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Methylation of a MITE insertion in the MdARFNR1-1
promoter is positively associated with its allelic
expression in apple in response to drought stress
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Abstract

Miniature inverted-repeat transposable elements (MITEs) are widely distributed in the plant genome and can be methyl-
ated. However, whether DNA methylation of MITEs is associated with induced allelic expression and drought tolerance is
unclear. Here, we identified the drought-inducible MdRFNR1 (root-type ferredoxin-NADP ™ oxidoreductase) gene in apple
(Malus domestica). MARFNR1 plays a positive role in drought tolerance by regulating the redox system, including increasing
NADP ™ accumulation and catalase and peroxidase activities and decreasing NADPH levels. Sequence analysis identified a
MITE insertion (MITE-MdRF1) in the promoter of MdRFNR1-1 but not the MdRFNR1-2 allele. MdRFNR1-1 but not
MARFNR1-2 expression was significantly induced by drought stress, which was positively associated with the MITE-MdRF1
insertion and its DNA methylation. The methylated MITE-MdRF1 is recognized by the transcriptional anti-silencing factors
MdSUVH1 and MdSUVH3, which recruit the DNAJ domain-containing proteins MdDNAJ1, MdDNAJ2, and MdDNAJ5,
thereby activating MdRFNR1-1 expression under drought stress. Finally, we showed that MdSUVH1 and MdDNAJ1 are posi-
tive regulators of drought tolerance. These findings illustrate the molecular roles of methylated MITE-MdRF1 (which is rec-
ognized by the MdSUVH-MdDNA]J complex) in induced MdRFNR1-1 expression as well as the drought response of apple
and shed light on the molecular mechanisms of natural variation in perennial trees.

Introduction architecture (Slotkin and Martienssen, 2007; Sigman and

Transposable elements (TEs) are mobile units of DNA frag-  Slotkin, 2016). TEs are widely distributed in the genomes of
ments that can replicate autonomously in the genome and  eukaryotes and can be divided into two classes: class | (ret-
play important roles in gene regulation and chromosome  rotransposons) TEs and class Il TEs (DNA transposons),

Received December 17, 2021. Accepted July 18, 2022. Advance access publication July 28, 2022
© American Society of Plant Biologists 2022. All rights reserved. For permissions, please email: journals.permissions@oup.com


https://orcid.org/0000-0003-1936-1466
https://orcid.org/0000-0001-8633-3911
https://orcid.org/0000-0001-5625-9730
https://orcid.org/0000-0003-4265-6561
https://orcid.org/0000-0002-6600-8457
https://orcid.org/0000-0003-3010-9958
https://orcid.org/0000-0002-3161-2902
https://orcid.org/0000-0001-5860-4470
https://orcid.org/0000-0002-5627-2094
https://orcid.org/0000-0003-4322-0356
https://orcid.org/0000-0001-7511-0608
https://orcid.org/0000-0002-2617-3159
https://orcid.org/0000-0001-6869-4844
https://orcid.org/0000-0001-6380-862X
https://orcid.org/0000-0003-0608-2521
https://orcid.org/0000-0002-3153-3147
https://academic.oup.com/plcell

3984 THE PLANT CELL 2022: 34; 3983-4006 Niu et al.

In a Nutshell

Background: Global climate change and rapid population growth have been increasing the shortage of water
resources, enhancing the effects of natural disasters such as drought. Drought stress seriously affects the growth
and fruit yield of apples. The redox regulatory pathway is important for plant responses to drought. We previ-
ously showed that the expression of the root-type ferredoxin-NADP ™ oxidoreductase 1 gene (RFNR1) is induced
by polyethylene glycol in apple, but whether MdRFNRT1 is involved in the drought tolerance of this crop and the
molecular mechanism behind its induction by drought are unclear.

Question: How does drought stress affect the expression of MdRFNR1 in apple? Does MdRFNR1 affect the
drought tolerance of apple?

Findings: We found that MdRFNR1 increases the drought tolerance of apple by regulating the redox system, in-
cluding facilitating NADP* accumulation and catalase and peroxidase activities and decreasing NADPH levels.
Sequence analysis revealed that a MITE transposon element, MITE-MdRF1, is inserted in the promoter of an
MARFNR1 allele (MdRFNR1-1). MITE-MdRF1 plays an essential role in simulated drought-induced MdRFNR1-1 ex-
pression and this induction is associated with methylated MITE-MdRF1. Further study revealed that a protein
complex comprising the transcriptional anti-silencing factor MdSUVH and the DNAJ domain-containing protein
DNAJ promotes the expression of the MdRFNR1-1 allele in response to drought via methylated MITE-MdRF1.
Thus, our data reveal the molecular mechanism of the MdSUVH-MdDNA)-MITE-MdRF1-MdRFNR1-1 regulatory
module in promoting drought tolerance in apple.

Next steps: Our study revealed a mechanism by which methylated MITE-MdRF1 promotes the expression of
MdJRFNR1-1. Whether other factors are involved in this process is unclear. For instance, which transcription fac-
tors recognize the cis-element in MITE-MdRF1? We will continue to explore the potential mechanism behind

this process in the future.

based on the presence or absence of an RNA transposition
intermediate. Class Il TEs can also be divided into autono-
mous TEs and non-autonomous TEs based on whether or
not they encode transposases (autonomous TEs) (Slotkin
and Martienssen, 2007). Most TEs are inactive to maintain
genome stability (Lisch, 2012), whereas some play important
roles in plant evolution and environmental adaption. For ex-
ample, a Copia-like retrotransposon enhances the expression
of the MYB transcription factor gene Ruby to produce more
anthocyanin in Sicilian blood orange (Citrus x sinensis
“Blood orange”) (Butelli et al, 2012). The Harbinger-like ele-
ment, which is located 57 kb upstream of the CCT tran-
scription factor gene ZmCCT9, represses ZmCCT9 expression
to promote flowering in maize (Zea mays) under long days
and contributes to the adaptation of maize to higher lati-
tudes (Huang et al, 2017).

TEs can be localized in different sites of the genome, such
as within a gene, near a gene, in a pericentromere/TE island,
or at the centromere core (Sigman and Slotkin, 2016). TEs
near genes tend to be small non-autonomous DNA transpo-
sons, particularly Mutator, hAT, Helitron family TEs, and min-
iature TE derivatives, which usually influence gene regulation
(Sigman and Slotkin, 2016). Miniature inverted-repeat TEs
(MITEs; ~50-500 bp) are non-autonomous DNA TEs with
terminal inverted repeats (TIRs) and a high copy number in
plant genomes (Wessler et al, 1995). Several studies have
demonstrated that MITEs are related to the biotic or abiotic
stress tolerance in plants. A MITE insertion in the intron of

the transcription factor gene WRKY45-1 generates a small
interfering RNA (siRNA; TE-siR815) that is responsible for
the negative role of WRKY45-1 in suppressing the expression
of siR815 Target 1 (ST1) (Zhang et al, 2016). A MITE
inserted into the ZMNACT11 promoter is significantly associ-
ated with natural variation in maize drought tolerance by
repressing the expression of this transcription factor gene
via RNA-directed DNA methylation (RADM) and H3K9
dimethylation (Mao et al, 2015).

MITEs are often methylated through the RADM pathway
(Wei et al, 2014, Mao et al, 2015), which results in the
methylation of cytosine in three different sequence contexts:
CG, CHG, and CHH (H=A, T, or C) (Matzke and Mosher,
2014). RADM is an important de novo DNA methylation
pathway mediated by small RNAs in plants (Zhang and
Zhu, 2011; Matzke and Mosher, 2014). The canonical RADM
pathway includes RNA polymerase 1V (Pol IV)-dependent
siRNA biogenesis and RNA polymerase V (Pol V)-mediated
de novo methylation (Matzke and Mosher, 2014). Targeted
sequences are transcribed into single-stranded RNA (ssRNA)
by Pol IV (Herr et al, 2005; Kanno et al, 2005 Onodera
et al, 2005) and then converted into double-stranded RNA
(dsRNA) by RNA-DEPENDENT RNA POLYMERASE2 (RDR2)
(Haag et al, 2012), which is further processed into 24-nucle-
otide (nt) siRNA by Dicer-like 3 (DCL3) (Blevins et al, 2015;
Zhai et al, 2015) and loaded into ARGONAUTE 4 (AGO4)
(Li et al, 2006; Qi et al, 2006; Ye et al, 2012). The siRNA/
AGO4 complex then recruits DOMAIN REARRANGED
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METHYLTRANSFERASE 2 (DRM?2) to target loci for de novo
DNA methylation (Cao and Jacobsen, 2002; Wierzbicki et al,,
2008; Zhong et al., 2014).

DNA methylation usually represses gene expression, espe-
cially DNA methylation in gene promoters (Mao et al,
2015). However, a few studies have demonstrated the posi-
tive role of DNA methylation in gene expression. A MITE in-
sertion in the promoter of the sunflower (Helianthus
annuus) transcription factor gene HaWRKY6 promoter trig-
gers DNA methylation and affects chromatin topology,
thereby improving HaWRKY6 expression in cotyledons
(Gagliardi et al,, 2019). DNA methylation in the REPRESSOR
OF SILENCING1 (ROST) promoter activates the expression of
this gene in Arabidopsis thaliana (Lei et al., 2015). DWARF14
(D14) is positively regulated by RADM at a nearby MITE in
rice (Oryza sativa) (Xu et al, 2020).

In Arabidopsis, two transcriptional anti-silencing factors,
SUVH1 and SUVHS3, are SU(VAR)3-9 homologs that function
as methyl readers that bind to methylated DNA. SUVH1
and SUVH3 recruit the DNAJ domain-containing homologs
DNAJ1 and DNAJ2 to form a complex to enhance proximal
gene expression, thereby repressing the effects of TEs (Li
et al, 2016; Harris et al, 2018; Xiao et al, 2019; Zhao et al,
2019). In rice (O. sativa), OsSUVH7, the homolog of
AtSUVH1 and AtSUVHS3, recognizes the methylated MITE in
the promoter of rice HIGH AFFINITY K* TRANSPORTERT;S
(OsHKT1;5) and then forms a complex with rice BCL-2-
ASSOCIATED ATHANOGENE4 (OsBAG4) and R2R3-type
MYB transcription factor OsMYB106, which facilitates the
binding of OsMYB106 to the cis-element in the OsHKT1;5
promoter and activates its expression, thereby playing a pos-
itive role in salinity stress (Wang et al, 2020). However,
whether enhanced gene expression triggered by a MITE in-
sertion plays a role in plant drought stress responses is
largely unknown.

The redox regulatory network has six functional elements:
input elements; transmitters; target proteins; buffer proteins;
sensors; and final electron acceptors (Dietz, 2013). The first
elements, such as NADPH, ferredoxin (Fd), and glutathione
(GSH), transfer electrons to the redox regulatory network
via redox transmitters. The last elements, including reactive
oxygen species (ROS), reactive nitrogen species (RNS), reac-
tive sulfur species (RSS), and reactive carbonyl species (RCS),
can abstract electrons from the appropriate elements and
reach a nonreactive oxidation level (Dietz, 2013). ROS are
produced in plants at all times, and therefore, the produc-
tion and removal of ROS must be balanced. However, condi-
tions in the external environment can easily disrupt the
ROS equilibrium, such as drought stress (Apel and Hirt,
2004). Drought and other environmental stresses can limit
CO, fixation and reduce the regeneration of NADP ™ by the
Calvin cycle. Consequently, superoxide radicals and singlet
oxygen can be generated in the chloroplast since the photo-
synthetic electron transport chain is over-reduced (Shao
et al, 2007).
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Fd-NADP " oxidoreductase (FNR) plays an important role
in redox metabolism in plastids (Hanke and Mulo, 2013).
There are two types of FNRs in plants: leaf-type FNR (LFNR),
which is localized to chloroplasts, and root-type FNR
(RFNR), which is localized in non-photosynthetic plastids
(Benz et al., 2010). LFNR catalyzes the electron transfer from
reduced Fd (Fd"™Y) to reduce NADP* to NADPH, whereas
RFNR plays the opposite role. In non-photosynthetic plas-
tids, RFNR catalyzes the NADPH-dependent reduction of Fd
to generate reducing power for various biosynthetic pro-
cesses, such as assimilatory pathways of nitrogen and sulfur
and the desaturation of fatty acids (Onda et al, 2000; Benz
et al, 2010; Mulo, 2011). Fd™ is involved in the removal of
ROS by preventing the accumulation of extra hydrogen per-
oxide (H,0,) in the chloroplast. A number of proteins par-
ticipate in the reaction of H,O, to H,O in chloroplasts, such
as peroxidase (POD), which uses ascorbate as one of the
electron donors (Mittler et al, 2004). In addition, Fd™ is
used to regenerate ascorbate (Asada, 1999). Although LFNR
proteins have been extensively studied, little is known about
the functions of RFNR proteins. Arabidopsis AtRFNR is es-
sential for reducing and detoxifying nitrite absorbed by roots
(Hachiya et al, 2016) and for plant development and sur-
vival under ozone and low temperature stress
(Grabsztunowicz et al, 2021). Whether plant RFNRs, espe-
cially their natural variations, are involved in drought stress
responses is largely unclear.

Water deficits (mainly caused by drought stress) limit ap-
ple (Malus domestica) growth and production (Geng et al,
2018, Wang et al, 2019). Due to climate change, water
resources will become increasingly limited (Gupta et al,
2020). Therefore, it is imperative to understand the mecha-
nisms underlying how apple trees deal with drought stress.
TEs account for approximately 59.5% of the apple genome
(Daccord et al, 2017). However, their regulatory roles in the
drought response in apple remain unclear. In this study, we
found that a natural variation of MdRFNR1, the MdRFNR1-1
allele, which contains a MITE (MITE-MdRF1) insertion in its
promoter, is induced by drought stress in apple, whereas
the MdRFNR1-2 allele is not. The promoted expression of
MARFNR1-1 under drought was correlated with its DNA
methylation level at MITE-MdRF1. Further studies revealed
that methylated MITE-MdRF1 in the MdRFNR1-1 promoter
could be recognized by the MdSUVH-MdDNA] complex.
Our findings indicate that MdRFNR1, MdSUVH1, and
MdDNAJ1 play positive roles in regulating drought tolerance
in apple by maintaining the function of the redox system.

Results

Drought-induced MdRFNRT1 has in vitro
oxidoreductase activity

We previously determined that the homolog of
MDP0000292058 was induced in the roots of the wild apple
Malus sieversii by polyethylene glycol (PEG) treatment, as
revealed by RNA-seq analysis (Supplemental Figure S1A;
Geng et al, 2019). This gene is homologous to RFNR in
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Arabidopsis and we therefore named it RFNR1. To examine
the expression pattern of RFNR1 under drought stress, we
performed qRT-PCR analysis using drought-treated M.
domestica. MARFNR1 was induced by drought stress in M.
domestica leaves (Supplemental Figure S1B). In addition,
Malus RFNR1 was highly expressed in roots, followed by
hypocotyls, shoots, and leaves (Supplemental Figure S1C).
Phylogenetic analysis showed that RFNR was conserved in
all plant species from the Chlorophyta to Eudicots
(Supplemental Figure S2B and Supplemental Table S1), with
two conserved domains in its N- and C-termini
(Supplemental Figure S2A).

To investigate the function of MARFNR1, we cloned
MdRFNRT from GL-3 (the progeny of Royal Gala apple,
which was used as the background for apple transforma-
tion). There were two alleles encoding MdARFNR1 with three
amino acid differences. We named these proteins
MdRFNR1-1 and MdRFNR1-2 (Figure 1A). We fused these
two MdRFNR1 proteins with MBP and purified the two re-
combinant MdRFNR1-MBP proteins from Escherichia coli.
We also purified the recombinant proteins of the catalyti-
cally dead version of MARFNR1, which contained two amino
acid mutations (MBP-MdRFNR1-1-M,  Arg299CIn, and
Lys308GIn; Supplemental Figure S2A) (Kimata-Ariga et al,
2019), and a version of MdRFNR1-1 without the NAD do-
main (MBP-MdRFNR1-1-ANAD) (Supplemental Figure S3, A
and B). Diaphorase activity analysis with 2,6-dichlorophenol
indophenol (DCPIP) as an electron acceptor demonstrated
that both MdRFNR1-1 and MdRFNR1-2 recombinant pro-
teins could catalyze the oxidation of NADPH to NADP*
and transfer the electron to DCPIP, but MBP-MdRFNR1-1-M
and MBP-MdRFNR1-1-ANAD could not (Figure 1B and
Supplemental Table S2), suggesting that MdRFNR1-1 and
MdRFNR1-2 play the same roles in catalyzing the conversion
of NADPH to NADP ™.

MJRFNR1-1: 1 506G DFSLRRSVFKAQSVNFNDKSWAPILPLDLKTKNGQLRN : 55
MdRFNR1-2: MSHWALSQGSLTVPVASDFSLRRSVFKAQSVNFNDKSWAPILPLDLKTKNGOLRN : 55
MJRFNR1-1: QRIVCMSVQQASAPKVNVAPLQLEDANEPPLNI¥YKPKEPYTATILSVERIVGPKA : 110
MdRFNR1-2: QRIVCMS QASAPKVNVAPLQLEDANEPPLNIHKPKEPYTATILSVERIVGPKA : 110
—
SCOP domain d1jb9a1 c
MdRFNR1-1: PGETCHIVIDHGGNV GVIPPGENPKKPGAPHNVRLYSIAS 1165 o
MdRFNR1-2: PGETCHIVIDHGGNV GVIPPGENPKKPGAPHNVRLYSIAS 1165 o
=2
Q
MdRFNR1-1: DGKTTSLCVRRAVYYDPETGKEDPSKNGVCSNFLCNSKPGDKIKITGPAGKIMLL : 220 8
MdRFNR1-2: DGKTTSLCVRRAVYYDPETGKEDPSKNGVCSNFLCNSKPGDKIKITGPAGKIMLL : 220 ©
e}
=
2
MdJRFNR1-1: PEDDPNATHIMI YRGYLRRMFMESVPKFKFGGLAWLFLGVANEDSLL : 275 o
MdRFNR1-2: PEDDPNATHIMIATGTGVAPYRGY LRRMFMESVPKFKFGGLAWLFLGVANIDSLL : 275 <
NAD binding domain
MdRFNR1-1: YDEEFTKYLKDYPDNFRYDIALSREQKNQRGGKMYVQDKIEEYSDEIFKLLDNGA : 330
MdJRFNR1-2: YDEEFTKYLKDYPDNFRYDIALSREQKNQRGGKMYVQDKIEEYSDETFKLLDNGA : 330
MdRFNR1-1: HIYFCGLKGMMPGIQETLKRVAVERGESWEEKLSQLKKNKQWHVEVY : 377 Time (S)

MdJRFNR1-2: HIYFCGLKGMMPGIQETLKRVAV:

ESWEEKLSQLKKNKQWHVEVY : 377

Niu et al.

MARFNRT1 confers in vivo oxidoreductase activity
and drought tolerance

Since MdRFNRT1 is responsible for the in vitro catalysis of
NADPH to NADP* and is responsive to drought stress, we
next asked if MARFNR1 has in vivo oxidoreductase activity
and contributes to the drought tolerance of apple trees. We
first produced transgenic apple calli with increased expres-
sion of MARFNR1-1 and MdRFNR1-2 under the control of
the 35S promoter (Supplemental Figure S4A). We then
treated wild-type and transgenic calli with PEG to simulate
drought stress. Under control or PEG treatment for 20 days,
both MdRFNR1-1 and MdRFNR1-2 overexpression (OE) calli
contained more NADP™ than the wild type (Figure 2C), in-
dicating the oxidoreductase activities of both MdRFNR1 pro-
teins in vivo. In addition, NADP ™ levels in MdRFNR1-1 OE
calli were comparable to that in MdRFNR1-2 OE under con-
trol and PEG treatment.

After PEG treatment, the fresh weights of all calli de-
creased; however, the MdRFNR1-1 and MdRFNR1-2 OE lines
had greater fresh weights than the wild type. Moreover,
there was no significant difference in the fresh weights of
the two OE transgenic lines after PEG treatment (Figure 2, A
and B). Considering that both MdRFNR1 proteins showed
oxidoreductase activity, we analyzed the activities of two an-
tioxidant enzymes, POD and catalase (CAT), under PEG
treatment in both transgenic callus lines. As shown in
Figure 2, D and E, the enzyme activities of MARFNR1-1 and
MARFNR1-2 OE calli were higher than those of the wild
type. Similar to fresh weight, MdRFNR1-1 OE calli did not
show a significant difference in POD or CAT activity com-
pared with MdRFNR1-2 OE calli under PEG treatment
(Figure 2, D and E). Taken together, our data indicate that
both the MdRFNR1-1 and MdRFNR1-2 alleles play critical
roles in redox regulation and drought stress tolerance in ap-
ple. More importantly, both proteins have similar effects on
oxidoreductase activity and drought tolerance in apple.

— MBP-MdRFNR1-1
MBP-MdRFNR1-2

— MBP-MdRFNR1-1-M

MBP-MdRFNR1-1-ANAD

| | 1
1,500 2,000

0 500

Figure 1 NADPH-dependent enzyme activities of the proteins encoded by the two MdRFNR1 alleles. A, Amino acid sequence alignment of
MdRFNR1-1 and MdRFNR1-2. B, NADPH-dependent enzyme activities of the MARFNRT1 proteins with DCPIP. The absorbance curve was moni-
tored at 600 nm by a microplate reader at a concentration of 25 mM NADPH. Lines indicate means and shadowed areas indicate sb (n = 9, from
three technical and three biological replicates, purified fusion proteins from one batch as a biological replicate).
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OFE, 355:MdRFNR1-2 OE, and wild-type calli in response to PEG treatment. Calli were cultured on MS medium (left) or MS medium supplemented
with PEG (right) for 20 days. B, Relative growth rates of WT, 355:MdRFNR1-1 OE, and 35S:MdRFNR1-2 OE transgenic calli under control and PEG
treatment. Error bars indicate sp, n = 8. C-E, NADP* contents (C) and POD (D) and CAT (E) activities in response to PEG treatment. WT, wild
type. Error bars indicate sp, n = 3. Asterisks indicate significant differences between the transgenic lines and the WT in each group (control or PEG
treatment). One-way ANOVA (Tukey’s test) was performed and statistically significant differences are indicated by *P < 0.05, **P < 0.01, or

*P < 0.001. ns, no significant difference.

To further confirm the in vivo oxidoreductase activity and
the positive role of MdARFNR1 in drought tolerance in apple,
we generated transgenic plants with increased expression of
MARFNR1-1 (Supplemental Figure S4B). We treated the
transgenic MdRFNR1-1 OE plants with a 15-day drought
treatment, with the well-watered plants as a control
(Figure 3A). Under control conditions, the MdRFNR1-1 OE
plants contained more NADP* and less NADPH than the
non-transgenic (GL-3) plants, thereby showing an increased
NADP " /NADPH ratio (Figure 3, B-D). These results are
consistent with the in vitro catalytic activity of MdRFNR1-1.
Similar results were obtained under drought conditions
(Figure 3, B-D), suggesting that MdRFNR1-1 has in vivo oxi-
doreductase activity under control and drought conditions.
After drought stress, the MARFNR1-1 OE plants had a higher
survival rate and photosynthetic rate than GL-3 plants
(Figure 3E and Supplemental Figure S5A). In addition, the
MdRFNR1-1 OE plants had a lower ion leakage rate and
lower malondialdehyde (MDA) contents than GL-3 plants
(Figure 3, F and G), suggesting that MdRFNR1-1 OE plants
had better membrane integrity under drought stress.
Moreover, MdRFNR1-1 OE plants accumulated less H,O,

and had higher POD and CAT activities under drought
stress than the wild type (Figure 3, H-K).

We also generated transgenic plants with repressed ex-
pression of MdRFNR1 (Supplemental Figure S4C). In re-
sponse to short-term drought treatment, NADP™
accumulated in both GL-3 and MdRFNR1 RNAI plants; how-
ever, NADP" levels were significantly lower in MdRFNR1
RNAI than GL-3 plants (Figure 4, A and B). NADPH contents
had a similar pattern in MARFNRT RNAi and GL-3 plants un-
der control and drought conditions (Figure 4C). In addition,
the NADP*/NADPH ratio was lower in MdRFNRT RNAi
than in GL-3 plants under control and drought conditions
(Figure 4D). These results further support the in vivo oxido-
reductase activity of MARFNR1 under control and drought
conditions. After drought stress, the MdRFNRT RNAi lines
had a lower survival rate and photosynthetic rate than GL-3
plants (Figure 4E and Supplemental Figure S5B). lon leakage
and MDA analysis showed that MdJRFNR1 knockdown
resulted in greater cell membrane damage than GL-3 after
drought stress (Figure 4, F and G). In addition, the H,0,
contents were higher in MdRFNRT RNAI lines than in GL-3
plants under drought stress (Figure 4, H and K).
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Consistently, POD and CAT activities were lower in
MdRFNRT RNAI lines than in GL-3 plants after drought
treatment (Figure 4, | and J). All of these results suggest that
MdRFNR1-1 and MdRFNR1-2 have in vivo oxidoreductase
activity and play positive roles in drought tolerance.

A MITE insertion in the promoter of MdRFNR1-1 is
essential for its induced expression and its positive
role under drought stress

Since drought stress enhanced the expression of MdRFNRT,
we cloned the promoters of MdRFNR1-1 and MdRFNR1-2

from GL-3. After sequencing and alignment, we identified a
430-bp MITE insertion in the promoter of MdRFNRI-1,
which is located 2,234 bp upstream of the translation start
codon (Supplemental Figure S6 and Figure 8A). We named
this insertion MITE-MdRF1. We performed BLAST analysis
against the plant MITE database (http://pmite.hzau.edu.cn)
(Chen et al, 2014) using the 430-bp sequence as a query
and found that it was most similar to DTH_Mad4, a mem-
ber of the PIF/Harbinger superfamily. To investigate the pres-
ence of MITE-MdRF1 in Malus, we tested 371 Malus
accessions, including 275 wild accessions and 96
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domesticated cultivars. MITE-MdRF1 was detected in 30
accessions, including 17 wild accessions and 13 cultivars
(Supplemental Figure S7 and Supplemental Table S3), point-
ing to the general presence of MITE-MdRF1 in Malus.
Surprisingly, we did not observe homozygous MITE-MdRF1
in any of the accessions tested (Supplemental Figure S7).

To investigate the impacts of MITE-MdRF1 on
MARFNR1 expression, we performed allele-specific qPCR
of MdRFNRT in GL-3. Using an allele-specific forward
primer, we found that MdRFNR1-1 (with MITE-MdRF1)
was expressed at a higher level in roots than MdRFNR1-2
(without MITE-MdRF1) (Figure 5A). We also noticed that
MARFNR1-1 was induced by PEG treatment whereas
MdRFNR1-2 was not (Figure 5A). These results suggest

that MITE-MdRF1 may induce MdRFNR1 expression in re-
sponse to drought stress.

To further confirm the induction of MARFNRT expression
by MITE-MdRF1, we transformed apple calli and Arabidopsis
with MdRFNR1-1,,,GUS and MdRFNR1—1ﬁ,’0"”TE:GUS. The GUS
activity of MARFNR1-1,,,,:GUS transgenic calli increased after
PEG treatment. However, MdRFNR1-1M™E:GUS transgenic
calli did not display induced GUS activity in response to
PEG treatment, suggesting that MITE-MdRF1 is essential for
the induction of MdRFNR1 by drought stress (Figure 5B).
GUS staining of transgenic Arabidopsis also showed a similar
pattern (Figure 5C and Supplemental Figure S8). These data
further verify the role of MITE-MdRF1 in promoting
MARFNR1 expression under drought stress.
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To investigate whether MITE-MdRF1-induced MdRFNRT1
expression is associated with drought tolerance, we trans-
formed apple plants and calli with MdRFNR1-1,,;MdRFNR1-
1 and MdRFNR1-2,,,;MdRFNR1-2 (Supplemental Figure S9).
Transgenic plants or calli carrying MARFNR1-1,,,:MdRFNR1-1
had higher MdRFNRT expression than those carrying
MdARFNR1-2,,,:MdRFNR1-2 (Supplemental Figure S9). After
15 days of drought stress, both transgenic plants had more
NADP* and less NADPH contents, resulting in a higher
NADP " /NADPH ratio in response to drought (Figure 6, A—
D). In addition, both types of transgenic plants performed
better than wild type GL-3 plants, as indicated by higher
survival rates, higher POD and CAT activities, lower electro-
lyte leakage, and lower MDA and H,O, contents under
drought stress (Figure 6, E-J). Compared with transgenic
plants carrying MdRFNR1-2,,,;MdRFNR1-2, transgenic plants
carrying MdRFNR1-1,,,;MdRFNR1-1 had a higher survival
rate, higher POD and CAT activities, lower electrolyte leak-
age rates, and lower MDA and H,O, contents under
drought stress (Figure 6, E-J). Moreover, MdRFNR1-
1,r0MdRFNR1-1 transgenic plants contained more NADP*
and less NADPH, thereby having a higher NADP* /NADPH
ratio in response to drought (Figure 6, B-D).

Transgenic calli showed a similar pattern. After PEG treat-
ment for 20 days, the fresh weights of both types of

transgenic calli were greater than that of the wild type.
However, the fresh weights of transgenic calli carrying
MdRFNR1-1,,;MdRFNR1-1 were greater than that of
MARFNR1-2,,;MdRFNR1-2 calli under PEG treatment
(Figure 6, K-M). Furthermore, MdRFNR1-1,,,;MdRFNR1-1
calli had higher POD and CAT activities under PEG treat-
ment than MdRFNR1-2,,,;MdRFNR1-2 calli (Figure 6, N and
O). We also observed that MdARFNR1-1,,,MdRFNR1-1 trans-
genic calli contained more NADP® than MdRFNRI-
2,rMdRFNR1-2 calli (Figure 6P). These results further sup-
port the notion that MdRFNR1-1,,MdRFNR1-1 improves
drought tolerance and this improvement is associated with
the induced expression of MARFNR1-1 due to the presence
of MITE-MdRF1 in its promoter (Figure 6).

To further confirm the association of the MITE-MdRF1 in-
sertion of RFNR1 with drought tolerance in an ecological
context, we selected 20 Malus accessions, including 10 acces-
sions with MITE-MdRF1 and 10 accessions without MITE-
MdRF1 in the promoter of MdRFNR1. Following dehydra-
tion, we measured MDA contents as well as CAT and POD
activities. As shown in Figure 7, accessions with the MITE-
MdRF1 insertion in the RFNR1 promoter contained less
MDA, indicating less membrane damage in response to
drought stress. In addition, accessions with MITE-MdRF1 in
the RFNR1 promoter had higher POD and CAT activities,
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suggesting a higher ability to scavenge ROS under drought
stress. On the contrary, accessions without the MITE-MdRF1
insertion in the RFNR1 promoter had higher MDA contents
and lower POD and CAT activities, indicating a lower ability
to tolerate drought stress (Figure 7).

Induced expression of MARFNR1-1 in response to
drought stress is associated with DNA methylation
of MITE-MdRF1

MITEs can be methylated by the RADM pathway (Wei et al,,
2014; Mao et al, 2015). Blastn against the Malus EST data-
base revealed that many sequences could be mapped to
MITE-MdRF1 in the MdRFNR1-1 promoter. In addition, this
MITE-derived RNA could form a stem-loop structure
(Figure 8A). We mapped the reads of several small (s)RNA-
seq data sets to the genomic sequence of MdRFNR1-1 (pro-
moter, exon, and intron), finding that numerous 24-nt
sRNAs could be mapped to the MITE-MdRF1 sequence
(Figure 8A). MITE-derived sRNAs can result in DNA methyl-
ation through the RADM pathway (Mao et al,, 2015).

To explore the methylation status of MITE-MdRF1, its up-
stream region and downstream region in the MdRFNR1 pro-
motor, we divided the regions flanking MITE-MdRF1 into
three regions: Region 1, Region 2, and Region 3. Region 1 is
the upstream sequence of MITE-MdRF1 in the MdRFNR1-1
promoter or the corresponding fragment in the MdRFNR1-2
promoter; Region 2 is MITE-MdRF1; and Region 3 is the
downstream sequence of MITE-MdRF1 in the MdRFNR1-1
promoter or the corresponding fragment in the MdRFNR1-2
promoter (Figure 8B and Supplemental Figure S10A). Using
locus-specific bisulfite sequencing (BS-seq), we found that
the average DNA methylation level of the MdRFNR1-1 pro-
moter containing MITE-MdRF1 and the flanking sequence
was higher than that of the MdRFNR1-2 promoter contain-
ing the corresponding sequence in both GL-3 leaves and
roots under control and drought-stress conditions
(Figure 8C and Supplemental Figure S10B). In addition, the
DNA methylation level of the MdRFNR1-1 promoter in-
creased in response to drought stress, while that of the

MdRFNR1-2 promoter did not, in both leaves and roots
(Figure 8C and Supplemental Figure S10B).

We compared the methylation percentage of Region 1,
Region 2, and Region 3 of MdRFNR1-1 and MdRFNR1-2 in
GL-3 leaves and roots in response to PEG treatment.
Following PEG treatment, the methylation level of MITE-
MdRF1, and its upstream and downstream regions in
MdRFNR1-1, increased in both leaves and roots, whereas the
methylation level of the corresponding regions of MdRFNR1-
2 increased or decreased in leaves and roots (Figure 8, D—F
and Supplemental Figures S10, C-E and S11). We also per-
formed McrBC-qPCR analysis of the MdRFNR1-1 promoter
containing the MITE-MdRF1 region in GL-3 leaves and roots
under control and PEG treatment; McrBC is an endonucle-
ase that cleaves DNA containing methylcytosine. Consistent
with the results of locus-specific BS-seq, McrBC-qPCR
showed that the methylation level of the MITE-MdRF1 re-
gion in the MdRFNR1-1 promoter increased after PEG treat-
ment (Figure 8G and Supplemental Figure S10F), which
further verified the increased overall methylation percentage
of MdRFNR1-1 in response to drought conditions. These
data suggest that MITE-MdRF1 is positively associated with
DNA methylation under drought stress.

The DNA methylation inhibitor 5-Aza-2'-deoxycytodine
(5-AZA) reduces the methylation level of DNA (Figure 8l).
To further confirm the association of MITE-MdRF1 methyla-
tion and MdRFNR1 expression in response to drought stress,
we treated GL-3 plants with 5-AZA under control or
drought conditions. Following 5-AZA treatment, the expres-
sion levels of these two genes decreased under control or
PEG treatment, but the expression of MARFNR1-1 decreased
the most, whereas only a slight reduction of MdARFNR1-2 ex-
pression was observed (Figure 8H). In response to drought,
the induced expression of MdRFNR1-1 by PEG treatment
was inhibited by 5-AZA, whereas there was little change in
MdARFNR1-2 expression (Figure 8H). Consistently, McrBC-
gPCR showed that the methylation level of the MITE region,
which is present in the promoter of MdRFNR1-1, increased
after PEG treatment (Figure 8l). However, 5-AZA treatment
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and statistically significant differences are indicated by *P < 0.05, **P < 0.01, or ***P < 0.001. ns, no significant difference.
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abolished this induction (Figure 8lI). These results further
support the notion that MdRFNR1-1 expression is positively
associated with MITE-MdRF1-mediated DNA methylation in
response to drought stress.

The MdSUVH-MdDNAJ complex recognizes
methylated MITE-MdRF1 in the MARFNR1-1 pro-
moter and facilitates its expression under drought
stress

Arabidopsis SUVH1 and SUVH3, two transcriptional anti-
silencing factors and methyl readers, bind to methylated
DNA and recruit DNAJ1 and DNAJ2 (Li et al, 2016; Harris
et al, 2018). However, DNAJ1 and DNAJ2 do not directly
bind methylated DNA but can act as transcriptional activa-
tors (Harris et al, 2018). We identified four homologs of
SUVH1 and SUVH3 in the apple genome: MdSUVHT,
MdSUVH1-like, MdSUVH3, and MdSUVH3-like. MdSUVH and
MdSUVH-like appear to be duplicated genes based on phylo-
genetic analysis (Velasco et al, 2010; Supplemental Figure
$12, A and C and Supplemental Table S4). The two proteins
most closely related to SUVH1 and SUVH3 (based on Blastp
analysis) were named MdSUVH1 and MdSUVHS3, respec-
tively, whereas the other two proteins were named
MdSUVH1-like and MdSUVH3-like. We also identified five
homologs of DNAJ1 and DNAJ2 in the apple genome:
MdDNAJ1, MdDNAJ2, MdDNAJ3, MdDNAJ4, and MdDNAJ5
(Supplemental Figure S12, B and D and Supplemental Table
S5). Yeast-two hybrid (Y2H) and split-luciferase (split-LUC)
analysis revealed that MdSUVH1 and MdSUVH3 interacted
with MdDNAJ1, MdDNAJ2, and MdDNAJ5 (Supplemental
Figure S13, A and B). Thus, we selected MdDNAJT,
MdDNAJ2, MdDNAJ5, MdSUVH1, and MdSUVH3 for further
analysis.

To determine if apple SUVH1 and SUVH3 could recognize
methylated DNA, we performed DNA affinity purification
(DAP)-gPCR analysis. Indeed, MdSUVH1 and MdSUVH3
bound to methylated MITE-MdRF1 in the MdRFNR1-1 pro-
moter, with MdSUVH1 having a stronger binding ability
(Figure 9A). The key amino acids determining the binding of
SUVH1 and SUVH3 to the methylated DNA are Tyr290 and
Tyr317, respectively (Harris et al, 2018). When these two
amino acids of MdSUVH1 (Tyr290) and MdSUVH3 (Tyr317)
were mutated to alanine (Ala), the binding of these two
proteins to methylated DNA was abolished (Figure 9A), fur-
ther suggesting that MdSUVH1 and MdSUVH3 bind to
methylated MITE-MdRF1 in the MdRFNR1-1 promoter.

To further investigate the influence of the MdSUVH-
MdDNAJ complex on the expression of MARFNR1, we per-
formed a dual-luciferase assay (DUAL-LUC) analysis. Under
control conditions, individual MdSUVHT1 did not significantly
improve the expression of MdJRFNR1-1 or MdRFNR1-2.
However, MdDNAJ1, MdDNAJ2, or MdDNAJ5 alone signifi-
cantly improved the expression of MdRFNR1-1 but not
MdRFNR1-2. When both MdSUVH1 and MAdDNAJ1 or
MdDNAJ2 or MdDNAJ5 were present, the expression of
MdRFNR1-1 was markedly induced (Figure 9B). We also
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noticed a significant induction of MdRFNR1-2 by MdSUVH1
and MdDNAJ1 or MdDNAJ2 (Figure 9B). After dehydration
treatment, MdRFNR1-1 expression was markedly induced,
which is consistent with our observation in Figures 5A and
8H. Similar to the pattern shown in Figure 9B, MdSUVH1
alone did not induce the expression of MdRFNR1-1 under
dehydration conditions, whereas MdDNAJ1 did (Figure 9C).
The presence of both MdSUVH1 and MdDNAJ1 markedly
induced MdRFNR1-1 expression (Figure 9C). However, the
expression of MARFNR1-2 was not induced by MdSUVHT1 or
MdDNAJ1 alone but slightly increased in the presence of
both MdSUVH1 and MdDNAJ1 (Figure 9C). The above data
suggest that the MdSUVH1-MdDNA] complex recognizes
methylated MITE-MdRF1 and promotes MdRFNR1-1 expres-
sion under control and dehydration conditions.

To further confirm the effect of the MdSUVHs—MdDNA|s
complex in activating MdRFNR1-1 expression, we generated
NbSUVH1- and NbSUVH3-silenced Nicotiana benthamiana
plants using a virus-induced gene silencing (VIGS) approach
(Supplemental Figure S14, A and B). Considering the high
sequence similarity between NbSUVH and MdSUVH
(Supplemental Figure S12, A and C and Supplemental
Table S4), we co-infiltrated wild-type and NbSUVHT1-
and NbSUVH3-silenced N. benthamiana plants with
355:MdDNAJs and MdRFNR1-1,,,;LUC and performed DUAL-
LUC analysis. In the presence of NbSUVH1 and NbSUVHS3,
the expression of MdRFNR1-1 was activated by MdDNAJs.
However, the activation of MdJRFNR1-1 expression by
MdDNA|Js was abolished in the absence of NbSUVH1 and
NbSUVH3 (Supplemental Figure S14C). These results further
indicate the importance of the MdSUVHs—MdDNAJs com-
plex in the activated expression of MARFNR1-1.

MdSUVH and MdDNA] are positive regulators of
drought stress tolerance

Since  MdSUVH-MdDNA] recognizes methylated MITE-
MdRF1 in the MdRFNR1-1 promoter and facilitates its ex-
pression in response to drought stress, we next asked
whether MdSUVH and MdDNA] proteins function in
drought stress tolerance in apple. We first evaluated the ex-
pression of MdSUVH1, MdSUVH3, MdDNAJ1, MdDNAJ2, and
MdDNAJ5 in response to drought stress. All these genes
were induced by drought, except that the expression of
MdDNAJ5 was too low to be detected (Supplemental Figure
S15, A-H). We therefore selected MdDNAJ1 and MdSUVH1
as representatives of these genes.

We stably transformed apple plants with 355:MdDNAJ1
(Supplemental Figure S16A). After 15 days of drought treat-
ment, ~70% of MdDNAJ1 OE plants survived, whereas only
~43% of GL-3 plants were still alive (Figure 10, A and B). In
addition, under drought stress, the MADNAJ1 OE plants had
lower electrolyte leakage rates, lower MDA and H,O, con-
tents, and higher POD and CAT activities compared with
GL-3 plants (Figure 10, C-G). We also found that MdRFNR1-
1 expression was higher in MdDNAJ1 OE plants than in GL-
3, but MdRFNR1-2 expression was not (Supplemental Figure
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Figure 9 The MdSUVH-MdDNAJ complex binds to methylated MITE-MdRF1 and activates MARFNR1-1 expression in response to drought stress.
A, Binding of MdSUVH1 and MdSUVH3 to methylated MITE-MdRF1 in the MdRFNR1-1 promoter, as revealed by DAP-qPCR. DAP, methylated
DNA library. Amp-DAP, amplified DNA library, which contained non-methylated DNA. WT, wild type; M, mutant version of MdSUVH1 or
MdSUVHS3, in which Tyr290 of MdSUVH1 was mutated to Ala290 and Tyr317 of MdSUVH3 was mutated to Ala317. Error bars indicate sp, n = 3. B
and C, Relative luciferase activity from the dual luciferase reporter assays in N. benthamiana leaves. Quantification was performed by normalizing
firefly luciferase activity to that of Renilla luciferase, 355:REN was used as an internal control. Error bars indicate sg, n = 8. Statistical analyses were
performed by the Student’s t test and statistically significant differences are indicated by *P < 0.05, **P < 0.01, or ***P < 0.001. ns, no significant

difference.

S17, A and B). These results indicate that MdADNAJ1 OE
plants are more tolerant to drought stress than GL-3 plants,
suggesting the MADNAJ1 plays a positive role in the drought
stress response. These data also imply that the drought tol-
erance of MdDNAJ1 could be attributed to increased
MdRFNR1-1 expression and ROS detoxification.

To explore the biological function of MdSUVH1, we stably
transformed apple calli with MdSUVH1. Since MdSUVH1
binds to methylated MITE-MdRF1, which is not present in
the promoter of MdRFNRT in apple calli (Supplemental
Figure S7A), we co-transformed apple calli with
355:MdSUVH1 and MdRFNR1-1,,;MdRFNR1-1 (Supplemental
Figure S16B). As a control, we co-transformed apple calli
with  35S:MdSUVHT  with  MdRFNR1-2,,,:MdRFNR1-2
(Supplemental Figure S16B). MdRFNR1 expression was higher
in  MdRFNR1-1,,,MdRFNR1-1/355:MdSUVHT  than in
MARFNR1-2,,,:MdRFNR1-2/355:MdSUVH1  transgenic  calli
(Supplemental Figure S17C). After PEG treatment, the fresh

weights of transgenic calli carrying 355:MdSUVH1 and
MdRFNR1-1,,;MdRFNR1-1 was greater than that of
355:MdSUVH1 and MdRFNR1-2,,,;MdRFNR1-2 transgenic calli
under PEG treatment, although both transgenic calli had
greater fresh weights than the wild type (Figure 10, H-)).
POD and CAT activities were also higher in both transgenic
calli than in the wild type after PEG treatment, and trans-
genic calli carrying 35SMdSUVH1 and MdRFNRIT-
T1po’MdRFNR1-1 had even higher activities than transgenic
calli carrying 355:MdSUVH1 and MdRFNR1-2,,,,;MdRFNR1-2
(Figure 10, K and L). These results suggest that MdSUVH1
improves drought tolerance and that this improvement is
associated with the induced expression of MdRFNR1-1 and
ROS removal.

Discussion

To deal with the redox imbalance caused by drought stress,
plants have developed various mechanisms to detoxify ROS,
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Figure 10 MdDNAJ1 and MdSUVHT1 play positive roles in drought stress tolerance. A, Morphology of GL-3 and transgenic 35S:MdDNAJ1 OE
plants under control and drought conditions. Water was withheld from 1.5-month-old plants for 15 days, followed by recovery for 7 days. B, The
survival rates of plants shown in (A). C-G, Leaf ion leakage (C), MDA (D) and H,O, (E) contents, and POD (F) and CAT (G) activities of GL-3 and
355:MdDNAJ1 OE transgenic plants under control and drought treatment. H, Morphology of WT and transgenic calli, which were co-transformed
with 355:MdSUVHT and MdRFNR1-1,,,;MdRFNR1-1 or MARFNR1-2,,,;MdRFNR1-2 and incubated for 20 days on MS medium (left) or MS medium
supplemented with PEG (right). | and J, Relative growth rates of WT and transgenic calli in response to PEG treatment. K and L, POD and CAT ac-
tivities in WT and transgenic calli in response to PEG treatment. Error bars indicate so, n = 3in (D, E, F, G, K, and L), n = 36 in (B, 36 plants were
used and divided into three biological replications), n = 8 in (C), and n = 9 in (I and J). Asterisks indicate significant differences between the trans-
genic lines and GL-3 plants in each group (control and drought treatment). One-way ANOVA (Tukey'’s test) was performed and statistically signif-
icant differences are indicated by *P < 0.05, **P < 0.01, or **P < 0.001.

including enzymatic and nonenzymatic mechanisms (Apel
and Hirt, 2004). In this study, we characterized the role of a
root-type FNR 1 (RFNRT) in redox regulation and drought

tolerance. There are two alleles of MdRFNRT in apple,
MdRFNR1-1 and MdRFNR1-2. We found that the MdRFNR1-
1 allele, but not MdRFNR1-2, is induced by drought stress.
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Figure 11 A proposed working model of the role of the MdSUVH-MdDNA] complex—-MdRFNR1 module in the drought stress response in apple.
Drought stress induces the expression of MdSUVH1, MdSUVH3, MdDNAJ1, and MdDNAJ2. The encoded proteins form a DNA methylation reader
complex that binds to methylated MITE-MdRF1 in the MdRFNR1-1 promoter, thereby improving the expression of MARFNR1-1. MdRFNR1-1 is re-
sponsible for redox balance by catalyzing the conversion of NADPH to NADP* and promoting POD and CAT activities, leading to enhanced ROS

removal, thereby playing a positive role in drought tolerance.

Further study revealed a MITE-MdRF1 insertion in the
MdARFNR1-1 promoter, which can be methylated under
drought stress. The methylated MITE is thereby recognized
by MdSUVH1 and MdSUVH3, which recruit MdDNAJ1,
MdDNAJ2, and MdDNAJ5 to activate MdRFNR1-1 expression
in response to drought stress (Figure 11).

FNR proteins in plants are divided into two types, LFNR
and RFNR, based on their functions and expression patterns.
LFNR is not found in Arabidopsis root tissue, but RFNR pro-
teins are found in both roots and shoots (Hanke et al., 2005;
Grabsztunowicz et al., 2021). Similarly, we found that Malus
RFNR1 was highly expressed in roots as well as in leaves
(Supplemental Figure S1C). In leaves, Arabidopsis RFNRT is
expressed in leaf veins while RFNR2 is expressed in leaf tips,
as revealed by observing GUS expression in RFNR,:GUS
transgenic plants. Notably, no gene expression signals of ei-
ther RFNR were detected in green tissues (Grabsztunowicz
et al, 2021). Strong MdRFNR1-1 signals were detected in ev-
ery type of leaf tissue, including leaf veins, leaf tips, and
green tissues. However, MdRFNR1-2 was only detected in
cotyledons and the tips of mature leaves (Supplemental
Figure S8), similar to RFNR2. These results suggest that the
MITE-MdRF1 insertion in the MdRFNR1-1 promoter is criti-
cal for its tissue-specific expression in leaves.

Phylogenetic analysis and sequence alignment showed
that RFNR proteins are highly conserved in all plants, even
algae (Supplemental Figure S2), suggesting that RFNR might
be an ancient gene with fundamental roles in plants. The
high sequence similarity of RFNR among various species also
suggests that RFNR might share similar functions in other
species. RFNR catalyzes the conversion of NADPH, which is
derived from the oxidative pentose phosphate pathway
(oxPPP), to reduce oxidized Fd, resulting in NADP " and re-
duced Fd. The latter participates in various plant processes,
including ROS removal (Onda et al, 2000; Benz et al., 2010;
Mulo, 2011; Kozuleva et al,, 2016). In the current study, en-
zyme activity analysis demonstrated that MdRFNR1 has the

ability to catalyze the conversion of NADPH to NADP™
in vivo and in vitro (Figures 1B, 2C, 3, B-D, 4, B-D, and 6,
B-D), which is consistent with the enzyme activity of RFNR
in maize (Onda et al, 2000).

FNR and RFNR play important roles in stress tolerance
(Kozuleva et al, 2016; Grabsztunowicz et al, 2021), as their
catalytic substrates Fd and NADPH feed electrons to the re-
dox regulatory network (Dietz, 2013). After short-term
drought treatment, the survival rates of transgenic
MARFNR1 RNAI lines were lower than that of GL-3, while
the survival rates of the MdRFNR1-1 OE lines were higher
(Figures 3E and 4E), suggesting that MdRFNR1 plays a posi-
tive role in drought tolerance. In plants, both enzymatic and
nonenzymatic pathways can be used for ROS scavenging
(Apel and Hirt, 2004). CAT and POD belong to enzymatic
pathways and play very important roles in drought tolerance
(Chakrabarty et al, 2016). Based on previous (Onda et al,
2000) and current results (Figures 1B, 2C, 3, B-D, 4, B-D,
and 6, B-D), we hypothesized that MdRFNR1 catalyzes the
reduction of Fd and that Fd™? is involved in the removal of
ROS by regenerating ascorbate for the electron donor of
POD (Asada, 1999; Mittler et al, 2004). Indeed, POD and
CAT activities were higher in MdRFNR1-1 OE lines and lower
in MdRFNR1 RNAI lines under drought treatment (Figures 3
and 4, | and J), suggesting that MdRFNR1 positively regulates
POD and CAT activities under drought stress. The substrate
of POD and CAT, H,O,, accumulated to higher levels in
MARFNRT RNAi lines (Figure 4H) and lower levels in
MARFNR1-1 OE lines compared with GL-3 under drought
conditions (Figure 3H). Drought stress results in the accu-
mulation of small hydrocarbons due to the peroxidation of
membrane lipids, such as MDA (Gharibi et al,, 2016), and an
increase in ion leakage (Sun et al, 2018). In this study, we
found the MDA levels and electrolyte leakage rates were
higher in MdRFNRT RNAI lines and lower in MdRFNR1-1 OE
lines than in GL-3 under drought conditions (Figures 3 and
4, F and G), demonstrating that MdRFNR1 contributes to
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drought tolerance by alleviating cell membrane damage.
Taken together, these data indicate that MdRFNR1 posi-
tively regulates drought tolerance, at least in part, by main-
taining membrane integrity and by attenuating ROS
production in response to drought.

The MITE in a promoter can result in altered gene expres-
sion and stress tolerance (Naito et al, 2009; Mao et al, 2015;
Wang et al, 2020). Miniature Ping (mPing), a member of the
PIF/Harbinger MITE superfamily in rice, which belongs to the
same superfamily as MITE-MdRF1, was the first active MITE
identified in any organism (Jiang et al, 2003; Kikuchi et al,
2003; Nakazaki et al., 2003). Sequences within mPing provide
new binding sites for transcription factors or other regula-
tory proteins that act as enhancers for the cold stress re-
sponse (Naito et al, 2009). In rice, a MITE insertion in the
OsHKT1;5 promoter enhances its expression, which plays a
positive role in plant tolerance to salinity stress (Wang et al,,
2020). In maize, a MITE insertion in the ZmNAC111 pro-
moter represses ZmNAC111 expression, which negatively
affects drought tolerance (Mao et al, 2015).

In the current study, we identified two alleles of MARFNR1
in GL-3, MdRFNR1-1, and MdRFNR1-2. The encoded proteins
of the two alleles differ by three amino acids (Figure 1A);
however, they had the same enzyme activity for catalyzing
the NADPH-dependent reduction of Fd in vitro (Figure 1B)
and share the same function in drought tolerance (Figure 2).
The MdRFNR1-1 promoter harbors a MITE insertion, but the
MARFNR1-2 promoter does not. Allele-specific q°PCR showed
that drought improved the expression of MdRFNR1-1 but
not MdRFNR1-2 and that MdRFNR1-1 was expressed at
higher levels than MdRFNR1-2 even under normal conditions
(Figure 5A), suggesting that MdRFNR1-1 has stronger pro-
moter activity than MdRFNR1-2. GUS activity and GUS
staining assays using transgenic calli and Arabidopsis plants
carrying MAdRFNR1-1,,,:GUS or MdRFNR1—1ﬁr’(‘f’TE:GUS showed
that MITE-MdRF1 plays an essential role in drought-induced
expression of MdRFNR1-1 (Figure 5, B and C), indicating
that MITE-MdRF1 functions as an enhancer for MdRFNRT-1
expression. Our results also showed that the MdRFNR1-1 al-
lele containing the MITE-MdRF1 insertion in its promoter
plays a larger role in drought tolerance by maintaining redox
balance and membrane integrity under drought conditions
(Figure 6). In addition, using natural populations, we found
that Malus accessions with or without MITE-MdRF1 display
distinct antioxidant enzyme activities under drought stress.
The accessions containing the MITE-MdRF1 insertion in the
RFNR1-1 promoter showed higher POD and CAT activities
and better membrane integrity under drought than those
without MITE-MdRF1 (Figure 7), indicating that natural vari-
ation of MITE-MdRF1 is associated with drought tolerance
in natural populations.

TE insertions in the promoters of genes can usually be
methylated by the RADM pathway (Law and Jacobsen, 2010;
Matzke and Mosher, 2014; Mao et al, 2015; Gagliardi et al,
2019; Xu et al, 2020). In maize, a MITE insertion in the
ZmNACT11 promoter is methylated via the RADM pathway
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(Mao et al, 2015). In rice, defects in the RADM pathway af-
fect the DNA methylation of TEs, including the MITE in the
promoters of OsMIR156d and OsMIR156j and the MITE
downstream of D174, resulting in a high-tillering phenotype
(Xu et al, 2020). A MITE insertion in the promoter of sun-
flower HAWRKY6 can be transcribed into non-coding RNA
and processed into 24-nt siRNAs, triggering DNA methyla-
tion at its locus through the RADM pathway (Gagliardi
et al, 2019). In the current study, structural analysis of
MITE-MdRF1 in the MARFNR1-1 promoter and an EST align-
ment assay suggested that non-coding RNAs derived from
MITE-MdRF1  could generate sRNAs. Further analysis
revealed that 24-nt sSRNAs were abundant in MITE-MdRF1
and its flanking region (Figure 8A). In addition, locus-specific
BS-seq showed that the DNA sequence of MITE-MdRF1
could be methylated (Figure 8C and Supplemental Figure
S10B), especially the CHH and CHG contents, the hallmarks
of RADM (Sigman and Slotkin, 2016), indicating that MITE-
MdRF1 in the MdRFNR1-1 promoter could be methylated
by the RdADM pathway.

DNA methylation usually represses gene expression (Law
and Jacobsen, 2010; Matzke and Mosher, 2014; Sigman and
Slotkin, 2016; Ichino et al,, 2021). The methyl readers MBD5
and MBD6 are recruited to chromatin by recognizing CG
methylation. They then recruit the transcriptional repressor
SILENZIO, which represses gene expression downstream of
DNA methylation (Ichino et al, 2021). In maize, a methyl-
ated MITE insertion in the promoter of ZmNAC111
represses the expression of this gene (Mao et al, 2015). In
rice, a methylated MITE in the OsMIR156d and OsMIR156;
promoters represses the expression of miR156d and miR156j
(Xu et al, 2020). However, several studies indicated that
DNA methylation also facilitates the expression of nearby
genes. RNA-seq on Osnrpdia/b (mutants of NRPD1a and
NRPD1b, two orthologs of the largest subunit of RNA Pol
IV) (Xu et al, 2020) and OsDCL3a RNAi plants (Wei et al,
2014) suggested that RADM plays a positive role in regulat-
ing gene expression. In Arabidopsis, DNA methylation in the
ROS1 promoter can activate its expression (Lei et al, 2015).
In the current study, we uncovered an association between
increased MITE-MdRF1 methylation in the MdRFNR1-1 pro-
moter and its expression in response to drought (Figure 8),
providing further evidence for the activation of gene expres-
sion by DNA methylation.

Previous studies have revealed the molecular mechanisms
of enhanced gene expression by DNA methylation (Harris
et al, 2018). SUVH1 and SUVH3 act as methyl readers that
bind to methylated DNA and recruit DNAJ1 and DNAJ2 to
form an enhancer complex, thereby counteracting the re-
pressive effects of TE insertions (Harris et al, 2018). In rice,
OsSUVH7 recognizes the methylated MITE and forms a
complex with OsBAG4 and OsMYB106, which facilitates the
binding of OsMYB106 to the cis-element in the OsHKT1;5
promoter and activates the expression of this gene (Wang
et al, 2020). Here, we found that the homologous proteins
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of SUVH1 and SUVH3 in apple bound to methylated but
not non-methylated MITE-MdRF1 (Figure 9A).

In apple, three homologous proteins of DNAJ1 and
DNAJ2, MdDNAJ1, MdDNAJ2, and MdDNAJ5, interact with
MdSUVH1 and MdSUVH3 in vitro and in vivo
(Supplemental Figure S13), forming a functional complex.
Complexes  comprising MdSUVH1 and  MdDNAJ1,
MdDNAJ2, or MdDNAJ5 could improve the promoter activ-
ity of MdRFNR1-1. In the absence of a methyl DNA reader,
MdDNAJ1, MdDNAJ2, or MdDNAJ5 alone also activated the
promoter activity of MdRFNR1-1 in N. benthamiana. We
speculate that N. benthamiana SUVH1 and SUVH3 might
contribute to the methyl DNA reader function due to the
high sequence similarity of SUVH1 and SUVH3 between ap-
ple and N. benthamiana (Supplemental Figure S12A and
Supplemental Table S4). However, DNAJ1 and DNAJ2 are
not conserved between N. benthamiana and apple
(Supplemental Figure S12B and Supplemental Table S5);
therefore, MdSUVHT1 alone failed to activate the MdRFNR1-1
promoter in N. benthamiana. In addition, MdRFNR1-2 ex-
pression was induced in N. benthamiana epidermal cells
when MdSUVH1 and MdDNAJ1 or MdDNAJ2 were present
(Figure 9), indicating that other proteins in N. benthamiana
might be recruited to contribute to this induced expression
of MdRFNR1-2.

DNAJ1 but not DNAJ2 and DNAJ3 have transcriptional ac-
tivation activity in Saccharomyces cerevisiae (Harris et al,
2018; Zhao et al, 2019); however, DNAJ2 and DNAJ3 can ac-
tivate gene expression in planta (Zhao et al, 2019). In the
current study, we found that MdDNAJ1, MdDNAJ2,
MdDNAJ3, and MdDNAJ5 lacked transcriptional activation
activity in yeast (Supplemental Figure S13A). However,
MdDNAJ1, MdDNAJ2, and MdDNAJ5 induced MdRFNR1-1
expression in N. benthamiana in response to drought
(Figure 9, B and C). In addition, the expression of MARFNR1-
1 was elevated in MdDNAJ1 overexpressing apple plants
(Supplemental Figure S17A). Considering that more mem-
bers of the SUVH-DNAJ complex exist and can induce gene
expression (Xiao et al, 2019; Zhao et al, 2019), it is possible
that other members of the MdSUVH-MdDNA] complex are
responsible for the transcriptional activation of MdRFNR1-1
in apple in response to drought. It is also possible that other
factors, including transcriptional activators, might be in-
volved in the activated expression of MdRFNRI1-1 in re-
sponse to drought.

In conclusion, we identified the redox regulation enzyme
MdRFNR1, which positively regulates drought tolerance in
apple. Sequence analysis identified its two natural alleles,
MdRFNR1-1 and MdRFNR1-2, with the former being respon-
sive to drought and containing a MITE-MdRF1 insertion in
its promoter. Furthermore, we revealed that MITE-MdRF1 is
essential for the induced expression of MdRFNR1-1 in re-
sponse to drought. We also showed that the MdRFNR1-1
promoter could be methylated and recognized by the
MdSUVH-MdDNA] complex, which activated the expres-
sion of MARFNR1-1 under drought. In addition, MdRFNRT,
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MdSUVH1, and MdDNAJ1 are positive regulators of drought
tolerance. Our study provides information about the role of
the natural variation of MdRFNRT in the response of apple
to drought stress, which will be useful for breeding drought-
tolerant plants by genetic engineering in the future.

Materials and methods

Plant material and growth conditions

Tissue-cultured GL-3 (the progeny of Royal Gala apple,
which was used as the background for apple transforma-
tion) and transgenic plants were subcultured every 4 weeks
on Murashige & Skoog (MS) medium (4.43g/L MS salts,
30g/L sucrose, 02mg/L 6-Benzylaminopurine [6-BA],
0.2 mg/L 3-Indoleacetic acid [IAA], and 7.5g/L agar, pH 5.8)
under long-day conditions (14 h light [cool white, ~100
pmol m™2s™", T5 LED batten]: 10 h dark) at 25°C (Xie et al,
2018). Tissue-cultured plants were rooted, transplanted into
soil, and grown in a growth chamber at Northwest A&F
University, Yangling, China (34°20'N, 108°24'E) (16-h light8-
h dark, 25°C, ~55% relative humidity).

Apple calli (M. domestica cv. Orin) were grown on MS
medium (4.43 g/L MS salts, 1.5 mg/L 2,4-dichlorophenoxyace-
tic acid [2,4-D], 04mg/L 6-BA, 30g/L sucrose, and 8g/L
agar, pH 5.8) in darkness at 25°C as previously described
(Niu et al, 2019).

Vector construction and genetic transformation

The leaves of GL-3 were used for gene cloning of MARFNR1-
1 and MdRFNR1-2. The full-length sequence of MdRFNR1-1
or MARFNR1-2 was introduced into the binary vector
pK2GW?7 (TAIR accession number: 6531113855) through
Gateway technology to generate the OE vector. A 321-bp
fragment of MdJRFNR1 was introduced into the
pK7GWIWG2D  vector  (TAIR  accession  number:
6531113856) to generate the RNAi plasmid. All plasmids
were transformed into Agrobacterium tumefaciens strain
EHA105, followed by transformation into GL-3 (Dai et al,
2013) or wild-type calli (Niu et al, 2019). Briefly, to generate
transgenic apple plants, A. tumefaciens carrying the plasmid
was transformed into GL-3 plants, which were used as the
genetic background for genetic transformation. Transgenic
plants were screened on MS medium (4.43g/L MS salts,
30g/L sucrose, 0.2 mg/L 6-BA, 0.2 mg/L IAA, and 7.5g/L agar,
pH 58) supplemented with 50mg/L kanamycin and
250 mg/L cefotaxime. After propagation, transgenic plants
were verified by qRT-PCR analysis. To generate transgenic
calli, wild-type “Orin” apple calli were used as the back-
ground for  Agrobacterium-mediated  transformation.
Transgenic calli were screened on MS medium (4.43 g/L MS
salts, 1.5 mg/L 2,4-D, 0.4 mg/L 6-BA, 30g/L sucrose, and 8g/L
agar) containing 50mg/L kanamycin and 250mg/L
cefotaxime.

To construct the MdRFNR1-1,,;MdRFNR1-1 or MdRFNR1-
2,0’MdRFNR1-2  plasmid, the genomic sequence of
MARFNR1-1 or MdRFNR1-2 (including the promoter, intron,
and exon sequence) was cloned from GL-3 leaves and
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introduced into a modified pCAMBIA1300 vector (with the
kanamycin resistance gene). The constructed MdARFNR1-
TpreMdRFNR1-1 (modified pPCAMBIA1300 vector, kanamycin
resistance)  or  MdRFNR1-2,,,;MdRFNR1-2  (modified
pCAMBIA1300 vector, kanamycin resistance) was trans-
formed into A. tumefaciens strain EHA105, followed by GL-3
plants or calli as previously described (Niu et al, 2019).

To generate MdDNAJ1 or MdSUVHT overexpressing apple
plants or calli, the coding sequence (CDS) of MdDNAJ1 or
MdSUVH1 was cloned and introduced into the pK2GW?7 or
pCAMBIA1300 vector. The resulting 35S:MdDNAJ1
(pK2GW?7 vector) was transformed into A. tumefaciens
strain EHA105, then transformed into GL-3 plants by an
Agrobacterium-mediated transformation. The 355:MdSUVH1
(pCAMBIA1300 vector, hygromycin resistance) plasmid was
transformed into A. tumefaciens strain EHA105, then co-
transformed  with  MdRFNR1-1,,,,;MdRFNR1-1  (modified
pCAMBIA1300 vector, kanamycin resistance) or MdRFNR1-
2,1MdRFNR1-2 (modified pPCAMBIA1300 vector, kanamycin
resistance) into apple calli as previously described (Niu et al,
2019).

To generate NbSUVH1- and NbSUVH3-silenced N. ben-
thamiana plants, the VIGS assay was performed as previ-
ously described (Zhang and Liu, 2014). Briefly, the 300 bp
segments of NbSUVH1 and NbSUVH3, which were analyzed
on the VIGS tool website (https://vigs.solgenomics.net/),
were separately introduced into the pTRV2 vector (TAIR ac-
cession number: 6530604964). The pTRV1 plasmid (TAIR ac-
cession number: 5019327237), the empty vector pTRV2, the
pTRV2-NbSUVHT1 construct, and the pTRV2-NbSUVH3 con-
struct were individually transformed into A. tumefaciens
strain GV3101. Equal volumes of A. tumefaciens cultures at
ODg¢yo = 0.5 harboring pTRV1, pTRV2-NbSUVH1, and
pTRV2-NbSUVH3 (or pTRV2, as a negative control) were
mixed and infiltrated into 3-week-old N. benthamiana
plants. After 20 days, the expression levels of NbSUVH1 and
NbSUVH3 were analyzed by qRT-PCR. Nicotiana benthami-
ana Actin served as the reference gene for normalization
(Wang et al, 2013) and the silenced plants were used for
further study. The primers used are listed in Supplemental
Data Set S1 and primer efficiency is shown in Supplemental
Figure S18.

Drought treatment
PEG treatment of hydroponically cultured plants was per-
formed as previously described (Geng et al, 2018, 2019). In
brief, 3-month-old soil-grown plants were transferred to
Hoagland solution for an additional month, followed by
Hoagland solution containing 20% (w/v) PEG8000 (Sigma,
P2139, USA) for 6 h. As a control, plants were grown in
standard Hoagland solution. Leaves and roots were washed
quickly and collected. Experiments were performed at least
twice and 12 plants were used for each experiment, with 4
plants as one replicate.

For PEG treatment of apple calli, wild-type or transgenic
calli were grown on MS medium for 20 days and transferred
to MS agar medium supplemented with 12 g/L 2-(N-
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morpholino) ethane sulfonic acid (MES) pretreated with
PEG8000 (-0.7 MPa) or standard MS agar medium supple-
mented with MES (Verslues et al, 2006; Chen et al., 2021).
All calli had the same weight at the beginning of the treat-
ment. The calli were grown in the dark at 25°C for 20 days
for further measurement. Experiments were performed at
least twice and eight—nine plates were used for each
experiment.

For PEG treatment of tissue-cultured plants, 1-month-old
plants grown on MS medium were soaked in 40 mL of MS
medium (without agar) supplemented with 20% (w/v)
PEG8000 for 0 or 6 h. Experiments were performed at least
twice and 12 plants were used for each experiment, with
pooled leaves from 4 plants as one biological replicate.

Short-term drought treatment was carried out as previ-
ously described (Li et al, 2020). Briefly, water was withheld
from the plants for 10 or 15 days, the plants were recovered
for 7 days, and the survival rates were calculated. After
drought treatment, leaves were collected for measurement
of H,0, POD activity, CAT activity, MDA, NADP* and
NADPH contents, and ion leakage. The photosynthetic rates
were measured with an LI-6400XT portable photosynthesis
system (LI-COR, USA) from 8 am. to 10 am. in the growth
chamber (room temperature: 25°C+2°C, humidity: ~55%)
after 10 or 7 days of drought. The photosynthesis photon
flux density was 300 umolm™>s™' and the airflow rates were
a constant 500 umols™'. Experiments were performed at
least three times.

Sequence alignment and phylogenetic analysis

For RFNR1 protein identification, the full-length amino acid
sequences of RFNR1 from different species were obtained
from the National Center for Biotechnology Information
(NCBI, https://blast.ncbi.nlm.nih.gov/Blast.cgi) by Blastp and
the sequences with the highest identity were used for fur-
ther analysis. To identify homologs of SUVH1, SUVHS3,
DNAJ1, and DNAJ2 from apple, Blastp was performed on
the NCBI website and the proteins that had a high similarity
with SUVH1, SUVH3, DNAJ1, and DNAJ2 were used for fur-
ther analysis. Sequence alignments were performed using
the MUSCLE program (http://www.ebi.ac.uk/Tools/msa/mus
cle) and the domain was predicted using the SMART pro-
gram (http://smartembl-heidelbergde/). Using complete
protein sequences, the phylogenetic tree was constructed by
rooting at the midpoint using the neighbor-joining method
in the MEGAS5.2.2 program (Tamura et al, 2011). The reli-
ability of the tree was estimated by bootstrapping using
2,000 replications. The evolutionary distances were com-
puted using the Poisson correction method. Alignments
used for phylogenetic analysis are provided in Supplemental
Files S1-S6.

For genomic analysis of MdRFNR1-1, the gene structure
was drawn on the website GSDS v2.0 (http://gsds.gao-lab.
org/). The alignment of the MdRFNR1-1 locus (-2,798 to
2,584 bp) against an apple ESTs database was performed on
NCBI website by Blastn. The EST reads with the highest sim-
ilarity to MITE-MdRF1 were used for structural analysis,
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which was predicted using the ViennaRNA Web servers
(http://rnatbiunivieacat/). For 24-nt sRNA alignment,
SRNA sequence data from GL-3 plants under normal
conditions were used for analysis. First, the lengths of reads
were determined and 24-nt reads were separated into new
fasta format files. The 24-nt sRNAs were then mapped
to the MdRFNR1-1 locus using bowtie with the parameters
“f-v 1-m 20 -S -a —best —strata —no-unal” (Langmead
et al, 2009). Finally, visual verification was performed using
IGV software.

gRT-PCR and allele-specific qRT-PCR analysis

The CTAB method was used to extract RNA from Malus
leaves (Chang et al, 1993) and DNA was removed by diges-
tion with RNase-free Dnase | (Thermo Scientific, EN0521,
USA). Four leaves collected from three trees were pooled as
one biological replicate. Three biological replicates with
three technical repeats were used.

To extract RNA from roots, an RNAprep Pure Plant
PlusKit (TIANGEN, DP441, China) was used, following the
manufacturer’s instructions. For qRT-PCR analysis, ~1 pg of
total RNA was reverse transcribed with oligo-dT to first-
strand cDNA using a RevertAid First Strand cDNA Synthesis
Kit (Thermo Scientific, K1622, USA). ChamQ Universal SYBR
gPCR Master Mix (Vazyme, C601, China) was used to per-
form gRT-PCR on the CFX96 real-time system (Bio-Rad,
USA). Malate dehydrogenase (MdMDH) was used as the ref-
erence gene and relative expression was calculated by the 2~
AACt hethod (Livak and Schmittgen, 2001). All the roots of
three hydroponically cultured apple trees were pooled as
one biological replicate. Three biological replicates with
three technical repeats were used.

A specific forward primer based on the nucleotide differ-
ence at the 5-UTRs of MdRFNR1-1 and MdRFNR1-2 and a
common reverse primer were designed and used for qRT-
PCR analysis to detect the differential expression of the two
alleles.

All primers used are listed in Supplemental Data Set S1
and primer efficiency is shown in Supplemental Figure S18.

Tissue-specific expression of RFNR1 in Malus fusca

Fragments Per Kilobase Million of RFNR1 in different tissues
of M. fusca were retrieved from the apple eFP browser:
http://bar.utoronto.ca/~asher/efp_apple/cgi-bin/efpWeb.cgi.

MdRFNR1 enzyme assay

The CDS of MdRFNR1-1 or MdRFNR1-2 was cloned into the
pMAL-c5X plasmid (NEB, N8108S, USA). The resulting MBP-
MdRFNR1-1 plasmid was used as a template to generate a
catalytically dead version of MBP-MdRFNR1-1 by site-
directed mutagenesis (Arg299GIn and Lys308GIn) (Kimata-
Ariga et al, 2019), resulting in MBP-MdRFNR1-1-M. The
CDS of MdJRFNR1-1 without the NAD domain was also
cloned into pMAL-c5X. The resulting plasmids (MBP-
MdRFNR1-1, MBP-MdRFNR1-1-M, MBP-MdRFNR1-1-
ANAD, and MBP-MdRFNR1-2) were individually trans-
formed into E coli strain Rosetta2 (DE3). Fusion protein
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production was induced at 28°C at 150 rpm for 8 h and the
fusion protein was purified with amylose resin (NEB, E8021S,
USA) following the manufacturer’s instructions. Fusion pro-
tein purification was performed three times.

The purified MBP-fused proteins were used for the en-
zyme assay. Diaphorase activity was measured using
DCPIP, an electron acceptor (Onda et al., 2000). The reac-
tion buffer contained 50 mM Tris—HCl (pH = 7.5), 1T mM
MgCl,, 550 pM DCPIP, 3 mM Glucose-6-phosphate
(Glc-6-P), 50 pg Glc-6-P dehydrogenase, 100 nM purified
proteins, and a series concentration of NADPH (from
3.125 to 200 pM). The absorbance curve was monitored
at 600 nm in a microplate reader (TECAN, M200PRO).
Purified fusion proteins from three experiments were
used for the enzyme activity assay. For each enzymatic
reaction, two or three technical repeats were used. This
experiment was repeated three times.

Determination of H,0, contents, POD activity, CAT
activity, MDA content, NADP* and NADPH
contents, and ion leakage

POD and CAT activities and MDA contents were measured
as previously described (Wang et al, 2012; Xie et al, 2018;
Chen et al, 2021). For POD and CAT activities analysis, ~0.1
g of leaf or callus tissue was extracted with 1 mL of extrac-
tion buffer (100 mM phosphate buffer [pH = 7.0], 1 mM eth-
ylenediaminetetraacetic acid [EDTA], 0.1% Triton-X-100, and
1% polyvinyl pyrrolidone [PVP]) at 4°C. The POD reaction
solution contained 50 mM phosphate buffer (pH = 7.0), 100
mM H,0,, 100 mM guaiacol, and a small volume of enzyme
extract. Changes in absorbance of the POD reaction solution
were monitored at 470 nm in a microplate reader. The CAT
reaction solution contained 50 mM phosphate buffer
(pH = 7.8), 50 mM H,0,, and a small volume of enzyme ex-
tract. Changes in absorbance of the CAT reaction solution
were monitored at 240 nm in a microplate reader. POD ac-
tivity is defined as the amount of guaiacol oxidized by H,0,
to 3,3'-dimethoxy-4,4'-biphenylquinone per fresh weight (g)
per second. CAT activity is defined as the amount of H,O,
decomposed by the enzyme to water and oxygen per fresh
weight (g) per second. For MDA contents measurement, the
extracts for the POD or CAT assay were mixed with 0.5% 2-
thiobarbituric acid (TBA) and 4.5% trichloroacetic acid (TCA)
and boiled for 20 min. The mixture was centrifuged and the
absorbance of the supernatant was measured at 450, 532,
and 600 nm in a microplate reader.

DAB staining was performed as previously described (Xie
et al, 2018). H,O, quantification was performed using a
Hydrogen Peroxide Assay Kit (Comin, H202-1-Y, China).
NADP* and NADPH contents were determined using a
Coenzyme Il NADP(H) Content Assay Kit (Comin, NADP-1-
Y, China) according to the manufacturer’s manual.

The ion leakage assay was performed as previously de-
scribed (Chen et al, 2021). Experiments were performed at
least three times.
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DNA methylation assay, 5-AZA treatment, and
McrBC-gPCR

For locus-specific BS-seq, genomic DNA was extracted from
GL-3 leaves using the CTAB method (Chang et al, 1993)
with the RNA removed by RNase A treatment (Thermo
Scientificc EN0531, USA). DNA from GL-3 roots was
extracted using a Super Plant Genomic DNA Kit (TIANGEN,
DP360, China). Approximately 300 ng DNA was treated with
bisulfite using an EZ DNA Methylation-Gold Kit (Zymo
Research, D5005, USA) and amplified by PCR using
ZymoTaq PreMix (Zymo Research, E2003, USA). The ampli-
fied products were recovered from an agarose gel using a
GeneJET Extraction and DNA Cleanup Micro Kit (Thermo
Scientific, K0832, USA) and cloned into the pClone007 vec-
tor using a Versatile Simple Vector Kit (TSINGKE, 007VS,
China). At least 14 clones were sequenced per genotype.
The final results were analyzed using Kismeth online soft-
ware (Gruntman et al,, 2008). All primers used are listed in
Supplemental Data Set S1.

5-AZA (Sigma, A3656, USA) treatment was performed as
previously described with minor modifications (Li et al,
2016). Subcultured GL-3 plants were transferred to MS me-
dium supplemented with 7 pg/mL 5-AZA or DMSO for an
additional 3 weeks under long-day conditions (14-h light:
10-h dark) at 25°C and then treated with 20% PEG8000 (w/
v) for 0 or 6 h.

For McrBC-qPCR, genomic DNA from GL-3 plants, which
were treated as described above, was extracted using a
Super Plant Genomic DNA Kit (TIANGEN, DP360, China) as
previously described (Mao et al, 2015; Ghoshal et al, 2021)
with minor modifications. Briefly, ~200 ng of DNA was
digested for 16 h at 37°C with McrBC (Takara, 1234A,
Japan), followed by 20 min at 65°C to inactivate the en-
zyme. A parallel reaction, in which equal amounts of DNA
were placed in buffer without the enzyme, was used as a
negative control. The digested DNA was diluted four times,
followed by gPCR. The McrBC digestion at the MITE-MdRF1
region was normalized to the reference gene MdMDH and
then to the undigested control. Experiments were per-
formed three times. All the leaves collected from four tissue-
cultured plants were pooled as one biological replicate.
Three biological replicates were used for each experiment.

Promoter:GUS analysis

The promoter (2,759 bp) of MdRFNR1-1 was amplified from
GL-3 and cloned into the binary vector pMDC164 (TAIR ac-
cession number: 1009003759) through Gateway technology,
resulting in the MdRFNR1-1,,,;GUS plasmid. The MdRFNR1-1
promoter without the MITE was amplified by PCR using the
MdRFNR1-1,,,,,GUS plasmid as the template, and the prod-
ucts were introduced into the binary vector pMDC164,
resulting in MdRFNR1-1§r’Z”TE:GUS. Both plasmids were trans-
formed into Arabidopsis (ecotype Columbia-0) or calli by A.
tumefaciens-mediated transformation. Transgenic calli or
Arabidopsis roots were soaked in 20% PEG8000 (w/v) solu-
tion for 6 h. GUS staining was performed as previously de-
scribed (Guan et al, 2013). GUS activity was measured using
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a GUS Gene Quantitative Detection Kit (Coolaber, SL7161,
China) according to the manufacturer’s manual. Both experi-
ments were performed three times, with an individual callus
as one biological replicate, and at least four biological repli-
cates for each experiment were used.

DAP-gPCR analysis

DAP-qPCR was carried out as previously described (Bartlett
et al, 2017), with minor modifications. To generate the
methylated DAP library and the non-methylated amp-DAP
library, genomic DNA was extracted from GL-3 leaves by the
CTAB method (Chang et al, 1993), using RNase A (Thermo
Scientific, EN0531, USA) to remove the residual RNA. The
genomic DNA was diluted to 10 ng/pL in nuclease-free wa-
ter and sonicated into 200-400 bp DNA fragments.
Approximately 500 pL of sonicated DNA was transferred to
a new tube, followed by the addition of the adapter to the
DNA ends. Sonicated DNA amplified with Q5 High-Fidelity
DNA Polymerase (NEB, M0491S, USA) was used to construct
the non-methylated amp-DAP library, whereas the remain-
ing sonicated DNA was used to construct the methylated
DAP library.

To express GST-fused MdSUVH1 and MdSUVH3, the TNT
SP6 High-Yield Wheat Germ System (Promega, L3261, USA)
was used. Briefly, the full-length sequences of MdSUVH1 and
MdSUVH3 were cloned into the pET42a(+) vector
(Novagen, USA) and Q5 High-Fidelity DNA Polymerase was
used to amplify GST-MdSUVHT and GST-MdSUVH3 with the
forward primer (5-GACTCATATTTAGGTGACACTATAG
AACAGACCACCATGGGTATGTCCCCTATACTAGG-3') and
the reverse primer (5/-||l|||||||||||||||||||||||
TTTTTTTAGTGGTGGTGGTGGTGGT-3').  Amplified DNA
was recovered from the agarose gel using a GeneJET
Extraction and DNA Cleanup Micro Kit (Thermo Scientific,
K0832, USA), followed by agarose gel electrophoresis to ver-
ify the correct product. Approximately 1 pg of the PCR
product (no more than 8 L) was added to 30 pL TNT SP6
High-Yield Wheat Germ Master Mix, with nuclease-free wa-
ter was added to the final volume of 50 pL. GST-MdSUVH1
(wild type or mutant), GST-MdSUVH3 (wild type or mu-
tant), and GST protein were then expressed at 25°C for 2 h.

For DAP-gPCR, 30 pL MagneGST Glutathione Particles
(Promega, V8611, USA) was used to bind 15 pL GST-fusion
protein at 4°C for 1 h and washed three times with
MagneGST Binding/Wash Buffer. After incubation with 100
ng of the DAP library or amp-DAP library at 4°C for 1 h, un-
bound DNA was removed by washing four times with
MagneGST Binding/Wash Buffer. Finally, 100 pL of elution
buffer was used to resuspend the complex, followed by boil-
ing for 10 min, and the supernatant containing recovered
DNA was transferred to a new tube and used for qPCR
analysis. ChamQ Universal SYBR qPCR Master Mix (Vazyme,
C601, China) was used to perform qPCR analysis on a
CFX96 real-time system (Bio-Rad, USA) and the relative en-
richment was calculated by the 2722 method (Livak and
Schmittgen, 2001). A fragment located in the MdRFNR1
exon and intron was used as the reference gene. DNA
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enrichment by GST protein was used as the negative con-
trol. All primers used are listed in Supplemental Data Set S1
and primer efficiency is shown in Supplemental Figure S18.
Experiments were performed three times. In each experi-
ment, the protein was expressed three times and the same
library was used for affinity purification by proteins
expressed from different batches.

Dual-luciferase assay

The DUAL-LUC was performed as previously described
(Hellens et al, 2005; Xie et al,, 2018). The CDS of MdSUVH]1,
MdADNAJ1, MdDNAJ2, and MdDNAJ5 was individually cloned
into the pGreen62-SK vector (Hellens et al, 2005). The pro-
moter fragments of MARFNR1-1 and MdRFNR1-2 were sepa-
rately introduced into the pGreen0800-LUC vector (Hellens
et al, 2005). The resulting constructs were individually trans-
formed into A. tumefaciens strain GV3101 and the different
combinations were injected into 4-week-old N. benthamiana
leaves. Leaf samples were collected after 3 days of co-
infiltration, and firefly luciferase and Renilla luciferase activity
was detected with a Dual Luciferase Reporter Gene Assay
Kit (Yeasen, 11402ES60, China). For the dehydration analysis,
leaves of infiltrated N. benthamiana plants were detached
and air dried for 3 h. Experiments were performed three
times. Leaf discs taken from six leaves were pooled as a bio-
logical replicate, at least eight biological replicates for each
experiment were used.

Y2H assay

The Y2H assay was performed according to the manual of
the Matchmaker Gold Yeast Two-Hybrid System (Clontech,
USA). Briefly, the CDS of MdSUVHT or MdSUVH3 was ampli-
fied by PCR and cloned into the pGADT7 (AD, Clontech,
630442, USA) vector and the CDSs of MdDNAJ1, MdDNA)J2,
MdADNAJ3, and MdDNAJ5 were individually cloned into the
pGBKT7 (BD, Clontech, 630443, USA) vector. The different
AD and BD combinations were co-transformed into yeast
(S. cerevisiae) strain Y2H Gold. The transformed yeast cells
were grown on SD medium, which lacked leucine and tryp-
tophan, or leucine, tryptophan, histidine, and adenine.
Experiments were performed three times.

Split-LUC assay

The split-LUC assay was performed as previously described
(Chen et al, 2021). The CDS of MdSUVH1 was cloned into
the pCAMBIA1300-cLuc vector (Addgene accession number:
174051) and the CDSs of MdDNAJ1, MdDNAJ2, MdDNAJ3,
and MdDNAJ5 were individually cloned into the
pCAMBIA1300-nLuc vector (Addgene accession number:
174050). The resulting constructs were then transformed
into A. tumefaciens strain C58C1 and the different cLuc and
nLuc combinations were co-injected with 355:p79 into N.
benthamiana leaves. After 3 days of co-infiltration, the lucif-
erase signal was captured as previously described (lIshitani
et al, 1997) with a CCD camera (Lumazone Pylon 2048B,
Princeton, NJ, USA). Experiments were performed three
times. The injected leaves within one plant were pooled as a
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biological replicate and six biological replicates for each ex-
periment were used.

Statistical analysis

Statistical significance was determined by Student’s t test or
one-way ANOVA (Tukey’s test) analysis using Prism 5.0 soft-
ware (GraphPad Software, USA). Differences were considered
significant if P < 0.05, 0.01, or 0.001. The statistical results
are shown in Supplemental Data Set S2.

Accession numbers

Sequence data used in this article can be found in GenBank

under the following accession numbers: OL763817
(MdRFNR-1-1,,;MdRFNR1-1), OL763818 (MdRFNR-1-
2p0’MdRFNR1-2),  OL763829  (MdSUVH1),  OL763830

(MdSUVH3), OL763825 (MdDNAJ1), OL763826 (MADNAJ2),
OL763827 (MdDNAJ3), and OL763828 (MdDNAJ5).

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. RFNRT expression patterns un-
der PEG and short-term drought treatment and in different
tissues.

Supplemental Figure S2. Sequence alignment and phylo-
genetic analysis of RFNR in different species.
Supplemental Figure S3. MdRFNR1

purification.

Supplemental Figure S4. Expression of MdRFNR1 in
35S:MdRFNR1-1  and  35S:MdRFNR1-2  transgenic calli,
355:MdRFNR1-1 OE and MdRFNR1 RNAI transgenic plants.

Supplemental Figure S5. Photosynthetic rates of GL-3
and transgenic plants under control and drought treatment.

Supplemental Figure S6. The TE (MITE-MdRF1) insertion
in the MARFNR1-1 promoter.

Supplemental Figure S7. Detection of the MITE-MdRF1
insertion in the RFNRT promoter in different Malus
accessions.

Supplemental Figure S8. GUS staining of Arabidopsis
plants carrying MARFNR1-1,,,GUS or MdRFNR1-1,MTE:GUS
under control conditions.

Supplemental Figure S9. Expression of MdRFNR1 in
MdRFNR1-1,,MdRFNR1-1 and MdRFNR1-2,,,,;MdRFNR1-2
transgenic plants and calli.

Supplemental Figure S10. DNA methylation of the
MITE-MdRF1 insertion in the MdRFNR1-1 promoter is posi-
tively associated with MdRFNR1-1 expression in GL-3 roots
in response to PEG.

Supplemental Figure S11. Methylation of the two
MdRFNRT alleles in leaves and roots of GL-3 under control
conditions and PEG treatment.

Supplemental Figure S12. Sequence alignment and phy-
logenetic analysis of SUVH1, SUVH3, DNAJ1, and DNAJ2 in
different species.
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Supplemental Figure S13. Interaction of MdSUVH1 and
MdSUVH3 with MdDNAJ1, MdDNAJ2, and MdDNAJ5 in
Y2H and split-LUC assays.

Supplemental Figure S14. MdJRFNR1-1 expression in
NbSUVH1- and NbSUVH3-silenced N. benthamiana plants.

Supplemental Figure S15. MdDNAJ1, MdADNAJ2,
MdSUVH1, and MdSUVH3 are induced by drought
treatment.

Supplemental Figure S16. Expression of MdDNAJ1 or
MdSUVH1 in 355:MdDNAJ1 OE transgenic apple plants and
transgenic  calli  carrying  35S:MdSUVH1 + MdRFNR1-
TproMdRFNR1-1 or 355:MdSUVH1 + MdRFNR1-
2,MdRFNR1-2.

Supplemental Figure S17. MdRFNR1-1 and MdRFNR1-2
expression in 355:MdDNAJ1 OE plants and MdRFNRT expres-
sion in transgenic calli carrying 35S:MdSUVH1 and
MdARFNR1-1,,:MdRFNR1-1 or MdRFNR1-2,,,; MdRFNR1-2.

Supplemental Figure S18. Efficiency (E) of primers used
for qRT-PCR.

Supplemental Table S1. Sequence similarity and identity
of RFNR1 in different species.

Supplemental Table S2. NADPH-dependent enzyme ac-
tivity of MARFNR1 with DCPIP.

Supplemental Table S3. Names of the Malus accessions
containing MITE-MdRF1 in the RFNR1 promoter.

Supplemental Table S4. Sequence similarity and identity
of SUVH1 and SUVH3 in different species.

Supplemental Table S5. Sequence similarity and identity
of DNAJ1 and DNAJ2 in different species.

Supplemental Data Set S1. List of primers used in this
study.

Supplemental
analyses.

Supplemental File S1. FNR sequence alignment.

Supplemental File S2. FNR phylogenetic tree.

Supplemental File S3. SUVH sequence alignment.

Supplemental File S4. SUVH phylogenetic tree.

Supplemental File S5. DNAJ sequence alignment.
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