSUMO2A OE and GL-3 plants

under short-term drought. Bar = 5 cm. (b) Survival rate of plants shown in (a). (c) Tolerance of MdSUMO2 RNAi and GL-3 plants under short-term

drought. (d) Survival rate of plants shown in (c). (e) Tolerance of MdSUMO2A RNAi and GL-3 plants under short-term drought. (f) Survival rate of plants

shown in (e). Error bars indicate standard error (n = 3). Asterisks indicate significant differences based on one-way ANOVA and Tukey test (*, P < 0.05;

**, P < 0.01). OE, overexpression.
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(Figure 7c). These data suggest that SUMOylation of MdDREB2A

tightly controls plant drought tolerance.

Because SUMOylation can affect protein stability, we then

examined MdDREB2A protein levels in both transgenic plants

under control and drought conditions. As shown in Figure 7d,

both transgenic plants had more MdDREB2A than GL-3 plants

under control conditions. Under drought conditions, MdDREB2A

OE plants accumulated more MdDREB2A protein than GL-3

plants, but less than transgenic plants carrying 35S::MdDRE-

B2AK192R (Figure 7d). In addition, the transcripts of MdDREB2A

were comparable between two transgenic plants (Figure 7e). We

also transformed 35S::MdDREB2A and 35S::MdDREB2AK192R into

apple calli and found that transgenic calli carrying either

constructs were more tolerant to simulated drought treatment

than wild-type calli. Furthermore, calli carrying 35S::MdDRE-

B2AK192R were more tolerant to PEG than calli carrying 35S::

MdDREB2A (Figure S15). In apple, MdDREB2A targets MdCKX4a

to modulate drought tolerance (Liao et al., 2016). We next

evaluated the MdCKX4a expression in transgenic plants and GL-

3. As shown in Figure 7f, MdCKX4a expression was higher in

transgenic apple plants under normal and drought conditions and

much higher in plants expressing 35S::MdDREB2AK192R than in

plants carrying 35S::MdDREB2A. These results indicate that

SUMOylation of MdDREB2A is important for its stability and

activity.

The above phenomena prompted us to investigate whether

other protein modifications were involved. Indeed, we found that

MdDREB2A accumulation was similar in both genotypes of

transgenic plants under drought stress when they were treated

with MG132, a 26S proteasome inhibitor (Figure 8a). The 26S

proteasome is essential for the degradation of ubiquitin-modified

proteins (Smalle and Vierstra, 2004). We then examined

SUMOylation and ubiquitination in transgenic plants. As shown

in Figure 8b, both transgenic plants had higher levels of

SUMOylation and ubiquitination after drought stress. Compared

with that of MdDREB2A OE plants, the SUMOylation level of

MdDREB2AK192R OE plants was slightly lower. However, their

ubiquitination level was also lower (Figure 8b), suggesting that

SUMOylated MdDREB2A may undergo ubiquitination in response

to drought in MdDREB2A OE plants.

MdRNF4 mediates ubiquitination of SUMOylated
MdDREB2A

To identify the proteins responsible for the ubiquitination of

SUMOylated MdDREB2A, we performed affinity purified mass

spectrometry (AP-MASS) analysis of MdDREB2A under control

and drought stress conditions. We identified 1414 and 1472

proteins that may associate with MdDREB2A in planta under

control and drought conditions respectively (Data S3). One of

the potential MdDREB2A interacting proteins under drought

Figure 6 SUMOylation of MdDREB2A, MdAQP2 and MdALI using E. coli system. (a–c) MdDREB2A was SUMOylated by MdSUMO2A, MdSUMO2B and

MdSUMO2C. Putative SUMOylation sites (K) of MdDREB2A were mutated to arginine (R). (d) and (e) SUMOylation of AQP2 by MdSUMO2A. Putative

SUMOylation site (K272) of MdAQP2 was mutated to arginine (R). (f) and (g) SUMOylation of MdALI by MdSUMO2A, MdSUMO2B and MdSUMO2C.

Putative SUMOylation sites (K) or SIM (V) of MdALI were mutated to arginine (R) or alanine (A). (h) SUMOylation of MdDREB2A and MdDREB2A protein in

GL-3,MdSUMO2 RNAi andMdSUMO2A OE plants under control or dehydration conditions. * Indicates SUMOylated substrates; arrows indicate substrates.

OE, overexpression.
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stress was MdRNF4, which encodes an E3 ubiquitin ligase.

Homologs of MdRNF4 in mammalian cells and yeast target

SUMOylated proteins for degradation by the proteasome

pathway (Kumar et al., 2017; Sun et al., 2007; Tatham et al.,

2008). We verified the in vivo association of MdDREB2A with

MdRNF4 using co-immunoprecipitation (Co-IP) analysis (Fig-

ure S16). MdRNF4 contains two SUMO-interacting motifs

(SIMs) (Figure S17A). To investigate whether SUMO could be

bound to the SIMs of MdRNF4, we performed an Y2H analysis

and found that MdRNF4 could interact with MdSUMO2A.

When both SIMs were deleted, no interaction was detected.

However, deletions of only one SIM did not impair the

interaction, indicating that both SIMs are required for the

interaction of MdSUMO2A with MdRNF4 (Figure S17B,C). A

microscale thermophoresis (MST) approach and Co-IP assay

further verified the interaction between MdSUMO2A and

MdRNF4 (Figure S17D,E).

RNF4 is a SUMO-targeted ubiquitin E3 ligase that is required

for degradation of SUMOylated substrates in mammals (Geof-

froy and Hay, 2009; Lallemand-Breitenbach et al., 2008; Zhang

et al., 2017a) and the fission yeast Schizosaccharomyces pombe

(Sun et al., 2007). We hypothesized that this protein is

responsible for the ubiquitination of SUMOylated MdDREB2A.

To test our hypothesis, we extracted total proteins from GL-3

and MdDREB2A OE plants under drought stress and then added

purified MdRNF4 to the protein extracts for specific durations.

The addition of MdRNF4 for 2 h increased the ubiquitination

level of MdDREB2A. However, greater MdDREB2A ubiquitina-

tion was observed in MdDREB2A OE plants that had higher

MdDREB2A SUMOylation levels (Figure 9a). To further confirm

the requirement of MdRNF4 for degradation of SUMOylated

MdDREB2A, we generated transgenic plants with a reduced

level of MdRNF4 (Figure S18). After immunoprecipitation with

anti-MdDREB2A antibody, MdDREB2A ubiquitination decreased

in MdRNF4 RNAi plants under drought conditions (Figure 9b),

further suggesting that MdRNF4 mediates the ubiquitination of

MdDREB2A.

To further analyse the modulation of MdDREB2A stability by

MdRNF4, we performed immunoblot analysis of plants under

control and drought conditions. MdDREB2A protein levels were

higher in MdRNF4 RNAi plants than in GL-3 plants, either under

control or drought conditions; although drought stress induced

MdDREB2A accumulation (Figure 9c). In addition, the MdRNF4

RNAi plants were more tolerant to drought stress, consistent with

the increased tolerance of MdRNF4 RNAi calli to simulated

drought (Figure 9d–f; Figure S19A–C).

Figure 7 SUMOylation of MdDREB2A is critical for drought stress tolerance. (a) Morphology of MdDREB2A OE and MdDREB2AK192R OE transgenic plants

under drought treatment for 3 weeks. Bar = 5 cm. (b) Survival rate of the plants shown in (a). (c) Net photosynthesis rate of MdDREB2A OE and

MdDREB2AK192R OE transgenic plants under drought treatment. (d) MdDREB2A accumulation in MdDREB2AK192R OE and MdDREB2A OE plants under

dehydration treatment. (e) and (f) mRNA level of MdDREB2A and MdCKX4a in MdDREB2A OE and MdDREB2AK192R OE transgenic plants under

dehydration treatment. Error bars indicate standard error [n = 4 in (b), 13 in (c), 3 in (e) and (f)]. Asterisks indicate significant differences based on one-way

ANOVA and Tukey test (*, P < 0.05; **, P < 0.01). OE, overexpression.
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Because SUMO2s affect MdDREB2A SUMOylation and stability

(Figure 6h), we asked whether this effect was related to MdRNF4.

We examined the ubiquitination of MdDREB2A in MdSUMO2

transgenic plants under control and drought conditions. After

drought stress, MdSUMO2A OE plants had higher levels of

MdDREB2A ubiquitination, and MdSUMO2 RNAi plants had

lower levels (Figure 9g). In addition, less MdRNF4 accumulated in

MdSUMO2 RNAi plants under drought stress, while more in

MdSUMO2A OE plants (Figure 9h), implying the involvement of

ubiquitination mediated by MdRNF4 in the MdDREB2A SUMOyla-

tion and stability.

Discussion

Drought stress is one of the major environmental fluctuations that

affect plant productivity and survival (Geng et al., 2018; Li et al.,

2019). During evolution, plants have acquired divergent strate-

gies to respond to water deficiency, including shortening their life

cycles to complete vegetative growth and reproduction before

soil water is depleted, evolving unique morphologies and root

systems to avoid drought stress, and developing the ability to

withstand low tissue water content under drought stress. The

latter ability may involve processes such as osmotic adjustment,

cellular elasticity, and epicuticular wax formation (Polania et al.,

2016; Wei et al., 2016; Yıldırım and Kaya, 2017). As a perennial

woody plant, apple trees evolved divergent strategies to respond

to water deficiency, including establishing unique morphologies

and root systems to avoid drought stress, and developing the

ability to withstand low tissue water content under drought

stress. In our study, both MdSUMO2A OE plants and MdSUMO2

RNAi plants were more drought tolerant than the wild type.

However, both transgenic plants applied different approaches of

drought resistance. The MdSUMO2A OE plants exhibited greater

root system, more vigorous growth and higher photosynthetic

capacity and hydraulic conductivity (Figures 3–5; Figures S3–S9).
The MdSUMO2 RNAi transgenic plants had smaller but thicker

leaves, much lower stomatal conductance and higher water use

efficiency (Figures 3 and 4; Figures S3–S9). In addition, when

treated with shorter-term extreme drought stress condition, both

MdSUMO2 RNAi plants and MdSUMO2A OE plants were more

Figure 8 SUMOylation of MdDREB2A

couples with ubiquitination mediated by

26S proteasome pathway under drought

stress. (a) MdDREB2A accumulation in

MdDREB2A OE and MdDREB2AK192R OE

transgenic plants under simulated drought

stress with or without 50 lM MG132

treatment. (b) Ubiquitination and

SUMOylation of MdDREB2A in MdDREB2A

OE and MdDREB2AK192R OE plants in

response to dehydration. * Indicates

SUMOylated substrates; ★ indicates

ubiquitinated substrates. OE,

overexpression.
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Figure 9 MdRNF4 mediates degradation of SUMOylated MdDREB2A under dehydration conditions. (a) Effects of recombinant MdRNF4 on ubiquitination

of MdDREB2A under simulated drought stress. Proteins were extracted from PEG-treated GL-3 and MdDREB2A OE plants, and recombinant MdRNF4 was

added. (b) Ubiquitination of MdDREB2A in MdRNF4 RNAi plants in response to dehydration. (c) MdDREB2A accumulation in MdRNF4 RNAi plants in

response to dehydration. (d) Morphology of GL-3 and MdRNF4 RNAi plants under control and drought stress conditions. Bar = 5 cm. (e) and (f) Survival

rate (e) and photosynthetic capacity (f) of the plants shown in (d). (g) Ubiquitination of MdDREB2A in MdSUMO2 RNAi or MdSUMO2A OE plants in

response to dehydration. (h) MdRNF4 level in MdSUMO2 RNAi or MdSUMO2A OE plants in response to dehydration. Error bars indicate standard error

[n = 3 in (e) and 20 in (f)]. Asterisks indicate significant differences based on one-way ANOVA and Tukey test (*, P < 0.05; **, P < 0.01). OE,

overexpression. ★ Indicates ubiquitinated substrates. OE, overexpression.
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tolerant than GL-3; with MdSUMO2 RNAi plants had higher

survival rate than MdSUMO2A OE plants under drought (Fig-

ure 5). Tukey’s HSD analysis also showed that drought stress had

a significant effect on all the traits we tested, and a significant

interaction between different genotypes and treatments

(Table S1). Taken together, our data suggest that both increased

and decreased SUMOylation levels can increase plant drought

tolerance.

SUMO is a crucial post-translational modifier in plants that is

covalently conjugated with target substrates to maintain chro-

matin integrity, transduce signals, stabilize proteins and change

cell locations (Dohmen, 2004; Elrouby, 2015; Rytz et al., 2016).

Previous studies identified a large number of SUMO substrates in

Arabidopsis under heat and oxidative stress, including TPL

(TOPLESS), ARF, JAZ, ABF and NAC proteins (Miller et al., 2010;

Rytz et al., 2016, 2018). Here, we identified 988 and 1110

potential targets of MdSUMO2A in apple under control and

simulated drought condition, respectively, according to the

previously described methods in Arabidopsis (Miller et al., 2010;

Rytz et al., 2016) (Data S1). Since we used the wild-type apple

calli as the background of gene transformation, it is possible that

some potential targets might be missing in our data due to the

potential competition between endogenous SUMO2A and trans-

gene of MdSUMO2A. We found that some MdSUMO2A target

proteins were homologous to proteins in Arabidopsis, whereas

the majority was unique proteins in the apple genome (Data S1).

The reconstituted Arabidopsis SUMOylation cascade in E. coli is a

rapid and effective method for evaluating the SUMOylation of

potential SUMO target proteins (Okada et al., 2009; Saitoh et al.,

2009). We used the apple SUMOylation cascade in E. coli as a

powerful tool to elucidate the SUMOylation level of targets and

confirmed that MdDREB2A, MdALI and MdAQP2 were

MdSUMO2 substrates in apple (Figure 6), highlighting the power

and reliability of this system.

DREB2A encodes a transcription factor that binds to the

dehydration-responsive element (DRE) (Liu et al., 1998;

Yamaguchi-shinozaki and Shinozaki, 1994). Numerous studies

have reported the positive role of DREB2A in response to

drought stress in various plants, including apple, Arabidopsis,

rice, maize and Pennisetum glaucum. However, DREB2A

sequences from these species did not show high similarity

outside of the conserved DNA binding domain in the N-terminal

region that may function as a nuclear localization signal

(Agarwal et al., 2007; Cui et al., 2011; Liao et al., 2016; Qin

et al., 2007, 2008). The N-terminal region of DREB2A that

contains the DNA binding and NRD domains is responsible for

its protein stability. The DREB2A NRD domain has been shown

to interact with DRIP and BPM ubiquitin E3 ligases, leading to

ubiquitination and degradation of DREB2A (Morimoto et al.,

2017; Qin et al., 2008). DREB2A can be transformed into a

stable and constitutively active form (DREB2A-CA) by deleting its

NRD domain, thereby facilitating plant drought and heat stress

tolerance (Sakuma et al., 2006b). In addition, SUMOylation of

DREB2A can increase its protein stability under heat stress by

suppressing its interaction with BPM2 (Wang et al., 2020).

However, apple MdDREB2A does not contain the NRD domain

(Figure S20). Whether apple MdDREB2A undergoes any protein

modifications was previously unknown. In this study, we found

that MdDREB2A was a SUMOylation target of the MdSUMO2s

(Figure 6a–c). The critical SUMOylation site of MdDREB2A by

MdSUMO2A was the K192 (Figure 6a). Similar to DREB2As in

other plant species, MdDRBE2A was a positive regulator of

apple drought stress resistance (Figure 7a–c). SUMOylation of

targets often increases their stability, as well as overall environ-

mental stress resistance (Miura et al., 2007; Wang et al., 2020;

Zhou et al., 2017). To our surprise, we found that the mutation

of K192 to R caused MdDREB2A protein levels to be more

stable in MdDREB2AK192R OE plants (Figure 7d). In addition,

transgenic plants carrying MdDREB2AK192R had a higher survival

rate than MdDREB2A OE plants, implying that DREB2A

SUMOylation may serve different functions and proceed by

different mechanisms in different plant species in response to

stress.

In addition to its covalent attachment to target substrates,

SUMO can also interact noncovalently with proteins that contain

SIMs (Elrouby et al., 2014; Kumar et al., 2017; Sun et al., 2007).

SIPs in mammals and Arabidopsis include ubiquitin E3 ligases,

DNA methyltransferases or demethylases, and histone methyl-

transferases or demethylases (Elrouby et al., 2014; Kumar et al.,

2017). We also identified SIPs in the apple genome and obtained

similar results (Data S4). Among the SIPs, we identified a RING

finger protein 4, MdRNF4, that appeared with the highest

frequency in the Y2H screen. Similar RING-type ubiquitin E3

ligases (RNF4s) have been reported to interact with SUMO and

ubiquitinate SUMOylated substrates via the 26S proteasome in

mammals and yeast (Geoffroy and Hay, 2009; Lallemand-

Breitenbach et al., 2008; Sun et al., 2007; Zhang et al., 2017a).

Our study found that MdRNF4-mediated ubiquitination of

SUMOylated MdDREB2A by a 26S proteasome pathway, resulting

in the degradation of SUMOylated MdDREB2A (Figure 9). These

results suggest a widely conserved function for RNF4 in ubiqui-

tination among eukaryotes.

In summary, we investigated the relationship between

SUMOylation and drought stress tolerance in perennial apple

trees. Using MdSUMO2A OE and MdSUMO2 RNAi plants, we

observed that both decreased and increased SUMOylation can

increase plant drought tolerance, although decreased SUMOyla-

tion was associated with relatively higher survival rates. We also

showed that increased SUMOylation of MdDREB2A in MdSU-

MO2A OE and MdDREB2A OE plants was associated with

MdRNF4-mediated greater ubiquitination under drought stress,

thereby relatively decreasing MdDREB2A accumulation in MdSU-

MO2A OE and MdDREB2A OE plants compared with MdSUMO2

RNAi and MdDREB2AK192R OE plants.

Methods

Plant materials and growth conditions

The experiments were conducted at Northwest A&F University,

Yangling, China (34°200N, 108°240E). The transgenic lines and

GL-3 plants after rooting on MS were transplanted to soil and

grown for 3 months at 25 °C under a long-day photoperiod

(14 h : 10 h, light : dark). The general management was

conducted as described by Xie et al. (2018).

The leaves of apple ‘Golden delicious’ (Malus x domestica)

were used for gene cloning. A line isolated from ‘Royal Gala’

(Malus x domestica) named GL-3 (Dai et al., 2013), which has

high regeneration capacity, was used for genetic transformation.

GL-3 tissue-cultured plants were subcultured every 4 weeks. They

were grown on MS medium (4.43 g/L MS salts, 30 g/L sucrose,

0.2 mg/L 6-BA, 0.2 mg/L IAA and 7.5 g/L agar, pH 5.8) under

long-day conditions (14 h : 10 h, light : dark) at 25 °C.
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Generation of transgenic apple plants and calli

201-bp (30 UTR region), 121-bp (conserved CDS of MdSUMO2s)

or 74-bp fragments ofMdSUMO2A,MdSUMO2 orMdRNF4 were

individually cloned into the pDONR222 vector by multisite

Gateway recombination, as described by Karimi and Hilson

(2007) and subsequently transferred to RNA silencing vector

pK7GWIWG2, a destination vector containing an N-terminal GFP

tag by LR recombination. To overexpress genes, the coding

sequences of MdSUMO2A, MdDREB2A or MdDREB2AK192R were

constructed to pCambia 2300 with N-myc tag or pGWB418. All

the constructed vectors were transformed into Agrobacterium

strain EHA105. Agrobacterium-mediated transformation of apple

was carried out as described, using GL-3 as the genetic

background (Dai et al., 2013; Holefors et al., 1998).

To generate transgenic apple calli, ‘Orin’ (Malus9 domestica)

calli grown on MS media (1.5 mg/L 2,4-Dichlorophenoxyacetic

acid (2,4-D) and 0.4 mg/L 6-BA at the dark environment) were

used as the wild type. The coding sequence of MdDREB2A,

MdDREB2AK192R or MdRNF4 was cloned into plant binary vector

pGWB418. A 300-bp sequence of MdRNF4 was cloned into

pK7GWIWG2 to knock down MdRNF4 expression. The resulting

plasmids were transformed into Agrobacterium strain EHA105

and then transformed to ‘Orin’ calli according to previous

methods (An et al., 2019, 2020) The primers used for construct-

ing these vectors are shown in Data S5.

Stress treatment

For long-term drought treatment, 3-month-old GL-3 and trans-

genic apple plants were transplanted to a greenhouse at the

beginning of April 2019. The drought treatment was performed

2 months later in June. The plants were grown in plastic pots

(15 cm 9 20 cm, ~1.3 L) filled with a mixture of sand and

substrate (Pindstrup Mosebrug, Fabriksvej 2, Denmark) (1:1, v/v).

The measurement of soil volumetric water content (VWC) was

conducted by TDR (FS6430, Spectrum Technologies, Aurora,

USA). At the beginning of drought treatment, uniform trees of

each line (30 trees for each line) were divided into two groups for

the following treatments (15 trees for each treatment for each

line): (1) control, well-watered, irrigated daily to maintain 43%–
48% of VWC and (2) moderate drought, irrigated daily to

maintain 18%–23% of VWC. The treatment was lasted for

3 months. The photosynthetic capacity was determined with LI-

Cor 6400 portable photosynthesis system (LI-COR, Huntington

Beach, CA). Hydraulic conductivity of roots and shoots was

conducted by an HPFM (Dynamax, Houston, TX) as described

previously (Geng et al., 2018). The thickness of leaves was

measured by using tungsten filament scanning electron micro-

scope (JSM-6360LV, JEOL, Tokyo, Japan) according to the

methods described by Liao (Liao et al., 2016) with modifications.

For the detection of leaves d13C &, mature leaves were collected.

Leaves were oven-dried at 105 °C for 0.5 h and then 70 °C for

3 days to dry completely. Dried leaves were ground and filtered

through a sieve (80 holes per cm2). The d13C & of leaves was

determined with an elementary analysis-isotope ratio mass

spectrometer (Flash EA 1112 HT-Delta V Advantages, Thermo

Fisher Scientific, Waltham, MA, USA) as described previously

(Wang et al., 2018).

For short-term drought treatment, 3-month-old uniform trees

of GL-3 and transgenic apples were used. Before treatment,

plants were irrigated to maintain saturation of soil water content.

Then plants were withheld with water until VWC reached 0, and

survival rate was calculated after rewatering for 1 week. The soil

VWC was measured by TDR (FS6430).

RNA extraction and quantitative real-time RT-PCR

Total RNA from apple leaves was extracted by a CTAB method.

DNase I (Fermentas, Thermo Fisher Scientific, Waltham, MA, USA)

was used to remove residual genomic DNA. We used total RNA to

generate cDNA according to the manufacturer’s instructions by

using the RevertAidTM First Strand cDNA synthesis kit (K1622,

Thermo Fisher Scientific, Waltham, MA, USA). The qRT-PCR was

performed in a reaction containing GoTaq� qPCR Master Mix

(Promega, Madison, WI, USA), cDNA and primers (described in

Data S5) on an CFX96 real-time PCR detection systems (Bio-Rad,

Hercules, Ca, USA). MdMDH (malate dehydrogenases) was used

as the reference gene.

Subcellular localization

To generate the constructs for subcellular localization assay,

coding region of MdSUMO2A, MdSUMO2B or MdSUMO2C was

amplified and cloned into pEarleyGate104 vector by BP and LR

reactions (Invitrogen, Thermo Fisher Scientific, Waltham, MA,

USA), and were then transformed into Agrobacterium strain

C58C1. The empty vector pGWB455, which carries 35S::

mCherry, was also transformed into Agrobacterium strain

C58C1. The C58C1 carrying the resulting plasmid, 35S::mCherry

and 35S:p19 (p19 is an RNA silencing repressor protein from

Tomato bushy stunt virus) was coinfiltrated into tobacco leaves

(Nicotiana benthamiana). Three days later, the leaf epidermal cells

were observed by Nikon A1R/A1 confocal microscope system

(Nikon, Tokyo, Japan) for yellow fluorescence observation.

For colocalization of MdSUMO2A with MdDREB2A or MdDRE-

B2AK192R, the full-length sequence of MdDREB2A or MdDRE-

B2AK192R was cloned into pGWB455 and then transformed into

C58C1. Mature fragments of MdSUMO2A, MdSUMO2B and

MdSUMO2C (MdSUMO2s with exposed GG) were amplified and

individually cloned into pEarleyGate104 vector by BP and LR

reactions (Invitrogen), and were then transformed into Agrobac-

terium strain C58C1. The C58C1 carrying mCherry-MdDREB2A,

35S:p19, and YFP-MdSUMO2A, YFP-MdSUMO2B or YFP-

MdSUMO2C were resuspended in the buffer containing 10 mM

MgCl2, 10 mM MES–KOH and 180 lM acetosyringone and then

coinfiltrated into the tobacco leaves for 3 d to detect signals with

confocal microscope. The primers used are listed in Data S5.

Histochemical and fluorometric assays for GUS activity

For the promoter-GUS reporter assay, an ~1000-bp DNA

fragment upstream of the MdSUMO2A was cloned into

pMDC164 and then transformed into Agrobacterium strain

GV3101. The resulting plasmid was introduced into Col-0 using

the floral-dipping method (Clough and Bent, 1998) for stable

transformation in Arabidopsis. GUS activity was observed after

staining with 0.5 mg/mL 5-bromo-4-chloro-3-indolyl-b-

Dglucoronide as described previously (Guan et al., 2013). The

primers used are listed in Data S5.

Endogenous ABA determination

After 3 months of moderate drought treatment, the mature

leaves were collected from GL-3 and MdSUMO2 transgenic lines

to determine ABA content. Leaves were weighed and immedi-

ately frozen in liquid nitrogen. Frozen leaves were then pulver-

ized, and ABA was extracted as described previously (Chen et al.,

2012; Xie et al., 2021). Quantitative determination of
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endogenous ABA was performed on a UPLC–MS/MS system

(QTRAPTM 5500 LC/MS/MS, SCIEX, Framingham, MA, USA) and a

Shimadzu LC-30AD UPLC system (Tokyo, Japan).

SUMOylation assay in E. coli

SUMOylation assays in E. coli were conducted as described

previously (Elrouby and Coupland, 2010). The coding region of

MdSAE1 or MdSAE2 was amplified and cloned into binary

expression vector pCDFDuet-1, and mature MdSUMO2s or

MdSCE1 was cloned into pACYCDuet-1. Prokaryotic expression

vector PGEX-4T-1 was used to express GST-MdDREB2A, MdALI

and MdAQP2 protein. Subsequently, the resulting plasmids in

certain combination were introduced into Escherichia coli stain

BL21 (DE3). After incubation at 37 °C until OD600 reached 0.6,

1 mM IPTG (Isopropyl b-D-1-thiogalactopyranoside) was added to

induce protein expression. Eight hours later, the bacterium was

harvested and denaturized for Western blot analysis with

GST antibody (M20007, Abmart, Shanghai, China). The primers

used are listed in Data S5.

Identification of MdSUMO2 targets

To obtain reliable MdSUMO2 targets, we generated transgenic

apple calli carrying 6His-H89R-MdSUMO2A and performed

affinity purification according to the previously described meth-

ods (Miller et al., 2010; Rytz et al., 2016): 1. Ni-NTA affinity

chromatography; 2. immunoprecipitation with anti-SUMO1 anti-

body; 3. Ni-NTA affinity chromatography. The purified SUMOy-

lated proteins were subjected to a MASS spectrometry analysis

(Rytz et al., 2018). This experiment was performed with two

biological replicates; only proteins displayed in both replicates

were considered. The wild-type apple calli were used as the

negative control, and the detected proteins are listed in Data S2.

Immunoblot analysis

The proteins of transgenic apple plants and GL-3 were extracted

with protein extraction buffer [50 mM Tris-HCl, pH 8.0, 150 mM

NaCl, 2 mM EDTA, 1 mM DTT, 10% glycerol, 1% Triton X-100,

1 mM phenylmethylsulfonyl fluoride (PMSF) and 19 Halt pro-

tease inhibitor cocktail (78427, Thermo Fisher Scientific, Shang-

hai, China)] and centrifuged at 14 000 g at 4 °C for 10 min.

The extracted proteins were used for Western blot analysis with

polyclonal MdDREB2A antibody against rabbit, or anti-SUMO

(ab5316, Abcam, Waltham, MA, USA), anti-Ubiquitin (P4D1,

Cell Signaling Technology�, Shanghai, China), anti-MdRNF4

(rabbit polyclonal antibody, ABclonal Technology, Wuhan,

China) or anti-Actin (AC009, ABclonal Technology, Wuhan,

China).

In vivo SUMOylation and ubiquitination analysis

Total proteins extracted from transgenic plants (MdSUMO2A OE,

MdSUMO2 RNAi, MdDREB2A OE, MdDREB2AK192R OE, MdRNF4

RNAi and GL-3) were immunoprecipitated with anti-MdDREB2A

and immunoblotted with anti-SUMO (ab5316, Abcam) or anti-

Ubiquitin (P4D1, Cell Signaling Technology�) antibodies. To

examine the ubiquitination and SUMOylation of MdDREB2A

under drought stress conditions, plants were dehydrated for 2 h.

To detect the effects of recombinant MdRNF4 on ubiquitina-

tion and SUMOylation of MdDREB2A under simulated drought

stress, proteins were extracted from PEG-treated GL-3 and

MdDREB2A OE plants, and recombinant MdRNF4 was added

for 2 h (An et al., 2019, 2020). Total proteins were extracted and

immunoprecipitated with anti-MdDREB2A and immunoblotted

with anti-SUMO (ab5316, Abcam) or anti-Ubiquitin (P4D1, Cell

Signaling Technology�) antibodies.

Yeast two-hybrid assay

To identify MdSUMO2 interacting proteins, 1-95 aa of MdSU-

MO2A (mature MdSUMO2A with exposed GG) was amplified

and cloned into pGBKT7 vector to generate bait plasmid. Y2H

screen was performed to screen the apple library according to the

user manual of MatchmakerTM Gold Yeast Two Hybrid System

(Clontech, Shiga, Japan) by using Saccharomyces cerevisiae strain

Y2H Gold.

To perform the point-to-point Y2H, mature MdSUMO2A with

exposed GG was cloned into pGBKT7, resulting in MdSUMO2A-

pGBKT7. Full-length or truncated MdRNF4 with SIM deletion was

constructed to pGADT7 vector. MdSUMO2A-pGBKT7 and

MdRNF4-pGADT7 or truncated MdRNF4-pGADT7 was co-

transformed into yeast strain Y2H Gold. The positive clones were

selected on SD-Leu-Trp and then on SD-Leu-Trp-His-Ade + x-a-gal
plates for growth observation and the x-a-gal assay. The primers

used are listed in Data S5.

Co-IP assay

For Co-IP analysis, the leaves of GL-3 and MdSUMO2A OE (35S::

myc-MdSUMO2A) transgenic plants were dehydrated for 2 h.

Total proteins were extracted from leaf samples with extraction

buffer [50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 2 mM EDTA, 1 mM

DTT, 10% glycerol, 1% Triton X-100, 1 mM phenylmethylsulfonyl

fluoride (PMSF) and 19 Halt protease inhibitor cocktail]. The

protein extracts were incubated overnight with polyclonal

MdDREB2A antibody. The immunocomplexes were collected by

adding protein A/G agarose beads (78610, Thermo Fisher

Scientific, Shanghai, China) and were washed with immunopre-

cipitation buffer [50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 2 mM

EDTA, 1 mM DTT, 10% glycerol, 0.15% Triton X-100, 1 mM PMSF

and 19 Halt protease inhibitor cocktail]. The pellet (immuno-

complexes with beads) was resuspended in 19 SDS-PAGE loading

buffer. Eluted proteins were analysed by immunoblotting using

anti-MdRNF4 antibody or anti-MdDREB2A antibody. Chemilumi-

nescence signals were detected by autoradiography.

AP-MASS assay

To identify the interacting proteins of MdDREB2A in vivo, AP-

MASS assay was performed as described previously (Maio et al.,

2020) with modifications. Total proteins were extracted in leaves

of GL-3 plants with or without 2-h dehydration treatments using

extraction buffer [50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 2 mM

EDTA, 1 mM DTT, 10% glycerol, 1% Triton X-100, 1 mM

phenylmethylsulfonyl fluoride (PMSF) and 19 Halt protease

inhibitor cocktail]. The protein extracts were incubated overnight

with polyclonal MdDREB2A antibody and then added protein A/G

agarose beads to incubate at 4 °C for additional 4–5 h. After

incubation, the beads were captured with a magnetic rack and

washed three times in 0.5 mL of washing buffer (10 mM Tris-HCl

pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 1 mM PMSF protease

inhibitor). The pellet (immunocomplexes with beads) was resus-

pended in 19 SDS-PAGE loading buffer and subjected to mass

spectrometry analysis (Applied Protein Technology, Shanghai,

China).

Microscale thermophoresis (MST) assay

Full-length MdSUMO2A and MdDREB2A were cloned into pET-

32a. MdSCE1 or MdRNF4 was cloned into pGEX-4T and pMAL-
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c5X respectively. The resulting plasmids were expressed in E. coli

BL21. Recombinant protein MdSUMO2A-HIS and MdDREB2A

were purified by HIS Sepharose beads (GE Healthcare, Fairfield,

CT), GST-MdSCE1 was purified by PierceTM Glutathione Spin

Columns (16105, Thermo ScientificTM), and MBP-MdRNF4 was

purified by MBP TRAP HP (GE Healthcare). MST was conducted

according the manufacturer’s manual (NanoTemper, Munich,

Germany). The primers used are listed in Data S5.

Statistical analysis

Statistical analysis was performed with one-way ANOVA and

Tukey test according to the SPSS 20.0 (IBM, Armonk, New York,

USA). Differences were considered statistically significant when

*P < 0.05 and **P < 0.01. The transgenic lines were compared

with GL-3 under control or drought conditions.

Accession numbers

The accession numbers in GDR are as follows: MdSUMO2B

(MD17G1103900, MD09G1113800), MdSUMO2A (MD03G1194

700, MD11G1211000) and MdSUMO2C (MD05G1173700,

MD10G1161600), and in NCBI under the following: MdDREB2A

(NP_001280947.1), MdSAE1 (XP_028948277.1), MdSAE2 (XP_

008382303.1), MdSCE1 (XP_008338336.1), MdRNF4 (XP_

008346210.1), MdALI (XP_008341016.1) and MdAQP2 (XP_

008363507.1).
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