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Summary

RAD23 (RADIATION SENSITIVE23) proteins are a group of UBL-UBA (ubiquitin-like-ubiquitin-
associated) proteins that shuttle ubiquitylated proteins to the 26S proteasome for breakdown.
Drought stress is a major environmental constraint that limits plant growth and production,
(ML) and Tel/fax +86.29-87082648; email but whether RAD23 proteins are involved_ in this process is unclegr. Here, we demonstrated
fwmb4@sina.com, fwme4@nwsuaf.edu.cn that a s.huttle protein, MdRAD2l3D1, mediated drought response in apple planlts (Malus .
(FM) domestica). MARAD23D1 levels increased under drought stress, and its suppression resulted in
These authors contribute equally to this decreased stress tolerance in apple plants. Through in vitro and in vivo assays, we

study. demonstrated that MdRAD23D1 interacted with a proline-rich protein MdPRP6, resulting in
the degradation of MdPRP6 by the 26S proteasome. And MdRAD23D1 accelerated the
degradation of MdPRP6 under drought stress. Suppression of MdPRP6 resulted in enhanced
drought tolerance in apple plants, mainly because the free proline accumulation is changed.
And the free proline is also involved in MdRAD23D1-mediated drought response. Taken
together, these findings demonstrated that MdRAD23D1 and MdPRP6 oppositely regulated
drought response. MdRAD23D1 levels increased under drought, accelerating the degradation
of MdPRP6. MdPRP6 negatively regulated drought response, probably by regulating proline
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degradation via ubiquitination, free

proline accumulation. plants.

accumulation. Thus, “MdRAD23D1-MdPRP6"” conferred drought stress tolerance in apple

Introduction

Because plants are unable to move, they encounter diverse
environmental stressors, such as drought, high salinity, and
extreme temperatures, which inhibit their growth and develop-
ment (Zhu, 2016). Drought stress is a major environmental
constraint on agricultural production, it affects many physiolog-
ical processes, including photosynthesis, stomatal opening and
closing, and the detoxification of reactive oxygen species (ROS).
To cope with drought stress, plants have evolved many
morphological, physiological, and molecular mechanisms to
minimize damage (Farooq et al., 2009; Liu et al.,, 2019; Ogura
et al.,, 2019; Zhao et al., 2020). For example, ubiquitination,
which is a vital way to regulate protein activities and levels at
post-translational level in cells, has been shown to mediate
drought response in plants. Wheat (Triticum aestivum) proteins
TaPUB2 and TaPUB3 are E3 ligases that positively regulate
Arabidopsis response to drought stress (Kim et al., 2022). The
UBC27-AIRP3 complex modulates the ABA signalling by promot-
ing ABI1 degradation through ubiquitination in Arabidopsis (Pan
et al., 2020).

The UBL-UBA (ubiquitin-like-ubiquitin-associated) proteins are
ubiquitin receptors and transporters in the ubiquitin-proteasome
system (UPS). The UBL domain in UBL-UBA proteins can physically
interact with the proteasome receptors Rpn1, Rpn10, and Rpn13

and the UBA domain is linked with ubiquitinated substrates
(Finley, 2009; Tsuchiya et al., 2017; Zhang et al., 2009). There are
possibly five different types of UBL-UBA proteins, including
RAD23 (RADIATION SENSITIVE23; Farmer et al., 2010; Lambert-
son et al, 1999; Schultz and Quatrano, 1997; Sturm and
Lienhard, 1998), DSK2 (DOMINANT SUPPRESSOR OF KAR2;
Funakoshi et al., 2002; Kang et al., 2006; Wang et al., 2020),
DDI1 (DNA DAMAGE-INDUCIBLE1; Gabriely et al., 2008), NUB1
(NEDD8 ultimate buster 1; Kito et al., 2001), and possibly UBL7
(the Ub-like 7; Liu et al., 2003). After being labelled by the poly-
Ub chains, the target protein is recognized and delivered to the
26S proteasome for degradation, and this process is precisely
controlled by the UBL-UBA proteins. The vital role of UBL-UBA
proteins in protein degradation through the UPS pathway makes
them important regulators of growth and stress response in
plants. The Arabidopsis protein RAD23B regulates pollen devel-
opment by mediating degradation of KRP1 (KIP-related protein 1;
Li et al., 2020a). The rice (Oryza sativa) protein OsDSK2a mediates
seedling growth and salt response by regulating the degradation
of its substrate protein EUI, thus regulating gibberellin metabo-
lism (Wang et al., 2020).

The RAD23 proteins are first known for their role in repairing
the damaged DNA caused by UV (Guzder et al., 1998). Plants’
RAD23 isoforms can rescue the UV-sensitive phenotype of
rad23D in yeast, they also contribute to UV tolerance in plants
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(Lahari et al., 2018; Sturm and Lienhard, 1998). As the UBL-UBA
proteins, RAD23 proteins have been proven to be essential in the
cell cycle, morphology, and fertility of plants through their
delivery of UPS substrates to the 26S proteasome, as evidenced
by the severely dwarfed plants or reproductive lethality in
different Arabidopsis mutants (Farmer et al, 2010; Li
et al., 2020a). Proteomic analysis points to the role of them in
apical dominance in Pinus sylvestris (Ning et al., 2013). Besides,
RAD23 proteins appear to be the key factors in pathogen-plant
interaction. Arabidopsis RAD23C and RAD23D function in insect
colonization via interacting with a phytoplasma virulence protein
SAP54 (secreted AY-WB protein), which can degrade MADS-box
proteins to hijack plant reproduction (MaclLean et al., 2014). A
recent study shows RAD23 proteins interact with bacterium
effectors Lso-HPE1 (Lso hypothetical protein effector 1) and
CLIBASIA_00460 from Candidatus Liberibacter solanacearum and
Candlidatus Liberibacter asiaticus, respectively, thus to promote
infection (Oh et al., 2022).

Proline-rich proteins (PRPs), a type of cell wall proteins rich in
proline and hydroxyproline, play important roles in the drought
stress response in plants (Gujjar et al., 2018; Liu et al., 2018). The
proline is an excellent osmolyte, its accumulation helps the cell to
maintain the water content and swelling potential, thereby
preserving normal cellular function under stresses. It has been
clearly demonstrated that plants accumulate proline via the P5CS
pathway under stresses (Perez-Arellano et al., 2010). And studies
show that the accumulation of proline can also be achieved
independent of the P5CS pathway, through the degradation of
PRP proteins under stress conditions (Barthakur et al., 2001;
Gujjar et al., 2019; Stines et al., 1999). The tomato proline-rich
protein SIPRP is rapidly down-regulated while the concentration
of proline increases in cells under drought stress, helping plants
improve the drought resistance (Gujjar et al., 2018). Elevated
cellular proline content, in turn, may promote PRP levels (Stein
et al., 2011). Besides the temporary pool of proline, PRPs are also
implicated in cell wall signal transduction cascades (Kishor
et al., 2015). The hybrid PRPs may facilitate signal molecule
transport at specific sites in cells (Banday et al., 2022). The
phosphorylated AZTI (azelaic acid induced 1), a hybrid PRP, may
function as a membrane signalling protein in the response to
stresses in plants (Pitzschke et al., 2014a,b, 2016).

Apple trees are perennial woody fruit trees, and the apple is an
economically important fruit around the world. However,
drought stress imposes limitations on the development of apple
trees and apple production (Mihaljevic et al., 2021; Sun
et al., 2018). The UBL-UBA proteins have been demonstrated to
function in various stress responses in different plant species;
however, little is known about them in apple plants. In the
present study, we identified a UBL-UBA protein MdRAD23D1
from the ‘Golden delicious’ apple. We demonstrated that
MdRAD23D1 positively regulated the drought response in apple
plants by regulating the levels of MdPRP6, which is a PRP (Zhang
et al., 2021a). MdRAD23D1 can physically interact with MdPRP6,
resulting in the degradation of MdPRP6 through the 26S
proteasome. In contrast to MdRAD23D1, MdAPRP6 negatively
regulated the drought response in apple plants. The accumulation
of free proline increased in MdPRP6-Ri plants and decreased in
MdRAD23D1-Ri plants under drought, and exogenous proline
alleviated drought stress in both MdPRP6-cOE calli and
MdRAD23D1-Ri  plants. Thus, we suggested that the
MdRAD23D1-MdPRP6 module regulated the drought response
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of plants, and this process was probably linked to the
accumulation of free proline in cells.

Results

The UBL-UBA protein MdRAD23D1 plays a positive role
in apples responding to drought stress

We previously identified MdRAD23 family members in the apple
genome (Wang et al., 2017), like Arabidopsis RAD23 proteins,
MdRAD23s also contained the signature UBL domain at the N
terminal and UBA domain at the C terminal (Figure S1a). The
evolutionary relationship between Arabidopsis and apples was
analysed, and we found that C and D type RAD23s were close in
the phylogenetic tree (Figure S1b). MdRAD23D1, MdRAD23D2,
and MdRAD23A were, respectively, collinear with AtRAD23C,
AtRAD23D, and AtRAD23A (Figure S1c). Among these three
genes, the expression level of MARAD23D1 was induced by both
ABA treatment and drought stress (Wang et al., 2017, Figure 1a).
We also examined the MdRAD23D1 protein levels under drought
using ‘Orin" apple calli. 200 mm mannitol was applied to apple
calli to monitor osmotic stress caused by drought, and
MdRAD23D1 protein obviously accumulated under mannitol
treatment (Figure 1b). To explore the biological function of
MARAD23D1 in response to drought stress, we obtained three
transgenic apple plants with suppressed expression of
MdRAD23D1, including Ri18, Ri22, and Ri23 (Figure S2a). gPCR
analyses showed that the relative expression levels of
MdARAD23D1 decreased by 50%-70% in Ri plants compared
with wild type (WT,; Figure S2b), without suppression in the
expression levels of the other MdRAD23 members (Figure S2d).
The MdRAD23D1 protein levels were also obviously lower in Ri
plants when detected using anti-MdRAD23D1 antibody
(Figure S2c¢). After being treated with drought for 8days, Ri
plants exhibited severe leaf wilting, whereas WT was less affected
(Figure 1¢). Ri leaves drooped away from the stem, to form bigger
leaf angles than in WT (Figure 1d). Lower relative water content
(RWC) and higher EL were detected in Ri plants than in WT
(Figure 1e,f). Furthermore, values for Pn and Fv/Fm were lower in
Ri than in WT plants under drought treatment (Figure 1g,h),
consistent with weaker fluorescence observed in Ri leaves
(Figure 1i). The MDA content was higher in Ri plants
(Figure S3a), the stains of 3,3-diaminobenzidine (DAB) and nitro
blue tetrazolium (NBT) produced darker colour in Ri than in WT
plants (Figure S3b), and higher ROS accumulation was observed
in Ri plants by quantitative analyses (Figure S3c,d). Taken
together, these results suggest that MdRAD23D1 plays a positive
role in the drought stress response in apple plants.

AtRAD23 proteins have proven to interact with multiple
components of the UPS, so we also investigated whether the
apple protein MdRAD23D1 has similar interaction. The purified
MdRAD23D1-GST protein bound to anti-GST magnetic beads
was co-incubated with polyubiquitin chains assembled via K48
or K63 linkages (Ub2-6), and the results showed that
MdRAD23D1 bound to both K48- and K63-linked polyubiquitin
chains well (Figure 2a). In addition, MdRAD23D1 can interact
with  MdRPN13, which is a ubiquitin receptor of the 26S
proteasome subunit (Husnjak et al., 2008), in vitro and in vivo
(Figure 2b—e). Thus, we conclude that MdRAD23D1 associates
with the 26S proteasome and is a receptor for ubiquitinated
proteins, serving as a shuttle factor in protein degradation via
ubiquitination.
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Figure 1 Expression patterns of MdRAD23D1 and response of MdRAD23D1 transgenic plants to drought. (a) The expression level of MdRAD23D1 under
drought stress. gPCR was carried out using the GL-3 apple (Malus domestica) leaves after drought treatment. (b) MdRAD23D1 levels under drought stress.
200 mm mannitol was applied to the ‘Orin” apple (M. domestica) calli to monitor drought stress. The calli samples were collected at 0, 2, 4, 6, and 8 h, and a
specifically synthesized anti-MdRAD23D1 antibody was used to detect MARAD23D1 protein levels. MdActin was used as the loading control. The amount
of MdRAD23D1 was quantified using an Ultra-sensitive multifunctional imager (Uvitec), and the protein level at 0 h was set to 1. (c) Morphology differences
of WT and transgenic apple plants under control and drought conditions. Forty-five-day-old WT and MdRAD23D1-Ri plants in the greenhouse were
withheld from water for 8 days. The scale bar =8 cm. (d-i) Leaf angle (d), relative water content (e), electrolyte leakage (f), Net photosynthesis (Pn) (g), Fv/
Fm ratio (h), and chlorophyll fluorescence images (i) in WT and transgenic plants with and without drought treatment. The scale bar in (i) = 3 cm. WT, wild
type, here we used GL-3 apple (M. domestic), which was also used as explants in generating transgenic apple plants; MdRAD23D1-Ri18/22/23: transgenic
apple plants with suppressed expression of MdRAD23D1 via RNA-interference. Data are shown as the means 4 SD. Different letters indicate significant
differences according to the one-way ANOVA followed by Tukey’s multiple range test (P < 0.05).

MdRAD23D1 interacts with a proline-rich protein,
MdPRP6

As mentioned above, MdRAD23D1 was a positive regulator in
drought stress response in apples. As a first approach, we
screened an apple cDNA library by the yeast-two hybrid using the
CDS of MdRAD23D1 as the bait. Multiple prey cDNAs identified
by the screen expressed a putative 14 KDa PRP, which
corresponded  to  previously named MdPRP6  (Zhang
et al., 2021a) and was selected for further study. MdPRP6 has a
transmembrane domain and a signal peptide is located in the cell

membranes (Zhang et al., 2021a, Figure S4a,b), and MdRAD23D1
is located in the nucleus and the cell membranes (Figure S4a,c),
the same location in the cell also suggested the potential relation
between MdPRP6 and MdRAD23D1. To further determine the
interaction between MdRAD23D1 and MdPRP6, the full-length
CDS of MdPRP6 was cloned using ‘Golden Delicious’ apple cDNA
and fused to the pGADT7 vector. Yeast cells co-transformed with
both MdRAD23D1 and MdPRP6 grew well and exhibited blue
colour on -Trp/-Leu/-His/-Ade+x-a-gal medium (Figure 3a). When
MdRAD23D1 and MdPRP6 were co-expressed in Nicotiana
benthamiana leaves, the strong luciferase signal was detected

© 2023 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 21, 1560-1576
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Figure2 MdRAD23D1 binds poly-ubiquitin (poly-Ub) chains and interacts with the 26S proteasome. (a) Binding of MdRAD23D1 to poly-Ub chains in vitro.
The Escherichia coli-expressed MdRAD23D1-GST fusion protein and GST protein were first incubated with anti-GST magnetic beads and then the mixture
was incubated with poly-Ub chains linked via K48 or K63. The bound proteins were eluted and separated by SDS-PAGE and the amount of protein levels
were determined by immunoblotting with anti-GST and anti-Ub antibodies. Arrowhead shows the MdRAD23D1-GST protein. (b-e) Interaction analysis of
MdRAD23D1 and MdRPN13, a subunit of 26S proteasome via yeast two-hybrid (b), Split-Luc assay (c), Pull-down (d), and Co-IP (e). In yeast two-hybrid
assay, the full-length CDS of MdRAD23D1 and MdRPN13 was cloned into the pGBKT7 and pGADT7 vectors, respectively. After co-transformation, yeast
cells were cultured on SD base/-Leu/-Trp (left) and SD base/-Leu/-Trp/-His/-Ade+x-a-gal (right). In the Split-Luc assay, the full-length CDS of MdRAD23D1
and MdRPN13 were cloned into pRI-101-cLuc and pRI-101-nLuc, respectively. The fusion proteins MdRAD23D1-cLuc and MdRPN13-nLuc were transiently
co-expressed in Nicotiana benthamiana leaves, and the fluorescence signal was observed by an Ultra-sensitive multifunctional imager (Uvitec). In the Pull-
down assay, Escherichia coli-expressed MdRAD23D 1-His protein was first incubated with anti-His magnetic beads and then the mixture was incubated with
E. coli-expressed MdRPN13-GST or GST. The bound proteins were eluted and detected using anti-GST and anti-His antibodies. In the Co-IP assay, the fusion
proteins MdRAD23D1-mCherry and MdRPN13-GFP were transiently co-expressed in N. benthamiana leaves, and the total proteins were extracted and
immunoprecipitated with anti-GFP magnetic beads. Immunoblotting was performed with anti-GFP and anti-mCherry antibodies.

with an Ultra-sensitive multifunctional imager (Figure 3b). In the
pull-down assay, we incubated purified MARAD23D1-GST with
MdPRP6-His, and the interaction between them was detected
after pull-down (Figure 3c). We also performed Co-IP assay using
N. benthamiana leaves co-expressing MdRAD23D1-GFP and
MdPRP6-Flag, and the immunoblot analyses showed that
MdRAD23D1 interacted with MdPRP6 (Figure 3d). Together,
these results demonstrate that MdRAD23D1 interacts with
MdPRP6 in vitro and in vivo.

MdPRP6 negatively regulates the drought response of
apple

Previously we demonstrated that MdPRP6 was expressed in
leaves, stems, and roots of apple plants, and it played a role in
plants responding to heat, salt, and low nitrogen stresses (Zhang
etal., 2021a, 2022, 2023). Here, we further examined the spatial
expression patterns of MdPRP6 by in situ hybridization in different
tissues. Strong signals of MdPRP6 were detected in vascular

tissues, such as xylem and phloem, implying that MdRPR6 might
affect the water uptake of apple plants (Figure 4a). In contrast to
MARAD23D1, the expression levels of MdPRP6 were inhibited by
drought stress (Figure 4b). We examined the MdPRP6 protein
levels under drought using MdPRP6-Flag transgenic apple calli
(MdPRP6-cOE in Figure S5a-c). MdPRP6 protein levels strongly
decreased after 8 h of 200 mm mannitol treatment (Figure 4¢),
without a corresponding decrease in MdPRP6 expression levels
(Figure S5d).

To gain a better understanding of the role of MdPRP6 under
drought stress, we generated another transgenic line with
suppressed expression of MdPRP6 in GL-3 via RNA interference
silencing (Ri3 in Figure S6a,b), without a decrease in expression
levels of the other MdPRP members (Figure Séc, Ri1 and Ri2 were
previously obtained in Zhang et al., 2022). After 8 days of plant
exposure to drought stress, leaves of WT were substantially more
wilting than those of Ri plants (Figure 5a,b). Values for leaf angles
and EL were lower in Ri plants than in WT plants (Figure 5c,e),
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Figure 3 MdRAD23D1 interacts with MdPRP6 in vivo and in vitro. (a) Yeast two-hybrid assays. The full-length CDS of MdRAD23D1 and MdPRP6 were
cloned into pGBKT7 and pGADT?7 vectors, respectively. Co-transformed yeast cells were grown on SD-Trp/-Leu and SD-Trp/-Leu/-His/-Ade+X-a-gal
medium. (b) The Split-Luc assay. The full-length CDS of MdRAD23D1 and MdPRP6 were cloned into pRI-101-cLuc and pRI-101-nLuc, respectively. The
fusion proteins MdRAD23D1-cLuc and MdPRP6-nLuc were transiently co-expressed in Nicotiana benthamiana leaves, and the fluorescence signal was
observed by an Ultra-sensitive multifunctional imager (Uvitec). (c) Pull-down assays. Escherichia coli-expressed MdPRP6-His protein was first incubated with
anti-His magnetic beads and then the mixture was incubated with E. coli-expressed GST or MdRAD23D1-GST. The bound proteins were eluted and
detected using anti-GST and anti-His antibodies. (d) Co-IP assay. The fusion proteins MARAD23D1-GFP and MdPRP6-Flag were transiently co-expressed in
N. benthamiana leaves, and the total proteins were extracted and immunoprecipitated with anti-GFP magnetic beads. Immunoblotting was performed with

anti-GFP and anti-Flag antibodies.

whereas values for RWC were higher in Ri plants (Figure 5d).
Under drought treatment, Ri plants had higher Pn and Fv/Fm
values than WT plants, as well as stronger chlorophyll fluores-
cence (Figure 5f-h). We also noticed that the MDA content was
higher in WT plants than in Ri plants (Figure S7a). The leaves of
WT plants were stained more densely with DAB and NBT
compared with Ri leaves (Figure S7b). Ri plants under drought
stress also had consistently lower H,O, and O, contents
(Figure S7¢,d). These results demonstrate that MdPRP6 negatively
regulates the drought stress response in apple plants.

MdRAD23D1 affects the protein levels of MdPRP6

We analysed the protein levels of MdRAD23D1 in MdPRP6-cOE
and MdPRP6-cRi (Figure S5e,f) calli, using the anti-MdRAD23D1
antibody. We found that the altered expression of MdPRP6 did
not affect MdRAD23D1 levels (Figure S8a). To analyse whether
MdRAD23D1 affects MdPRP6 levels, we generated MdRAD23D1-
cOE (Figure S9a—c) and MdRAD23D1-cRi (Figure S9d-f) trans-
genic apple «calli, and then expressed MdPRP6-Flag in
MARAD23D1-cOE and MdRAD23D1-cRi calli (MdRAD23D1-cOE/
MdPRP6-cOE and in MdRAD23D1-cRi/MdPRP6-cOE Figure S10a—
d). We found that when MdRAD23D1 levels increased, MdPRP6-
Flag levels decreased, and vice versa (Figure S8b), indicating that
MdRAD23D1 might function upstream of MdPRP6.

Given the shuttle function of MdRAD23D1, it probably
transports ubiquitylated MdPRP6 to the 26S proteasome. As a

first approach, we detected the MdPRP6 levels in MdPRP6-Flag
transgenic calli supplied with or without MG132. Without
MG132, MdPRP6-Flag levels decreased over time. In contrast,
when MG132 was added, MdPRP6-Flag was more stable
(Figure 6a). When we incubated MdPRP6-His with protein
extracts from WT or MdRAD23D1-Ri plants, MdPRP6-His protein
levels decreased more slowly in MdRAD23D1-Ri plants than in
WT, and MG132 inhibited the decrease in MdPRP6-His levels in
both two (Figure 6b). We also employed different co-transgenic
calli in the assay. At each time point, MdPRP6-Flag was most
abundant in MdRAD23D1-cRi/MdPRP6-cOE calli and least abun-
dant in MdRAD23D1-cOE/MdPRP6-cQOE calli (Figure 6¢). We used
anti-Flag and anti-Ubi antibodies to detect the ubiquitination
levels of MdPRP6 in the co-transgenic calli and found that
changes in MdRAD23D1 levels did not affect the ubiquitination
levels of MdPRP6-Flag (Figure 6d). In summary, these data
demonstrate that MdPRP6 would be degraded by the UPS, and
MdRAD23D1 promotes its degradation.

MdRAD23D1 promotes MdPRP6 degradation under
drought stress

MdRAD23D1 promoted the degradation of MdPRP6, and
drought stress also inhibited the expression of MdPRP6. To
further investigate the role of their association in regulating apple
drought response, a cell-free degradation assay and in vivo
protein degradation assay were carried out to measure MdPRP6

© 2023 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 21, 1560-1576
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Figure4 Expression patterns of MdPRP6. (a) In situ hybridization of MdPRP6 in roots, stems, and leaves of GL-3 apple (Malus domestica). ep, epidermis; xy,
xylem; ph, phloem; pi, pith; co, cortex; cu, cuticle; ue, upper epidermis; le, lower epidermis; pa, palisade mesophyll cells; sp, spongy mesophyll cells; vb,
vascular bundle; ve, vein. The scale bar =100 pm. (b) The expression level of MdPRP6 under drought stress. qPCR was carried out using the GL-3 apple
leaves after drought treatment. (c) MdPRP6 levels under drought stress. 200 mm mannitol was applied to the transgenic apple calli (‘Orin’ calli, M.

domestica) expressed 35S::MdPRP6-Flag to monitor drought stress. The MdPRP6-Flag calli were cultured on MS medium containing 200 mm mannitol and
75 pm CHX. The calli sample was collected at 0, 2, 4, 6 and 8 h and immunoblotting was performed with anti-Flag antibody. MdActin was used as the
loading control. The amount of MdPRP6 was quantified using an Ultra-sensitive multifunctional imager (Uvitec), and the protein level at 0 h was set to 1.

Data in (b) are shown as the means + SD. Different letters indicate significant differences according to a one-way ANOVA followed by Tukey’s multiple
range test (P < 0.05).
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Figure 5 MdPRP6 negatively regulates the drought tolerance of apple plants. (a, b) Morphology differences in whole plants (a) and top enlarged view (b)
of WT and transgenic apple plants under control and drought conditions. Forty-five-day-old WT and MdPRP6-Ri plants in the greenhouse were withheld
from water for 8 days. The Scale bars in (a) and (b) were 15 cm and 7 cm, respectively. (c-h) Leaf angle (), relative water content (d), electrolyte leakage (e),
net photosynthesis (Pn) (f), Fv/Fm ratio (g), and chlorophyll fluorescence images (h) in WT and MdPRP6-Ri plants with and without drought treatment. The
Scale bar in (h) =3 cm. Data are shown as the means =+ SD. Different letters indicate significant differences according to the one-way ANOVA followed by
Tukey's multiple range test (P < 0.05). WT, wild type, here we used GL-3 apple (Malus domestic), which was also used as explants in generating transgenic
apple plants; MdPRP6-Ri1/2/3, transgenic apple plants with suppressed expression of MdPRP6 via RNA-interference.

levels. When MdPRP6-His fusion protein was incubated with after 3 h of drought stress treatment in WT plants but after 5 h of
protein extracts from WT or MdRAD23DI1-Ri plants under drought stress treatment in MdRAD23D1-Ri plants (Figure 7a).
drought stress, MdPRP6-His protein levels significantly decreased We also detected the levels of MdPRP6-Flag in co-transgenic
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Figure 6 MdRAD23D1 promotes the degradation of MdPRP6. (a) Effects of MG132 on MdPRP6 degradation. The transgenic apple calli expressed 35S::
MdAPRP6-Flag were treated with 75 pm CHX with (+) or without (=) 50 pm MG 132 for the indicated time, and the amount of MdPRP6-Flag was determined
using anti-Flag antibody. (b) Cell-free degradation assays in apple plants. The Escherichia coli-expressed MdPRP6-His protein was incubated with the
protein extracts from WT or MdRAD23D1-Ri apple plants with or without MG132, and then immunoblotting was performed using anti-His antibody at the
indicated time points. (c) MdRAD23D1 affects the degradation of MdPRP6 in vivo. Total proteins separately were extracted from the WT/MdPRP6-cOE,
MdARAD23D1-cOE/MdPRP6-cOE, and MdRAD23D1-cRi/MdPRP6-cOE transgenic apple calli after treated with 75 pm CHX with or without MG132. The
immunoblotting was performed with anti-Flag antibody. (d) Ubiquitination of MdPRP6 in vivo. The total proteins were separately extracted from the same
three calli in (c) and immunoprecipitated using anti-Flag magnetic beads. The MdPRP6-Flag protein was detected with anti-ubi antibody and anti-Flag
antibody. WT in (b), wild type, here we used GL-3 apple (Malus domestica), which was also used as explants in generating transgenic apple plants;
MARAD23D1-Ri, transgenic apple plants with suppressed expression of MdRAD23D1 via RNA interference; MdRAD23D1-cOE/MdPRP6-cOE, transgenic
apple calli co-expressed 35S::MdRAD23D1-HA and 35S::MdPRP6-Flag; MdRAD23D1-cRi/MdPRP6-cOE, transgenic apple calli with suppressed expression of
MdARAD23D1 via RNA-interference, and co-expressed with 35S::MdPRP6-Flag; WT/MdPRP6-cOE, transgenic apple calli expressed 35S::MdPRP6-Flag. All the
transgenic apple calli was generated using ‘Orin’ calli (M. domestica). MdActin was used as the loading control (a—c) or input control (d). The amounts of
proteins were quantified using an Ultra-sensitive multifunctional imager (Uvitec), and the protein levels at O h were set to 1.
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apple calli treated with 200 mm mannitol. MdPRP6-Flag band was
difficult to detect at 3h in the MdRAD23D1-cOE/MdPRP6-cOE
calli, and at 5h in the WT/MdPRP6-cOE calli, but it was still
detectable at 5h in the MdRAD23D1-cRi/ MdPRP6-cOE calli
(Figure 7b).

We examined the drought sensitivity of different transgenic
calli. The size of MdRAD23D1-cOE calli was larger than the size of
WT calli and MdRAD23D1-cRi calli under 200 mm mannitol
treatment (Figure S11a,b). We then expressed MdPRP6-Flag in
the above three transgenic calli and treated the co-trangenic calli
with 200 mm mannitol (Figure 7c¢). When MdPRP6 was over-
expressed alone (WT/MdPRP6-cOE), the fresh weight of trans-
genic calli decreased upon treatment with 200 mm mannitol.
However, the fresh weight of transgenic calli was higher when
MdJRAD23D1 was also overexpressed (MdRAD23D1-cOE/
MdPRP6-cOE), and it was lowest when the expression of

MAdRAD23D1 was suppressed (MdRAD23D1-cRi/MdPRP6-cOE;
Figure 7d). These results suggest that MdRAD23D1 affects the
drought tolerance of MdPRP6.

The free proline contributes to the drought stress
response in MdPRP6 transgenic apple plants

Previously, we found that MdPRP6 affects the free proline
accumulation under salt stress (Zhang et al., 2023), and the
same physiological changes were also detected under drought
stress. The MdPRP6-Ri plants contained higher levels of free
proline than WT plants under drought (Figure 8a). To verify
whether the proline is implicated in MdPRP6-mediated drought
response, we tested the stress response of MdPRP6 transgenic
calli after being treated with proline. The results showed that
when MdPRP6 was overexpressed, the free proline content
decreased in transgenic calli under 200 mm mannitol treatment,
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Figure 7 MdRAD23D1-promoted MdPRP6 degradation affects drought tolerance. (a) Promotion of MdPRP6 degradation by MdRAD23D1 under drought
in vitro. The Escherichia coli-expressed MdPRP6-His protein was incubated with the total proteins extracted from WT or MdRAD23D1-Ri apple plants with
or without MG 132 under drought treatment. The amount of MdPRP6-His was determined with anti-His antibody. (b) Promotion of MdPRP6 degradation by
MdRAD23D1 under drought in vivo. 200 mm mannitol was applied to apple calli to monitor osmatic stress caused by drought. Total proteins were
extracted from WT/MdPRP6-cOE, MdRAD23D1-cOE/MdPRP6-cOE, and MdRAD23D1-cRi/MdPRP6-cOE transgenic apple calli treated with 75 pm CHX with
or without MG132. The immunoblotting was performed with anti-Flag antibody. (c) Morphology differences of apple calli grown on MS medium with or
without 200 mm mannitol for 20 days. (d) The fresh weights of apple calli. WT in (a), wild type, here we used GL-3 apple (Malus domestica), which was also
used as explants in generating transgenic apple plants; WT in (b-d), wild type, here we used ‘Orin’ apple calli (Malus domestica), which was also used as
explants in generating transgenic apple calli; MdRAD23D1-Ri, transgenic apple plants with suppressed expression of MdRAD23D1 via RNA-interference;
MdARAD23D1-cOE/MdPRP6-cOE, transgenic apple calli co-expressed 35S::MdRAD23D1-HA and 35S::MdPRP6-Flag; MdRAD23D1-cRi/MdPRP6-cOE,
transgenic apple calli with suppressed expression of MARAD23D1 via RNA-interference, and co-expressed with 35S::MdPRP6-Flag; WT/MdPRP6-cOE,
transgenic apple calli expressed 35S::MdPRP6-Flag. MdActin was used as the loading control in (a) and (b). The amounts of proteins were quantified using
an Ultra-sensitive multifunctional imager (Uvitec), and the protein levels at 0 h were set to 1. Data in (d) are shown as the means + SD. Different letters
indicate significant differences according to a one-way ANOVA followed by Tukey’s multiple range test (P < 0.05).

and vice versa (Figure 8b). After treated with exogenous proline,
the proline content was almost the same in MdPRP6-cOE calli and
WT under 200 mm mannitol treatment (Figure 8c), and no
difference in calli size and fresh weight were observed between
MdPRP6-cOE calli and WT (Figure 8d,e). These results indicate
that the proline in MdPRP6 transgenic plants is implicated with
MdPRP6-mediated drought response.

Given the promoted MdPRP6 degradation by MdRAD23D1
under drought stress, we reasoned that the proline content
would also change in MdRAD23D1 transgenic materials. So we
measured it and found that the proline content was less in
MdARAD23D1-Ri plants than in WT under drought (Figure 8f).
When we applied exogenous proline to MdRAD23D1-Ri plants
under drought treatment, the proline content was similar
between MdRAD23D1-Ri plants and WT (Figure 8g). And the
proline-treated MdRAD23D1-Ri plants were as tolerant as the
proline-treated WT plants, no difference was observed in the
performance, EL, and MDA content between them under
drought treatment (Figure 8h—j). We also examined the proline
content in MdRAD23D1 transgenic calli and tested their stress
response treated with proline. The results showed that when

MdRAD23D1 was overexpressed, the proline content increased in
transgenic calli under 200 mm mannitol treatment, and vice versa
(Figure S12a). After treated with exogenous proline, the proline
content was almost the same in MdRAD23D1-cRi calli and WT
under 200 mm mannitol treatment (Figure S12b), and no
difference in calli size and fresh weight were observed between
MdARAD23D1-cRi calli and WT (Figure S12¢,d). In addition, we
measured the free proline content in co-transgenic calli. When
MARAD23D1 was overexpressed (MdRAD23D1-cOE/MdPRP6-
cOE), the free proline content significantly increased under
mannitol treatment, much higher than in WT and WT/MdPRP6-
cOE calli. When it was inhibited (MdRAD23D1-cRi/MdPRP6-cOE),
the free proline content decreased, lower than in WT/MdPRP6-
cOE calli (Figure S12e). All these results demonstrate that the free
proline is also involved in MdRAD23D1-mediated drought
response.

Discussion

Drought is an emerging global problem that limits plant growth
and crop yield (Iglesias et al., 2011). The apple is an economically
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Figure 8 Effects of proline metabolism on the drought response of WT, MdPRP6, and MdRAD23D1 transgenic apple plants. (a) The free proline content in
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(h). WT in (a) and (fj), wild type, here we used GL-3 apple (Malus domestic), which was also used as explants in generating transgenic apple plants;
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important fruit worldwide, and drought stress seriously reduces
the yield and quality of apples in China and around the world.
Plants have evolved multiple physiological mechanisms to cope
with drought stress. For example, increasing root branching and
density to promote water uptake (Henry et al., 2011), decreasing
stomatal density in leaves to reduce water loss (Hughes
et al., 2017), enhancing autophagic activity to improve water
use efficiency (Jia et al., 2021b). They also changed at the
molecular level in response to drought. For example, the E3 ligase
MdMIELT degrades MdBBX7, thus conferring drought tolerance
in apples (Chen et al., 2022). Apple SERRATE directly interacts
with MdMYB88 and MdMYB124 to regulate their expression, it
also regulates the microRNA biogenesis, thus regulating drought
response (Li et al., 2020b). In this study, we uncovered a new
regulatory module, MdRAD23D1-MdPRP6, in the response to
drought stress in apple plants. Our results suggest that
MdRAD23D1 could interact with  MdPRP6 and promote its
degradation via the UPS under drought stress, which modulates
stress response in apple plants.

RAD23s are UBL-UBA proteins, and they are involved in plant
growth and development as well as the responses to various
stresses in different species. Arabidopsis RAD23B regulates pollen
development by mediating degradation of KRP1 (Li et al., 2020a).
Dsk2 interacts with Irc22 and confers salt stress tolerance in yeast
(Ishii et al., 2014). Recombinant Rad23 protein can protect Hela
cells from UV irradiation and inhibits apoptosis after exposure to
UV irradiation (Li et al., 2013). Our previous research revealed
that the six MdRAD23s were induced by various stresses in apples
(Wang et al., 2017). Here, we found that the expression of
MdARAD23D1 was strongly induced by drought and osmaotic stress
(Figure 1), implying that MdRAD23D1 may play a role in the

response to drought in apples. Using different transgenic
materials, we observed that MdRAD23D1 positively regulated
drought stress response of apple plants. The MdRAD23D1-Ri
plants were much more sensitive to drought, as evidenced by
their wilted leaves, higher EL values, MDA content, and ROS
accumulation, as well as their lower RWC and Photosynthesis
efficiency compared with WT plants (Figure 1, Figure S3). In
addition, the MdRAD23D1-cRi calli were less tolerant to osmotic
stress, but MARAD23D1-cOE calli were more tolerant, as revealed
by the changed size and fresh weight under mannitol treatments
(Figure S11).

Expression of MARAD23D1 improved the drought resistance of
apple plants. In addition to the physiological changes, we also
examined this phenomenon at the molecular level. We
performed a yeast two-hybrid screening assay to identify proteins
that interacted with MdRAD23D1 and identified a proline-rich
protein MdPRP6, which was further confirmed by in vivo and in
vitro experiments (Figure 3). RAD proteins are the ubiquitin
shuttles of the UPS, and they are connected to the 26S
proteasome by their UBL domains and to the ubiquitinated
protein by the UBA domains (Farmer et al., 2010; Ishii
et al., 2006; Liang et al., 2014). MdRAD23D1 was the apple
protein homologous to RAD proteins and also functioned as a
transporter (Figure 2). Proteins that interact with the shuttles
might be ubiquitinated and can be degraded via UPS (Hara
et al.,, 2005; Zhang et al., 2021b, ¢). We found that when
MdRAD23D1 levels increased, MdPRP6 levels decreased
(Figure S8). MdPRP6 was degraded via UPS and MdRAD23D1
promoted its degradation without affecting its ubiquitination
levels (Figure 6a-d). In addition, MdRAD23D 1-promoted MdPRP6
degradation affected the stress response of apple calli treated
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with mannitol (Figure 7). Together, we hypothesized that this
was a possible molecular mechanism for how MdRAD23D1
promoted drought response in apple plants.

When we considered the degradation of MdPRP6 as a potential
reason to explain the regulation of MdRAD23D1 under drought
stress, we met with a new problem: what was the role of MdPRP6
in apple plants experiencing drought stress? It is known that PRPs
are a type of cell wall structural protein that play important roles
in coping with various stresses in different species (Li et al., 2016;
Mellacheruvu et al., 2016; Priyanka et al., 2010; Seo et al., 2011).
HyPRP1 negatively regulates salt and oxidative stress responses in
tomatoes (Solanum lycopersicum) by modulating sulfite metab-
olism (Li et al., 2016). The expression of GhHyPRP4 was down-
regulated in response to drought, salt, and ABA treatment
(Huang et al., 2011). In this study, we found that MdPRP6 also
played a negative role in the response to drought stress in apple
plants. Its expression was inhibited by drought stress (Figure 4b,c),
and when we suppressed the expression of MdPRP6 in apple
plants, we found that MdPRP6-Ri plants were much more tolerant
to drought stress than WT plants (Figure 5, Figure S7).

The proline-rich secreted protein FOCL1 involves in the stomata
development in the drought response in Arabidopsis (Hunt
et al.,, 2017). The SIPRP in tomatoes is down-regulated by
drought stress and may regulate the free proline content in the
cellular response to drought stress (Gujjar et al., 2018). MdPRP6
negatively regulated drought response, so how it works? Proline
is an important osmolyte in plants responding to drought stress
(Huang et al., 2021; Wang et al., 2021). We found that the
cellular free proline is implicated with MdPRP6-mediated drought
response (Figure 8a—e). As previously observed under salt stress
(Zhang et al., 2023), we found that the P5CS activity was also
higher in MdPRP6-Ri plants under drought (Figure S13a,b),
suggesting that MdPRP6 might affect the P5CS pathway in
accumulating proline under stresses. Besides the P5CS pathway,
the proline can also be produced from degradation of the PRPs to
counteract stress (Barthakur et al., 2001; Gujjar et al., 2018,
2019; Raymond and Smirnoff, 2002; Saikia et al., 2020). We also
tested this possibility by silencing MdP5CS via VIGS in MdPRP6-Ri
plants (Figure S14), and then we found it failed to totally destroy
the proline accumulation and drought resistance in MdPRP6-Ri
plants (Figure S13c—f). So, the increased proline contents in
MdPRP6-Ri plants might be derived from both the P5CS pathway
and MdPRP6 degradation.

Drought stress quickly induces the synthesis of ABA, the
increased ABA then activates its signal transduction, thus
activating cellular response (Furihata et al, 2006; Ma
et al., 2009; Park et al, 2009; Umezawa et al, 2009).
MdARAD23D1 is induced by ABA treatment (Wang et al., 2017),
and MdPRP6 is also induced by ABA in 24 h (Zhang et al., 2021a),
but it was inhibited since day two (Figure S15a). So what would
happen if blocking the ABA signalling? We treated MdPRP6-Ri
plants with NDGA (Nordihydroguaiaretic acid), one of the ABA
biosynthesis inhibitors, to block the synthesis of ABA, thus
blocking its signalling (Cutler et al, 2010; Lin et al., 2021,
Figure S15b,c). The results showed that NDGA eliminated
response differences between WT and MdPRP6-Ri plants
(Figure S15d-g). It seems that MdPRP6 also worked in an ABA-
dependent manner under drought, just like many other drought-
responsive genes (Collin et al., 2020; Joo et al., 2019). However,
although decreased ABA level would inhibit its signal, NDGA is
not a specific inhibitor to block its signal, so MdPRP6 might also
function upstream of the ABA biosynthesis. How does ABA or

ABA signalling interact with MdPRP6? More work is needed to
clarify these findings.

In conclusion, we demonstrated that MdJRAD23D7 and
MdPRP6 function oppositely in the response of apple plants to
drought. MdRAD23D1 positively regulates drought response and
promotes the degradation of MdPRP6 via UPS under drought
stress. MdPRP6 negatively regulates drought response. It can
affect the accumulation of cellular free proline, possibly via both
the P5CS pathway and its degradation under drought. The
increased free proline contents then contribute to the improved
drought resistance of apple plants. In addition, the ABA pathway
might also function in MdPRP6-mediated drought response
(Figure 9). Our findings suggest that “MdRAD23D1-MdPRP6" is
a new type of regulon in the response to drought in apple plants.

Experimental procedures
Analysis of phylogenetic relationships

RAD23 proteins were identified from the apple (GDR; https:/
www.rosaceae.org/) and Arabidopsis genomes (Tair; https://
www.arabidopsis.org/). All amino acid sequences were analysed
to identify domains using Pfam (http:/pfam.xfam.org/) and
SMART (http://smart.embl-heidelberg.de/) with the default
parameters. DNAMAN software was used to compare the amino
acid sequences of RAD23 from Arabidopsis and apples. A
phylogenetic tree of RAD23s was then constructed by MEGA
6.06 software according to the neighbour-joining approach, and
the test parameter bootstrap was repeated 1000 times. We then
constructed a homologous relationship map between the RAD23
genes of apple and Arabidopsis using Dual Synteny Plotter
software (Chen et al., 2020).

Plant materials and growth conditions

Tissue-cultured GL-3 apple (Malus domestica) plants and ‘Orin’
apple (M. domestica) calli were used in this study. GL-3 and
transgenic apple plants were cultured as described by Sun
et al. (2018) and Zhou et al. (2019). Briefly, after rooting,
tissue-cultured plants were transferred to the plastic pots (10 x
10 x 10 cm) filled with a mixture of organic substrate/vermiculite/
perlite (3:1:1, v:v:v)and placed in a light incubator (23 °C, 16/
8 h light/dark). Thirty days later, they were transferred to larger
plastic pots (30 x 18 cm) with the same weight mixture of soil/
sand/organic matter (v:v:v, 5:1:1)and placed in a greenhouse.
‘Orin’ apple calli were cultured on MS medium with 1.5 mg L™’
2,4-D (2,4-Dichlorophenoxyacetic acid) and 0.4 mg L~" 6-BA (N-
(Phenylmethyl)-9H-purin-6-amine) in continuous darkness.

Vector construction and genetic transformation

To construct overexpression (OE) vectors, the full-length CDS of
MARAD23D1 was separately inserted into three vectors: pRI-101
(with a GFP tag), pRI-101 (with a mCherry tag), and pGWB415
(with a HA tag). The full-length CDS of MdPRP6 was separately
cloned into pCambia2300 (with a Flag tag) and pCambia2300
(with a GFP tag). The full-length CDS of MdRPN13 was cloned
into the vector pCambia2300 (with a GFP tag). To generate RNA
interference (Ri) vectors, a 295 bp sequence from the 5" end of
MdARAD23D1 (218-512bp) was cloned into the pHellsgate2
vector, a 200 bp sequence at the 5" end of MdPRP6 (1-200 bp)
was cloned into the pK7GWIWG2D vector. All constructed OE
and Ri vectors were introduced into Agrobacterium tumefaciens
strain EHA105 by the freeze and thaw method.
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Figure 9 A proposed mechanism model of ‘MdRAD23D1-MdPRP6’ regulon in apples under drought. Under drought stress, MdRAD23D1 protein levels
increase, accelerating MdPRP6 degradation via 26S proteasome, there by the MdPRP6 protein levels decrease under drought. The free proline from
MdPRP6 degradation might contribute to build up a high cellular free proline content. In addition, MdPRP6 affects the P5CS activity, might via the ABA
pathway, to regulate proline synthesis. The increased free proline then makes apple plants resist drought stress.

Genetic transformation of apple plants (using GL-3 as explants)
and calli (using ‘Orin" as explants) were carried out as described
by Dai et al. (2013) and Li et al. (2012). The transgenic lines were
screened on a medium containing 50 mg/L kanamycin or 15 mg/L
hygromycin B (only for apple calli). The resistant materials were
verified by PCR. Expression levels of MdRAD23D1 and MdPRP6 in
the positive transgenic materials were analysed by gPCR, and
MdRAD23D1 levels were detected using a specifically synthesized
antibody, MdPRP6 levels were detected using an anti-Flag
antibody. All the primers are listed in Table S1.

RNA extraction and gene expression analysis

The expression levels of MdRAD23D1 and MdPRP6 under drought
stress were determined using the leaves of GL-3, and the protein
levels of MARAD23D1 and MdPRP6 under drought stress were
detected using WT (‘Orin’) calli and MdPRP6-cOE calli (expressed
35S::MdPRP6-Flag), respectively. For gPCR, total RNA was
extracted from apple leaves or calli as described by Huo

et al. (2020). The synthesis of the first-strand cDNA was
performed using RevertAid First Strand <¢DNA Synthesis Kit
(Thermo Scientific, Waltham, MA). gPCR was conducted on a
LightCycler 96 system (Roche, Basel, Switzerland). MDH (encod-
ing malate dehydrogenase) was used as an internal reference to
calculate the relative expression levels for each gene. Three
biological replicates and three technical replicates were per-
formed for each experiment. All the primers used for qPCR are
listed in Table S1. For separately analysing the protein levels of
MdRAD23D1 and MdPRP6 under drought stress, the total protein
was extracted from different calli samples treated with 200 mm
mannitol at 0, 2, 4, 6, and 8 h, and then immunoblot analyses
were performed using anti-MdRAD23D1 antibody and anti-Flag
antibody, respectively.

In situ hybridization assay

In situ hybridizations of MdPRP6 in apple plants were conducted
as previously described by Geng et al. (2018) with slight
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modification. Briefly, the roots, stems, and leaves of GL-3 were
collected and immediately fixed in formalin-aceto-alcohol (FAA)
solution (4% formaldehyde, 10% acetic acid, and 50% ethanol).
The tissues were decolorized, embedded in Paraffin, and sliced.
The glass slides were then placed at 37 °C for 8-12 h. Xylene was
used to remove all the wax, and gradient ethanol and DEPC water
were used to dehydrate the samples. Finally, the glass slides were
digested in 1 pg/mL protease K at 37 °C. The glass slides were
incubated with the probe at 42 °C overnight and then rinsed with
washing buffer at 23 and 65 °C before being stored in TE buffer.
The probes are listed in Table S1.

Drought stress treatments

The transgenic and WT (here we used GL-3) apple plants were
cultured as described above. After growth in the greenhouse
for 45days, all apple plants were fully irrigated and the
drought treatment was performed as previously described (Jia
et al., 2021a). The apple plants of uniform size were selected
and randomly divided into two groups as follows: (1) the
control group, which was watered every 2days; (2) the
drought group, which received no water for 8days. Samples
were then collected at 0, 2, 4, 6, and 8 d and stored at
—80°C for subsequent experiments. There were three inde-
pendent biological replicates for each group, containing at least
60 plants in total.

The transgenic and WT (here we used ‘Orin’) apple calli were
cultured as described above. To monitor drought stress, 200 mm
mannitol was added to the medium, and 2-week-old WT and
transgenic apple calli of equal weight (0.1 g) were used in the
treatments. Samples were then collected at 20 days and stored at
—80°C for subsequent experiments. There were four indepen-
dent replicates for each experiment.

VIGS (virus-induced gene silencing)-mediated silencing of
MdP5CS in apple plants was performed according to previous
methods (Sasaki et al., 2011; Zhu et al., 2022) with minor
modification (the detailed method is included in Figure S14). After
confirmation, all the positive plants were treated with drought
stress for 15 days by stopping watering.

For the proline or NDGA treatments, 1-month-old
MARAD23D1-Ri apple plants or MdPRP6-Ri apple plants were,
respectively, applied with 5mm proline or 10 um NDGA and
treated with drought stress for 15 days. Exogenous proline or
NDGA was sprayed on leaves every 2days. In addition, the
transgenic and WT apple calli (0.1 g) were grown on MS medium
treated with 200 mm mannitol with or without 5 mm proline for
20 days. The samples were harvested at the end of treatment and
stored at —80°C for subsequent experiments. There were four
independent replicates for each experiment.

Measurement of physiological traits and photosynthetic
parameters

Electrolyte leakage (EL) was measured according to Sun
et al. (2018). The total chlorophyll was extracted with 80%
acetone, and a UV-2250 spectrophotometer (Shimadzu, Kyoto,
Japan) was used to measure the chlorophyll content according to
Liu et al. (2021). RWC was calculated following the method of Jia
et al. (2021b). The leaf angle was the angle between the straight
part of the leaf and the stem. A CIRAS-3 portable photosynthesis
system (CIRAS-3; PP Systems, Amesbury, MA) was used to
measure photosynthetic parameters. The chlorophyll fluorescence
was detected using a chlorophyll fluorescence imaging system
(IMAGING-PAM, WALZ, Bavaria, Germany).

NBT and DAB were used to detect the accumulation of
superoxide radical (O5) and hydrogen peroxide (H,0,), respec-
tively (Fryer et al., 2002). Free proline content, as well as MDA,
H,0,, O; and P5CS activity were detected using their corre-
sponding detection kits (Suzhou Comin Biotechnology Co., Ltd.,
Suzhou, China).

Screening of the cDNA library via the yeast two-hybrid
(Y2H) assay

To identify proteins that interact with MdRAD23D1, the CDS of
MdRAD23D1 was cloned into the pGBKT7 to construct a
MdRAD23D1-BD vector. The cDNA library was constructed using
mixed samples of apple roots, stems, and leaves, according to the
protocol of Clontech. Then MdRAD23D1-BD was expressed in the
Y2H Gold (Clontech) strain to test self-activation. Screening of the
cDNA library and yeast transformation were performed according
to the protocol. When analysing the interaction between
MdRAD23D1 and MdRPN13, MdRAD23D1 and MdPRP6, the
CDS of MdPRP6 and MdRPN13 were cloned into the pGADT7 to
generate the MdPRP6-AD and MdRPN13-AD constructs. And
then MdRAD23D1-BD and MdPRP6-AD or MdRPN13-AD were
co-transformed into yeast strain Y2H Gold according to the
protocol. All positive clones were selected on SD base/-Leu/-Trp/-
His/-Ade + x-a gal (5-Bromo-4-chloro-3-indoxyl-a-p galactopyra-
noside) to confirm the interactions.

Subcellular localization of MdARAD23D1 and MdPRP6

MdRAD23D1 was transiently expressed in tobacco (N. benthami-
ana) leaves and Arabidopsis protoplasts to analyse its localization
in cells, MdPRP6 was transiently expressed in onion epidermal
cells and Arabidopsis protoplasts to analyse its localization in cells.
The detailed method is included in Figure S4.

Pull-down assays

The CDS of MdRAD23D1, MdPRP6, and MdRPN13 were cloned
into the pET28a (with a His tag) and pGEX4T-1(with a GST tag)
vectors to generate the recombined constructs pET28a-35S::
MARAD23D1-His, pGEX-4T-1-355::MdRAD23D1-GST, pET28a-
35S::MdPRP6-His, and pGEX-4T-1-35S::MdRPN13-GST. To study
protein expression, 100ng of each plasmid was separately
transformed into Escherichia coli BL21 (DE3) and fusion proteins
were induced by 1mwm isopropyl p-b-1- thiogalactopyranoside
(IPTG) for 12 h at 16 °C. Then, the fusion proteins bound to His
magnetic beads were incubated with MdRPN13-GST (or
MdRAD23D1-GST) fusion proteins in binding buffer A containing
50 mm Tris—HCl, pH 8.0, 200 mm NaCl, 1 mm EDTA, 1 mm DTT
(DL-Dithiothreitol), 10 mm MgCl,, 1% Nonidet P-40, 1 mm PMSF
(phenylmethylsulfonyl fluoride), and 1x complete protease
inhibitor cocktail (P9599; Sigma-Aldrich, St. Louis, MO, USA) for
at least 2 h at 23°C with gentle shaking. Finally, the proteins
were eluted according to the protocol of Beyotime and
immunoblotted using anti-GST and anti-His antibodies (Yeasen,
Shanghai, China).

Split-luciferase assays

The CDS of MdRAD23D1 was cloned into pRI-101-cLuc, and the
CDS of MdPRP6 and MdRPN13 were cloned pRI-101-nLuc to
generate cLuc-MdRAD23D1, nLuc-MdPRP6, and nLuc-MdRPN13.
These constructs were transformed into EHA105 and then
injected into the leaves of N. benthamiana. The luciferase
expression signals were detected with an Ultra-sensitive multi-
functional imager (Uvitec, Cambridge, UK).
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Co-Immunoprecipitation (Co-IP) assays

To perform the Co-IP assays, different combinations of proteins
were co-expressed in N. benthamiana leaves via injection,
including pRI-101-35S::GFP and pCambia2300-35S::MdPRP6-
Flag, pRI-101-355::MdRAD23D1-GFP and pCambia2300-35S::
MdPRP6-Flag, pCambia2300-35S::GFP and  pRI-101-35S::
MdRAD23D1-mCherry, and pRI-101-35S::MdRAD23D1-
mCherry and pCambia2300-35S::MdRPN13-GFP. Total proteins
were extracted using an extraction buffer containing 50 mm
Tris=HCL, 150 mm NaCl, 5mwm EDTA, 1% NP-40, 10% glycerol,
1mm PMSF, 5mm DTT, and 1x complete protease inhibitor
cocktail. Anti-GFP magnetic beads were used for Co-IP assays
according to the manufacturer’'s manuals (Beyotime, Shanghai,
China). Briefly, 10puL pre-prepared anti-GFP magnetic beads
were added to each 500 pL of protein sample and incubated at
4°C overnight with gentle shaking. The beads were then
washed three times with extraction buffer, and the immuno-
precipitated proteins were eluted according to the protocol of
Beyotime. Protein blot analysis was performed using anti-GFP,
anti-Flag, or anti-mCherry antibodies (Yeasen, Shanghai,
China).

Ubiquitin chain binding assays

The purified MdRAD23D1-GST protein was first incubated with
anti-GST magnetic beads at 4°C overnight according to the
manufacturer’s manuals (Beyotime, Shanghai, China). Then, the
mixture was incubated with 20 L purified Lys-48 (K48) or Lys-63
(K63) linked chains (Ub2-6) (Ubbiotech, Changchun, China) in
buffer A at 23 °C for 2 h. Then, the bound proteins were washed
three times in buffer A and eluted according to the protocol of
Beyotime. Finally, the eluted proteins were immunoblotted using
anti-GST antibody (Yeasen) and anti-Ub antibody (CST, Denver,
MA, USA).

Protein degradation and in vivo ubiquitination assay

For the cell-free assay, DMSO or 50 pm MG132 (stock solution
prepared with 0.5% DMSO) was added to apple plants 1 h before
extraction. The total protein of WT or MdRAD23D1-Ri transgenic
apple plant was extracted using degradation buffer containing
25 mm Tris=HCl (pH 7.5), 10 mm NaCl, 10 mm MgCl,, 4 mm PMSF,
5mm DTT, and 10mm ATP (Yang et al., 2021). The protein
extracts were incubated with E. coli expressed MdPRP6-His at
23°C for specific time points and detected by immunoblotting
with an anti-His antibody (Yeasen).

For the in vivo degradation assay, DMSO or 50 pm MG132
(stock solution prepared with 0.5% DMSO) and 75pum CHX
(Cycloheximide, a protein synthesis inhibitor) were added to
MdPRP6 transgenic and co-transgenic apple calli. The samples
were harvested at specific time points and total protein was
extracted as described above. The extracted protein was
immunoblotted using anti-Flag antibody.

For the in vivo ubiquitination assay, the co-transgenic apple
calli were treated with 50pm MG132 for 10h before
extraction. Then, the extracted total proteins were immuno-
precipitated with anti-Flag magnetic beads (Beyotime) and
immunoblotted with anti-Flag antibody (Yeasen) and anti-Ub
antibody (CST).

All the proteins were quantified using an Ultra-sensitive
multifunctional imager (Uvitec), and the protein levels at Oh
were set to 1. MdActin protein was used as the loading control or
input control.
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Statistical analysis

All data were analysed using IBM SPSS Statistics software (version
20; SPSS Inc., Chicago, IL). One-way ANOVA and Tukey's
multiple-range tests or Student's t-test were used to evaluate
significant differences (P < 0.05).

Accession numbers

The Arabidopsis sequences were found from the Arabidopsis
Information Resource (TAIR) site and the accession numbers were
as follows: AtRAD23A (AT1G16190), AtRAD23B (AT1G79650),
AtRAD23C (AT3G02540), and AtRAD23D (AT5G38470). The
apple sequences data used in this study can be downloaded from
Genome Database for Rosaceae (GDR) site and the accession
numbers were as follows: MdRAD23A (MD09G1229800),
MdRAD23B (MD17G1228500), MdRAD23C1 (MD13G1043000),
MdRAD23C2 (MD16G1043900), MdRAD23D1 (MD17G1
076200), MdRAD23D2 (MD09G1087400), MdPRP1 (MD0O7G111
6600), MdPRP2 (MD02G1209700), MdPRP3 (MD02G1023200),
MdPRP4 (MD04G1086500), MdPRP5 (MD04G1087300), MdPRP6
(MD15G1126700), MdPRP7  (MD06G1062200), MdPRP8
(MD06G1062000), MdPRP9 (MD15G1166100), and MdRPN13
(MD16G1238000).
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