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of apple seedlings with different degrees of albinism.

Background: Leaf colour mutations are universally expressed at the seedling stage and are ideal materials for explor-
ing the chlorophyll biosynthesis pathway, carotenoid metabolism and the flavonoid biosynthesis pathway in plants.

Results: In this research, we analysed the different degrees of albinism in apple (Malus domestica) seedlings, includ-
ing white-leaf mutants (WM), piebald leaf mutants (PM), light-green leaf mutants (LM) and normal leaves (NL) using
bisulfite sequencing (BS-seq) and RNA sequencing (RNA-seq). There were 61,755, 79,824, and 74,899 differentially

methylated regions (DMRs) and 7566, 3660, and 3546 differentially expressed genes (DEGs) identified in the WM/NL,

Conclusion: The analysis of the methylome and transcriptome showed that 9 DMR-associated DEGs were involved
in the carotenoid metabolism and flavonoid biosynthesis pathway. The expression of different transcription factors
(TFs) may also influence the chlorophyll biosynthesis pathway, carotenoid metabolism and the flavonoid biosynthesis
pathway in apple leaf mutants. This study provides a new method for understanding the differences in the formation
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Background

Photosynthesis is crucial for plant growth, development
and survival [1]. Plants are a major organ of photosyn-
thesis, and colour mutations in leaves can influence plant
growth and development and even cause death, resulting
in economic losses; therefore, most leaf colour mutants
are removed individually. However, leaf colour muta-
tion, also known as chlorophyll (Chl)-deficient mutation
(CDM), is a common phenomenon in nature. CDMs are
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ideal materials for researching plant chlorophyll metabo-
lism, photosynthesis systems, chloroplast development
and genetic breeding [2, 3].

Mutations in leaf colouration are always expressed
at the seedling stage, and the types of CDMs are gener-
ally divided into albino, white emerald, greenish-white,
yellow-green, light green, etiolation, greenish-yellow and
striped [4]. These types of leaf mutants have been found
in Arabidopsis thaliana [5-7], Oryza sativa (8, 9], Zea
mays [10, 11], Nicotiana tabacum [12, 13], Glycine max
[14], ginkgo [15], tea [3] and birch [16].

There are many factors that lead to CDMs. Most leaf
mutants are caused by genetic changes, and greater
than 700 sites are involved in mutations in leaf colour-
ation in higher plants [17]. However, the underlying
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mechanism is complicated. The genetic changes in
CDMs can directly or indirectly influence the synthe-
sis, degradation, content and proportions of pigments,
decreasing photosynthesis and resulting in abnormal
leaf colours.

Cytosine methylation is extensively found in eukar-
yotes and plays a vital function in many processes,
including genome integrity maintenance, transcrip-
tion regulation, transposable element silencing and
imprinting [18]. The methylation of DNA occurs in
three different sequence contexts in plants: CG, CHG
and CHH (wherein H stands for A, T or C) [19]. Many
mechanisms are involved in establishing, maintain-
ing and removing DNA methylation marks. Methyl-
transferase 1 (MET1) and chromomethylase 3 (CMT3)
maintain methylation in the CHG and CG sequence
contexts, respectively [19], whereas domain-rear-
ranged methyltransferase 2 (DRM2) is responsible
for maintaining CHH site methylation [20]. Cur-
rently, some studies involving whole-genome bisulfite
sequencing (WGBS) have been reported in mutations
of plant colouration associated with DNA methylation,
such as apple fruit somatic mutants [21] and Prunus
mume flower colour chimaera mutants [22], and a
few reports have involved CDMs, especially apple leaf
mutants.

RNA sequencing (RNA-seq) is an important tech-
nology used in the molecular research of plants. In
this method, high-throughput sequencing technol-
ogy is used to sequence cDNA libraries, and RNA-seq
involves the reverse transcription of total RNA in tis-
sues or cells to reflect gene expression levels. RNA-seq
is also mainly used to identify plant colour mutation-
related genes, and this method can determine the
efficiencies and accuracies of these genes. The iden-
tification, cloning, and functional research of mutant
genes and their associations with bisulfite sequenc-
ing (BS-seq) are of great significance in explaining the
molecular mechanism of CDMs in plants [17].

Apples (Malus domestica) are extensively cultivated
and economically significant perennial fruit crops.
Most colour mutants focus on the colours of apple
fruits [21], and few studies have examined the CDMs
of apples. We used the methylome and transcriptome
to analyse three different CDMs in apple rootstock
G.935. Methylation and transcription analyses of apple
seedlings with different degrees of albinism indicated
that nine genes associated with carotenoid metabolism
and the flavonoid biosynthesis pathway were differen-
tially methylated and may be regulated by methylation
changes and transcription factors (TFs). The results
provide a new perspective for understanding the three
different degrees of albinism in apple plants.
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Results

Phenotypic characteristics of apple leaves

Different CDMs of apple leaves presented significantly
white, piebald and light-green leaf colours (Fig. 1A). The
contents of Chl a, Chl b, Chl a+b and carotenoid in
the apple leaf mutants were lower than those in normal
leaves (NL) (Fig. 1B). The order of these contents was
NL > light-green leaf mutants (LM) > piebald leaf mutants
(PM) > white-leaf mutants (WM), demonstrating that the
decreased Chl a, Chl b and carotenoid concentrations
might be the key reason for the apple CDMs. As the pho-
tosynthetically active radiation (PAR) increased (Fig. 1C),
the light-saturated net photosynthetic rates (Pn) of
mutant leaves and normal leaves were significantly dif-
ferent. NL showed the highest light-saturated Pn value,
and that of PM was the lowest followed by LM. The WM
leaves had no measured Pn value.

Whole-genome bisulfite sequencing of different apple
leaves

According to different CDMs in the apple seedlings,
we prepared three pairs of libraries (WM/NL, PM/NL
and LM/NL) from different apple leaves showing dif-
ferent leaf mutations. In the BS-Seq analyses, approxi-
mately 10,000,000 clean reads were filtered from each
sample. A total of 100,699,326, 97,804,686, 102,348,440,
and 104,361,960 mapped reads were obtained (97.55%,
98.44%, 98.84% and 98.88% of the totals, respectively).
The bisulfite conversion rates of the NL, WM, PM and
LM leaves were 99.29%, 99.28%, 99.19% and 99.25%,
respectively (Table S1). Figure S1A shows the cumu-
lative distribution of the C-base effective sequencing
depth. The fraction containing the CG, CHG and CHH
sequence contexts approached 100% with the minimum
depth. The fraction peaked at approximately 10 to 20
times the read depth of the additional peak at the mini-
mum read depth (Fig. S1A), indicating that the quality of
the sequencing data was high. The sequence depth dis-
tributions of the four apple leaves are described in Fig.
S1B. The data in Fig. S1C indicate the relative propor-
tions of methylcytosines (mCs) in CG, CHG and CHH
sequence contexts of four apple leaves, and the mC fre-
quencies were roughly equal; the CG, CHG and CHH
sites were each approximately 30%. Based on a genome-
wide perspective, the methylation landscapes of four
apple genomes were apparent and are shown in Fig. S2.
The mC distribution in all 17 apple chromosomes in all
sequence contexts is presented in Fig. S3.

DNA methylation patterns among different apple
seedlings

The methylation profiles in gene regions were analysed to
investigate the DNA methylation patterns in the mutant
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Fig. 1 Phenotype and pigment content in normal leaves (NL), white-leaf mutants (WM), piebald leaf mutants (PM) and light-green leaf mutants
(LM) of apple rootstock CG-935. A Phenotypes of three apple chlorophyll-deficient mutant leaves and normal leaves. B Chlorophyll (Chl) a, Chl b, Chl
a + b and carotenoid content. C Responses of the net photosynthetic rate (Pn) to photosynthetically active radiation (PAR) in different apple leaves.
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and wild-type apple leaves, as shown in Table S2. In
each gene region of the four different leaves, the meth-
ylation level at CG was highest, followed by CHG and C
(Fig. 2A). To explore the DNA methylation patterns in
different apple mutant leaf genomic regions, we analysed
the methylation profiles within genes. Methylation at CG
was present at the highest levels in upstream regions, fol-
lowed by downstream regions, introns and exons. Less
methylation occurred at CG and CHH sites than at CHG
sites in the upstream and downstream regions and first
exons. CG sites had higher methylation levels in internal
exons, introns and the last exons than CHG and CHH
sites. The CHH sites showed the lowest methylation lev-
els in all regions (Fig. 2B).

Differentially methylated regions in different apple leaves

Differentially methylated regions (DMRs) were identified
to research the extent of differential methylation among
the four apple leaves. Table S3 lists the distribution of the
lengths of DMRs and the number of each chromosome.
A total of 61,755 DMRs were detected between WM and

NL (WM/NL), 79,824 were detected between PM and
NL (PM/NL), and 74,899 were detected between LM and
NL (PM/NL), as shown in Table S3.

The DMRs were divided into DMR-associated genes
and promoters, and the DMRs overlapped with the
genes and promoters. A total of 9380 DMR-associated
genes were found in WM/NL, 12,161 were found in PM/
NL, and 10,486 were found in LM/NL (Fig. 3A). A total
of 19,089 DMR-associated promoters were identified in
WM/NL, 22,988 were identified in PM/NL, and 22,599
were identified in LM/NL (Fig. 3B). There were more
hyper-DMR-related genes than hypo-DMR-related genes
in both WM/NL and PM/NL, and PM/NL also had more
hyper-DMR-related promoters than hypo-DMR-related
promoters; the opposite patterns were observed in DMR-
related genes and promoters of LM/NL and DMR-related
promoters of WM/NL (Fig. 3B). Based on Gene Ontology
(GO) analysis, DMR-associated genes were involved in
different biological processes, such as catalytic activities,
metabolic processes, cellular processes, single-organism
processes and binding (Fig. 3C). The DMR-associated
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promoters revealed genes involved in metabolic pro-
cesses, including catalytic activities, cellular processes,
single-organism processes, binding and cell partition-
ing (Fig. 3D). As reflected by the analyses, the DMRs in
the Kyoto Encyclopedia of Genes and Genomes (KEGG)
were abundant in pathways involving flavonoid biosyn-
thesis, flavone and flavonol biosynthesis and photosyn-
thesis-antenna proteins (Fig. S4).

Differential gene expression among the four apple leaves
To discover the global gene expression among the differ-
ent apple leaves, RNA-seq analyses were performed for
the four apple leaves (each leaf was assessed using 3 bio-
logical replicates). A summary of the sequencing data is
listed in Table S4. Principal component analysis (PCA)
showed that the NL, LM, PM and WM samples were sep-
arately aggregated, indicating that significant differences
existed in the gene expression profiles. The four leaves
replicates did not strictly cluster together, suggesting that
inoculation within the replicates differed (Fig. S5). After
removing low-quality reads, the differentially expressed
genes (DEGs) were identified with a fold change >1 and
p-value <0.05. Fig. S6A, B, C shows the volcano plot of
DEGs in WM/NL, PM/NL and LM/NL. A total of 7566
(2462 upregulated and 5104 downregulated), 3660 (869
upregulated and 2791 downregulated), and 3546 (1906
upregulated and 1640 downregulated) transcripts were
differentially expressed in the WM/NL, PM/NL and LM/
NL comparisons, respectively (Fig. S6D).

In the GO analysis, the DEGs were divided into 37
functional terms, such as biological process, cellular
component and molecular function. Most GO term
genes of those functional terms were downregulated in
WM/NL and PM/NL, and upregulated in LM/NL. The
biological process genes were enriched in metabolic, cel-
lular and single-organism processes (Fig. S7A). Regarding
their biological functions, KEGG analysis showed that
the DEGs were observably involved in flavonoid biosyn-
thesis, DNA replication, metabolic pathways and second-
ary metabolite biosynthesis pathways (Fig. S7B).

Among the DEGs, a total of 1227 DEGs were found
in all comparisons (Fig. 4A), which were involved in
metabolic processes, genetic information processing,
environmental information processing, cellular pro-
cesses and organismal systems (Fig. 4B). Enrichment
analysis of the DEGs showed that these genes were
significantly enriched in metabolic pathways, second-
ary metabolite biosynthesis and flavonoid biosynthesis
(Fig. 4C). Additionally, 517 DEGs of TFs were found
in WM/NL, 290 DEGs of TFs in PM/NL, and 267
DEGs of TFs in LM/NL. The most highly represented
TFs included the ARR-B, AP2-EREBP, bHLH, NAC,
WRKY, LOB, C3H and ABI3VP] families (Fig. 4D). For
example, MdMYB4 (MD16G1218000) expression was
decreased 3.55-, 8.29- and 2.31-fold, and MdbHLH47
(MD06G1191600) expression was decreased 3.13-,
2.99- and 2.88-fold in WM/NL, PM/NL and LM/NL,
respectively.
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Fig. 3 Methylation analysis of WM/NL, PM/NL and LM/NL. The number of differentially methylated region (DMR)-associated genes (A) and
promoters (B) in different apple leaves. The Gene Ontology (GO) enrichment in DMR-associated genes (C) and promoters (D) in WM/NL, PM/NL and
LM/NL
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Analysis of the DEGs related to the chlorophyll
biosynthesis pathway, carotenoid metabolism

and flavonoid biosynthesis pathway

Leaf pigments, such as chlorophyll, carotenoids and fla-
vonoids, can influence plant leaf colouration [3]. There-
fore, the DEGs involved in these pathways were selected
to investigate differential gene expression among differ-
ent leaf colourations (Table S5), including the following:
HEMA (MD08G1039900), CRDI1 (MD00G1107700) and
CAO (MD08G1162200) genes involved in chlorophyll
biosynthesis pathways (Fig. 5A); PDS (MD15G1038500),
ZDS (MD12G1237300) and NCED (MD05G1207300)
in carotenoid biosynthesis pathways (Fig. 5B); and PAL
(MD01G1106900, MD04G1096200 and MD12G116700),
4CL  (MDI13G1257800), CHS (MD04G1003000),
CHI (MD01G1167300, MD07G1186300 and
MD07G1233400), DFR (MD08G1028600,
MD08G1191700 and MD15G1024100), LAR
(MD06G1211400, MD13G1046900 and MD16G1048500)
and ANS (MD03G1001100, MD06G1071600 and
MD07G1222600) in flavonoid biosynthesis pathways
(Fig. 5C).

The green leaf colouration is due to chlorophyll accu-
mulation. Chlorophyllide and oxygenase (CAO) gene
expression was decreased 1.42-, 1.69- and 0.21-fold in
WM, PM and LM, respectively, compared with that in
NL. The synthesis of 5-aminolevulinic acid (ALA) is a
rate-limiting step in chlorophyll biosynthesis. Reduced

expression of the synthetic gene glutamyl-tRNA reduc-
tase (HEMA) may affect chlorophyll metabolism in
WM and LM. Mg-protoporphyrin IX monomethyl ester
(CRD1I) gene expression was upregulated in the mutant
apple leaves in WM and PM. The transcription factor
MdMYB308 (MD07G1153200) was downregulated in
three mutant apple leaves. Therefore, the downregulated
genes might influence the chlorophyll metabolism of
mutant apple leaves.

In carotenoid metabolism, the phytoene desatu-
rase (PDS) (MD15G1038500) and (-carotene desatu-
rase (ZDS) (MD12G1237300) genes were more highly
expressed in WM, PM and LM compared with NL. Inter-
estingly, the rate-limiting enzyme 9-cis-epoxycarotenoid
dioxygenase (NCED) regulates carotenoid conversion
to abscisic acid (ABA). NCED (MD05G1207300) gene
expression was upregulated 4.60-, 3.00- and 3.48-fold
in WM/NL, PM/NL and LM/NL, respectively (Fig. 5B),
which might cause the degradation of carotenoids.

In the flavonoid synthesis pathway, the expression of
phenylalanine ammonia-lyase (PAL) (MD04G1096200)
was decreased 5.46-, 3.66- and 2.48-fold compared with
NL in the three mutants, and PAL (MD12G1116700) was
decreased 6.22-, 2.70- and 2.66-fold compared with NL
(Fig. 5C). Chalcone synthase (CHS) (MD04G1003000),
chalcone isomerase (CHI) (MD01G1167300,
MDO07G1186300 and MD07G1233400), dihydroflavonol-
4-reductase (DFR) (MD08G1028600, MD08G1191700
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and MDI15G1024100), leucoanthocyanidin  reduc-
tase (LAR) (MD06G1211400, MD13G1046900 and
MD16G1048500) and leucoanthocyanidin  dioxyge-
nase (ANS) (MDO03G1001100, MD06G1071600 and
MD07G122600) were also decreased in the three
mutant apple leaves. The transcription factor MdbHLH3
(MD11G286900) combines with the DFR gene to regu-
late the flavonoid synthesis pathway [23], and MdbHLH3
expression levels in WM/NL and PM/NL were decreased
2.82- and 2.13-fold, respectively. The TT2 transcription
factor (MD09G1184000) is an R2R3 MYB domain protein
that regulates LAR [24], and its expression was decreased
1.74-, 1.63- and 1.75-fold in WM/NL, PM/NL and LM/NL,
respectively. These results potentially explain the decreased
DFR and LAR gene expression in the mutants. Some MYBs
control anthocyanin production in plants via the transcrip-
tional regulation of structural genes (Naing and Kim, 2018),
and the transcription factors MYB308 (MD06G1229700,
MD07G1153200, MD14G1234500 and MD14G1234600)
and MYB4 (MD16G1218000) were also decreased in three
CDMs apple leaves.

Correlation analysis between DMRs and DEGs in different
apple leaves

The correlation between DMRs and DEGs on the whole-
genome scale was assessed to investigate the influence of
DNA methylation on gene expression. A total of 263,066
DMRs were found between the mutant leaves and the

normal leaves. Approximately 51.89% of the DMRs were
distributed in the distal intergenic regions, and 30.38%
of the DMRs were found in promoter regions (Fig. 6A).
The number of hyper-DMRs was approximately equal
to the number of hypo-DMRs in WM/NL, and the num-
ber of hyper-DMRs was higher than that of hypo-DMRs
in PM/NL and the opposite in LM/NL (Fig. 6A). In WM/
NL, 74,840 DMRs (37,717 hypermethylated and 37,123
hypomethylated DMRs) were found, and these DMRs
overlapped with 16,033 hypermethylated and 15,858
hypomethylated genes. In PM/NL, 98,020 DMRs (70,511
hypermethylated and 27,509 hypomethylated DMRs)
were selected and overlapped with 27,552 hypermethyl-
ated and 11,973 hypomethylated genes. In LM/NL, 90,206
DMRs (31,708 hypermethylated and 58,498 hypomethyl-
ated DMRs) were found, and these regions overlapped with
14,258 hypermethylated and 22,580 hypomethylated genes
(Fig. 6B).

By combining the results obtained from the differ-
ent mutants, 52,008 and 6776 differentially methylated
genes (DMGs) were identified (Fig. 6C). GO analysis
was performed on the DMGs to understand the pos-
sible role of DNA methylation in the different apple
leaves. These results indicated notable differences in
biological processes, cellular components and molecu-
lar functions during the greening stage (Fig. 6D). Figure
S8 shows the number of DMGs at CG, CHG, and CHH
sites between DMRs and DEGs in WM/NL, PM/NL and
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LM/NL. Methylation at CHH sites was noted in most
genes between DMRs and DEGs, followed by methyla-
tion at CG and CHG sites. Figure S9 indicates the gene
expression patterns and methylation levels. Although
the expression levels of hyper-DMR genes and all genes
were slightly higher than the expression levels of hypo-
DMR genes in the expression of DMR-associated genes
and promoters, there was no statistically significant dif-
ference between hypomethylated or hypermethylated
genes and all genes. There was also no obvious difference
in the hypermethylated or hypomethylated with DEG-
associated genes or promoters among the three different
mutant comparisons.

DMR-associated DEGs are involved in the carotenoid

and flavonoid biosynthesis pathways

We also focused on the DMR-associated DEGs involved
in the chlorophyll, carotenoid and flavonoid biosynthe-
sis pathways (Fig. 5 and Table S6). There were no DMR-
associated DEGs involved in the chlorophyll biosynthesis
pathways. In the carotenoid biosynthesis pathway, PDS
(MD15G1038500) gene expression was decreased in
mutant leaves compared with normal leaves, and the PDS
promoter was hypermethylated in PM/NL. In the flavo-
noid biosynthesis pathway, the PAL (MD04G1096200)
gene exhibited decreased expression and a hypermethyl-
ated gene body in PM/NL. In WM/NL, LM/NL and PM/
NL, CHS (MD04G1003000) was downregulated with
a hypermethylated promoter. In WM/NL, LM/NL and
PM/NL, CHI (MD07G1186300 and MD07G1233400)
exhibited decreased expression and a hypermethylated
gene body. In PM/NL, CHI (MD01G1167300) exhib-
ited decreased expression and hypermethylated gene
bodies. The expression of DFR (MD15G1024100) was
also decreased, and its gene body and promoter were
hypermethylated in PM/NL. In PM/NL and LM/NL,
LAR (MD16G1048500) expression was downregulated
with a hypermethylated gene body. In PM/NL, ANS
(MD03G1001100) downregulated gene with a hyper-
methylated promoter was observed.

Confirmation of DNA methylation and gene expression
data

Several DMR genes (MD07G12334000, MD15G1024100,
MD04G1003000, MD03G1001100 and MD13G1257800)
involved in the carotenoid and flavonoid biosynthesis
pathways were selected for bisulfite-PCR and sequencing
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analyses. Using four apple leave samples, these regions
were subjected to bisulfite-PCR and then sequenced.
The bisulfite-PCR results were consistent with the cor-
responding methylome analysis (Fig. S10), indicating that
the sequencing results were reliable.

To validate the RNA-seq results, 15 DEGs
(MD04G1096200, MD12G1116700, MD04G1003000,
MDO01G1167300, MD07G1186300, MD07G1233400,
MD08G1191700, MD15G1024100, MD03G1001100,
MD08G1207100, MD16G1003400, MD14G1147900,

MD05G1207300, MD13G1004100 and MD16G1048500)
involved in the chlorophyll, carotenoid and flavonoid bio-
synthesis pathways were validated at the transcript level in
four apple leaves. The RT-qPCR results were not signifi-
cantly different from the RNA-seq data, and similar trends
were found in the up- and downregulated genes (Fig. S11).

Discussion

Colour mutation in leaves is an easily identifiable and com-
mon phenomenon in higher plants. CDMs frequently affect
photosynthetic plant efficiency, causing plant growth delay
and economic losses. For this reason, CDMs have been
negatively selected in the past. More recently, the use of
CDMs has become more common. Mutants are ideal mate-
rials for researching chloroplast differentiation and devel-
opment, pigment metabolism, photosynthesis and other
pathways; mutants also supply significant information for
improving varietal selection [17].

Apples are a widely cultivated and economically signif-
icant perennial fruit. Most research has focused on the
colour of apple flesh [21], and the CDMs of apples are
rarely involved. In this study, we analysed differences in
the methylome analyses and transcriptome analyses of
three different natural CDMs of G.935 apple. We provide
a reference for future research and application of CDM.

In plants, the DNA methylation machinery may affect
growth, development, the regulation of biosynthesis and
phenotypic plasticity [25-27]. Therefore, it is important
to explain the differences in the methylomes of DNA
between CDMs and normal apple leaves to understand
epigenetic regulation. The DNA methylation dynamics
were investigated at a single-base resolution through
WGBS in four apple leaves (NL, WM, PM and LM). The
genome showed methylation levels of 62.85-67.00%,
44.52-49.25%, and 6.73-9.05% at the CG, CHG and
CHH sites, respectively (Table S7). The methylation of

(See figure on next page.)

Fig. 6 Whole-genome methylome analysis of WM/NL, PM/NL and LM/NL. A Numbers of differentially methylated regions (DMRs) among WM/
NL, PM/NL and LM/NL. DMRs involved in intergenic and genic regions. The genic regions include exons, introns, and promoters. B DMRs and
differentially methylated genes (DMGs) in WM/NL, PM/NL and LM/NL. C Venn diagrams of DMRs in WM/NL, PM/NL and LM/NL. D Gene Ontology

(GO) analysis of DMGs in WM/NL, PM/NL and LM/NL
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CG was found to be more common than the methyla-
tion of CHG or CHH sites in previous methylome stud-
ies of apple plants [21]. In the four apple leaves studied
here, methylation at CG, CHG and CHH sites followed
the same trend; methylation was the most common at
CQG sites, followed by CHG and CHH sites. Among the
four leaves, PM had the highest methylation levels, and
NL had the lowest methylation levels. This finding indi-
cated that the methylation level in the normal leaves
was relatively stable; on the other hand, the PM leaves
exhibited substantial changes in their methylation lev-
els. Previous research indicated that the level of DNA
methylation positively correlates with genome size [28,
29]. Compared with other plants, such as Arabidopsis,
Eutrema salsugineum, Vitis vinifera and Beta vulgaris,
apple plants show middling methylation levels [29].
These results indicated that DNA methylation primarily
functions to maintain genome stability [21].

As an epigenetic marker, DNA methylation plays a
role in repressing gene expression. When first conduct-
ing genome-wide methylome analyses, the relationship
between DNA methylation and gene expression was
found to be more complicated than initially believed [3].
For example, in rice and Arabidopsis, promoter methyla-
tion restrains the expression of genes only at highly meth-
ylated gene loci, and gene body methylation is always
positively related to gene expression [30, 31]. Global
methylation and transcriptional analyses indicated that
nonexpressed genes or genes expressed at low levels
were highly methylated in the gene body regions, sug-
gesting that gene body methylation negatively correlates
with gene expression. Moreover, genes with methylated
promoters were more highly expressed than genes with
unmethylated promoters, implying that promoter meth-
ylation and gene expression are positively correlated [32].

For certain DMR-associated DEGs, the opposite pat-
tern was observed. In the carotenoid biosynthesis path-
way, the PDS gene (MD15G1038500) was downregulated
with hypomethylated promoters in PM/NL. The analyses
also emphasized eight DMR-associated downregulated
DEGs related to the flavonoid biosynthesis pathway.
Specifically, PAL (MD04G1096200) exhibited decreased
expression and a hypomethylated gene body in PM/NL.
In WM/NL, LM/NL and PM/NL, CHS (MD04G1003000)
represented downregulated genes with hypermethyl-
ated promoters. In WM/NL, LM/NL and PM/NL, CHI
(MD07G1186300, MD07G1233400) exhibited decreased
expression and a hypomethylated gene body. In PM/
NL, CHI (MD01G1167300) was decreased and had a
hypomethylated gene body. DFR (MD15G1024100) also
showed decreased expression with a hypermethylated
gene body and promoter in PM/NL. In PM/NL and LM/
NL, LAR (MD16G1048500) exhibited downregulated
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expression with a hypermethylated gene body, and ANS
(MD03G1001100) exhibited downregulated expres-
sion with a hypomethylated promoter. In general, the
expression of many genes was not associated with the
corresponding methylation level. Although some down-
and upregulated genes were related to hyper- and hypo-
DMRs, many DEGs did not show remarkably different
methylation levels. DNA methylation influences the
expression of genes and is likely influenced by a com-
bination of direct and indirect mechanisms [21]. The
bisulfite-PCR and RT-qPCR results were consistent with
the corresponding methylome analysis and RNA-seq
data (Fig. S10 and S11), indicating that the sequencing
results were reliable.

Plant leaf colouration is also influenced by the pigments
in leaves, such as chlorophyll, carotenoids and flavo-
noids [3]. Leaf colouration is also affected by the chloro-
phyll, carotenoid and flavonoid biosynthesis pathways.
In plant leaves, the chlorophyll and carotenoid contents
are the main colouring matter that capture light energy.
The colouration of plant leaves is mainly influenced by
the biosynthesis and transport of chlorophyll and carot-
enoids [15, 33]. Many albino leaves have conspicuously
decreased chlorophyll levels [34, 35]. In this research,
less Chl a and Chl b were detected in the CDMs than in
NL (Fig. 1A). Chl b biosynthesis regulates light-harvest-
ing efficiency and photosynthetic antenna size [36]. The
decreased chlorophyll contents observed in the CDMs
indicate that the mutants might have less light-harvesting
efficiency than NL and that this factor may affect leaf col-
ouration. The expression of CAO, CRD1, HEMA and the
transcription factor MdMYB308 was decreased, which
may induce low Chl b levels in the three mutant leaves
(Fig. 5A). MdMYB308 (MD07G1153200) was also down-
regulated in three mutant apple leaves. The homologous
gene CsMYB36 (Csa2G352940) is involved in the forma-
tion of the yellow-green peel in Cucumis sativus [37], and
a CsMYB36 mutation could affect the synthesis of L-glu-
tamate-tRNA to 5-aminopentanone, resulting in low
chlorophyll levels in the pericarps of yellow-green peel
mutants and affecting the chlorophyll content.

The pigments of carotenoids are red, orange, or yel-
low. Carotenoid biosynthesis is balanced with chloro-
phyll synthesis in the chloroplast, and carotenoids are
also essential for photoprotection [38]. Various carot-
enoids exhibit changes in composition, especially dis-
playing markedly increased zeaxanthin levels, leading to
albino tea cultivars [35] and yellow-leaf mutants of win-
ter wheat [33]. The total carotenoid contents in NL, WM,
PM and LM were obviously different, and the carotenoid
contents in mutants were significantly decreased com-
pared with those in normal leaves (Fig. 1A). In particular,
NCED is a rate-limiting enzyme that controls carotenoid
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transformation to ABA, and NCED gene expression was
upregulated in WM, PM and LM (Fig. 5B) and may influ-
ence carotenoid degradation and contribute to carot-
enoid component changes.

Flavonoids, including anthocyanins, flavones and fla-
vonols, also affect leaf colouration [15]. Structural gene
expression in the flavonoid metabolic pathway can influ-
ence plant colouration. Under light induction, the activity
of PAL and anthocyanin levels increase in purple-foliage
plum leaves, and the colour of leaves gradually turns pur-
plish red [39]. CHS is also a key enzyme in the antho-
cyanin biosynthetic pathway. When the CHSI gene of
Freesia hybrida was incorporated into Petunia hybrida as
a transgene, the colour of P. hybrida changed from white
to pink [40]. Silencing of the CHI gene can induce yellow
pigmentation in tobacco and carnation [41]. Moreover,
the oxidation of downstream colourless proanthocyanin
is regulated by ANS into the coloured anthocyanin. The
genes and transcription factors in the flavonoid meta-
bolic pathway, including PAL, 4CL, CHS, CHI, DFR, LAR,
ANS and MdbHLH3 were decreased in apple with differ-
ent CDMs (Fig. 5C). The increased methylation of these
genes and the regulation of transcription factors may
be responsible for the downregulation of the genes and
influence the phenotypes of apple leaves.

Conclusions

The methylomes and transcriptomes of apple seedlings
with three different degrees of albinism were analysed,
and DMR-associated DEGs in carotenoid metabolism
and the flavonoid biosynthesis pathway were identi-
fied in three comparisons (WM/NL, PM/NL and LM/
NL). The DEGs included PDS (MD15G1038500),
PAL (MD04G1096200), CHS (MD04G1003000), CHI
(MD01G1167300, MD07G1186300, MD07G1233400),
DFR (MD15G1024100), LAR (MD16G1048500) and
ANS (MD03G1001100), and had hypermethylated pro-
moter or gene body regions. The expression of different
transcription factors may also influence the chlorophyll,
carotenoid and flavonoid biosynthesis pathways. The dif-
ferential methylation of structural gene promoters and
transcription factors affected different biosynthesis path-
ways in the apple leaf mutants, which may explain the
induction of white-leaf mutants, piebald leaves and light-
green leaves in apple leaves.

Methods

Plant materials and growth conditions

Seedlings of apple rootstock G.935 with different degrees
of albinism selected by natural variability and wild type
G.935 were used in this study. G.935 plants with three
different degrees of mutation and wild-type plants were
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grown at 25°C in a greenhouse with a 16-h light/8-h dark
photoperiod for two months. The virescent leaves of the
mutant plant were named light-green leaves (LM), the
zebra leaves were named piebald leaf mutants (PM), and
the albino leaves were named white-leaf mutants (WM).
Wild-type G.935 was treated as a control and termed
normal leaves (NL). After the determination of net pho-
tosynthesis, the chlorophyll contents and carotenoid con-
tents, the mature leaves from the three mutants and the
NL at 9 to 12 positions along the stem base were sam-
pled between 10 and 11am, immediately frozen in liquid
nitrogen, and used for the WGBS and RNA-seq analysis.

Photosynthetic measurements

Leaves were collected from 4 different apple plants to
detect different physiological indexes. Ninety-five per-
cent ethyl alcohol was used to extract Chl a, Chl b, Chl
a+b and carotenoids, and the concentrations were
determined spectrophotometrically as described by
Arnon [42].

The Pn of apple leaves was monitored on sunny days as
described by Sun et al. [43]. PAR was gradually decreased
stepwise using an integrated light-emitting diode (LED)
light source from 2000 to O pmolm™?s™?, and the Pn was
recorded at each PAR point when it was stable.

WGBS analysis

Apple DNA genomes were extracted from mutant and
wild-type leaves using a Plant Genomic DNA Purifi-
cation Kit (Tiangen, Beijing, China). Sonication was
performed to fragment the DNA into 100- to 300-bp
fragments (Covaris, MA, USA). The genomic fragments
were ligated with adapters, converted with bisulfite using
a Methylation-Gold kit (Zymo, CA, USA), and sequenced
by using an Illumina HiSeq 2500 from Gene Denovo
Biotechnology Co. (Guangzhou, China).

For the data analysis, BSMAP software was used to
map the clean reads back to the apple reference genome.
The sliding-window approach with a 200-bp window
slide at 50-bp intervals was used for each sequence con-
text to identify the DMRs. DMRs for each sequence
context (CG, CHG and CHH) between sample 1 and
sample 2 were determined according to different criteria:
at least five methylated cytosine sites; coverage of more
than ten reads; distance between adjacent methylated
sites <200bp; methylation level of greater than 20%; and
Fisher’s exact test p-values <0.05 and false discovery rate
(FDR)<0.05 using Methylkit (V1.4.1) [44]. The DMR-
associated genes and promoters were characterized after
the DMRs were identified. Gene regions were classified
into the promoter (2 kb upstream from transcription start
sites), exon, intron, upstream (up to 2kb gene start) and
downstream (up to 2kb gene end) regions.
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GO analysis was performed with GO:Term Finder
software [45] and the KEGG enrichment tool (http://
www.kegg.jp/kegg/) [46] to study the DMR-associated
genes and promoters. Bonferroni correction was used to
calculate the p-value. GO terms with corrected p-values
<0.05 were regarded as greatly enriched by DMR-associ-
ated genes or promoters. KEGG pathways with p-values
<0.05 were considered significantly enriched with DMR-
related genes.

RNA extraction and the transcriptome sequencing

The total RNA of the apple leaves was separated using
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) for tran-
scriptome analysis, and three biological replicates were
used for each sample. For library construction, 5pg of
RNA per sample was used. The libraries were sequenced
using an Illumina HiSeq2500 from Gene Denovo Bio-
technology Co. (Guangzhou, China). After rapid filtering
[47] (version 0.18.0), the clean reads were compared with
the apple genome (https://iris.angers.inra.fr/gddh13/
index.html) by HISAT2.2.4 and Bowtie2 tools [48, 49].
For each transcription region, the fragment per kilobase
of transcript per million mapped reads (FPKM) val-
ues were calculated using RESM software [50]. DESeq2
software was used to identify the DEGs [51] based on a
fold change >2 and divergence probability >0.8 [52].
The DEGs were analysed according to the default param-
eters by GO and KEGG enrichment, and GO terms with
corrected p-values <0.05 were considered significantly
enriched by DEGs.

Bisulfite sequencing PCR (BSP) analysis

Samples of gDNA (750ng) from different apple leaves,
including WM, PM, LM and NL, were treated with an
EZ DNA Methylation-Gold Kit (Zymo Research) accord-
ing to the method of Jiang et al. [21]. Each fragment was
subjected to three independent PCRs to produce 12
independent clones for sequencing. The online software
Kismeth was used to analyse the results (http://katahdin.
mssm.edu/kismeth). The primers used for BSP-PCR are
listed in Table S8.

Reverse transcription and qRT-PCR

A Revert Aid First Strand cDNA Synthesis Kit (Thermo
Scientific, Waltham, MA, USA) was used to reverse
transcribe 1pg RNA with a CFX96 instrument (Bio-
Rad, Hercules, CA, USA) and SYBR® Premix Ex Taq"" II
(Takara, Dalian, China) to perform quantitative real-time
reverse transcriptase PCR (qRT-PCR). The gene elonga-
tions factor la in M. domestica (EF-1a; DQ341381) was
used to standardize different genes in the cDNA samples
[53]. The 22T method was used to compute the rela-
tive expression level of each gene [54]. Three biological
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samples were used in all experiments. The primers used
for qRT-PCR are listed in Table S8.

Statistical analysis

Three biological and three technical replicates were
included in all experiments. The data are presented as
the mean & SD. The significant differences among groups
were evaluated using Duncan’s multiple-range test. The
p-values <0.05 were considered statistically significant.
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