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Abstract

Whole-genome duplication (WGD) in plants triggers profound morphological and physiological changes, with DNA
modification being a key epigenetic factor that helps neo-polyploids overcome challenges and gain adaptive advan-
tages. Tetraploids were previously mined from diploid citrus seedlings, showing enhanced environmental adaptabil-
ity and potential as rootstocks. These tetraploids exhibited increased leaf and cell wall thickness compared to their
diploid counterparts. To explore the impact of WGD, transcriptomic and whole-genome bisulfite sequencing (WGBS)
were conducted on two pairs of citrus tetraploids and their diploid controls, revealing significant molecular changes.
Notably, tetraploid citrus displayed lower CG methylation levels in gene and transposable element (TE) bodies
relative to diploids. Differentially methylated genes (DMGs) between tetraploids and diploids were primarily associ-
ated with immune stress, organ development, metabolic pathways, and secondary metabolism. In Trifoliate orange
(Poncirus trifoliata L. Raf.) and Ziyang Xiangcheng (Citrus junos Sieb. ex Tanaka), only 150 and 58 differentially expressed

genes (DEGs) were identified, respectively, with enrichment in critical cellular processes such as cell wall synthesis,
plastid development, and pathways modulating chloroplasts and plasma membranes. A total of 70 genes showed
both differential methylation and expression, including ACNT, Nac036, and ASMT1, which are involved in stomatal
development, leaf morphology, and melatonin synthesis, respectively, offering insight into the regulatory mecha-
nisms of phenotype alterations after polyploidization. These findings reveal the epigenetic modifications in polyploid
citrus and highlight the role of polyploidization-induced methylation in driving phenotypic changes.
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Introduction

Polyploidy, including whole-genome duplication (WGD),
is a crucial mechanism driving the evolution and diver-
sification of flowering plants (Soltis et al. 2014). Many
essential crops, such as wheat, cotton, and oilseed rape,
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are allopolyploids, while others like alfalfa and potato
are autopolyploids. Compared to diploids, polyploids
often display significant morphological and physiological
changes, such as accelerated growth, enlarged cells, tis-
sues, and organs, as well as metabolic shifts and enhanced
resilience to environmental stresses (Lavania et al. 2012).
In the early stages of polyploid evolution, newly formed
polyploids may face obstacles such as meiotic irregulari-
ties, genomic instability, and epigenetic alterations, yet
natural polyploid species tend to exhibit greater genomic
stability over time (Comai 2005). Epigenetic modifica-
tions are believed to play a pivotal role in both the estab-
lishment and long-term stability of polyploid plants.
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In plants, DNA methylation occurs in three sequence
contexts: CG, CHG, and CHH (with H represent-
ing A, T, or C), and two key methylation mechanisms
are recognized: de novo methylation and maintenance
methylation. In Arabidopsis, de novo DNA methyla-
tion is mediated by the RNA-directed DNA methyla-
tion (RADM) pathway, while the maintenance of CG,
CHG, and CHH methylation is governed by distinct
enzymes: DNA methyltransferase 1 (MET1) for CG,
chromomethylase 3 (CMT3) for CHG, and both RdADM
and chromomethylase 2 (CMT2) for CHH methyla-
tion (Matzke and Mosher 2014). In the RADM pathway,
24-nt siRNAs direct de novo cytosine methylation, with
domains rearranged methylase 2 (DRM2) carrying out
methylation across all sequence contexts (Matzke and
Mosher 2014). In autotetraploid rice, increased siRNA
abundance has been linked to CHG and CHH hyper-
methylation of class II transposable elements (TEs),
subsequently reducing the expression of nearby genes
(Zhang et al. 2015). DNA methylation levels are regu-
lated by dynamic methylation and demethylation pro-
cesses, which influence key molecular pathways in
plant development (Finnegan et al. 2000), viral immu-
nity (Pooggin 2013), gene imprinting (Li et al. 1993),
transposon silencing (Ibarra et al. 2012), and embryo-
genesis (Rival et al. 2013). DNA methylation is a criti-
cal epigenetic modification that regulates development,
stress responses, and genome stability in plants (Zhang
et al. 2018).

Citrus, a globally significant fruit crop, has a genome
size of approximately 327 Mb (Xu et al. 2013). Tetra-
ploidization frequently occurs in citrus due to the spon-
taneous doubling of chromosomes in nucellar embryonic
cells (Aleza et al. 2011). Tetraploid citrus rootstocks
have been shown to demonstrate enhanced tolerance to
drought, salinity, and cold compared to diploids (Saleh
et al. 2008; Wang et al. 2022; Wei et al. 2019). Further-
more, primary metabolite levels differ between tetra-
ploids and their diploid counterparts, accounting for
11-34% of the metabolites detected, with secondary
metabolite levels generally increasing while primary
metabolites decline (Tan et al. 2015, 2017). This study
examined the leaves of diploid and tetraploid Ziyang
Xiangcheng (XC) and Trifoliate orange (TO), two widely
used rootstocks in China. Whole-genome bisulfite and
transcriptome sequencing were employed to compare
gene expression and DNA methylation patterns between
diploid and tetraploid citrus, aiming to elucidate the rela-
tionship between epigenetic and transcriptomic changes
and their impacts on phenotypic alterations in citrus
polyploids. This study aims to identify the key genes
responsible for the phenotypic modifications following
WGD.
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Methods and materials

Plant material, chromosome preparation, and transmission
electron microscopy

Tetraploids (2n=4x=36) were selected from nucellar
seedlings of diploid XC and TO (2n=2x=18) and grown
in potted soil within a greenhouse (Liang et al. 2014).
Fully expanded spring flush leaves from both tetraploids
and diploids were collected from the fourth or fifth seg-
ment from the apex and stored at -80°C.

The root tip chromosome squashing procedure was
adapted with minor adjustments from a previously estab-
lished method (Xia et al. 2020). Vigorous root tips were
harvested and pre-treated in a saturated dichloroben-
zene solution for 3 hours at room temperature, followed
by fixation in fresh Carnoy’s fixative (ethanol: acetic acid
= 3:1, v/v) for 24 hours. Fixed samples were then trans-
ferred to 75% ethanol and stored at 4°C. Before slide
preparation, the root tips underwent enzymatic digestion
using a solution of 1% pectinase (Sigma-Aldrich), 2% cel-
lulase (Onozuka R-10, Yakult), and 1% pectolyase (Y-23,
Yakult) at 37°C for 90 minutes. Chromosome spreads
were prepared via the flame-drying method, and images
were captured using a fluorescence microscope (Imager
M2, Zeiss, Germany) and ZEN software.

For transmission electron microscopy (TEM), speci-
mens were initially fixed with 25% glutaraldehyde (pH
7.4) and 2% osmium tetroxide. After dehydration, they
were embedded in epoxy resin. Ultrathin sections were
cut using a UC6 ultramicrotome (Leica, Germany) and
then stained with uranyl acetate and citric acid. Imag-
ing was performed using a Hitachi H-7650 TEM (Tokyo,
Japan), equipped with a Gatan 832 CCD camera, at an
acceleration voltage of 80 kV.

Genome-wide bisulfite sequencing and data analysis

DNA libraries were constructed by Novogene Bioinfor-
matics Technology Co. Ltd (Beijing, China). Raw BS-seq
data were filtered using Trimmomatic (Bolger et al. 2014)
to remove low-quality reads. High-quality reads were
then aligned to reference genomes with BS-Seeker2 (Guo
et al. 2013); XC samples were mapped to the Citrus sin-
ensis v2.0 genome, while TO samples were aligned to the
Poncirus trifoliata v1.0 genome (Huang et al. 2021; Wang
et al. 2021b). The resulting mapped files were processed
using Cgmaptools for methylation analysis and visualized
in IGV software (Guo et al. 2018). Differentially methyl-
ated regions (DMRs) were identified via the Cgmaptools
DMR function, using a dynamic fragmentation method
with default parameters. A AmC > 0.1 and a t-test
P-value < 0.01 were set as the thresholds. The genes with
promoter regions (2 kb) or gene bodies overlapping with
DMRs were classified as differentially methylated genes
(DMGs).
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TEs in citrus were identified and annotated using
RepeatMasker. To assess methylation levels, upstream
and downstream regions of the gene bodies and TEs were
divided into 100 bp intervals, and methylation was calcu-
lated for each interval to display the distribution of DNA
methylation. Functional enrichment analyses of DMGs
were performed using Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways
(Kanehisa et al. 2008), with KEGG pathway enrichment
validated via KOBAS (Bu et al. 2021).

RNA sequencing and data analysis

For transcriptome analysis, three biological replicates
were prepared by pooling leaves from four individual
plants for each replicate. RNA-Seq libraries were con-
structed by Novogene Bioinformatics Technology Co.
Ltd (Beijing, China). After filtering out low-quality reads,
adapter sequences, and poly-N sequences, clean reads
were obtained and mapped to reference genomes using
STAR (Dobin et al. 2013). Transcript abundance was
quantified using FeatureCount (Liao et al. 2014), and
normalized to Transcripts Per Kilobase Million (TPM).
Differential gene expression was analyzed with the
DESeq2 R package (Love et al. 2014), defining differen-
tially expressed genes (DEGs) as those with an adjusted
P-value <0.05 and |log2(fold change)| > 1.

Quantitative real-time PCR (RT-PCR) analysis

The HiScript II Q RT SuperMix for qPCR kit (Vazyme)
was utilized for reverse transcription of RNA to cDNA.
qRT-PCR was performed using the 2X Universal SYBR
Green Fast qPCR Mix (ABclonal), with data normal-
ized to ACT7. Gene expression levels were quantified
using the 2724 method. Primer sequences are listed in
Table S1.

Bisulfite sequencing PCR (BS-PCR) analysis

The EZ DNA Methylation-Gold™ Kit (Zymo Research)
was employed to convert unmethylated cytosines to
thymines, followed by PCR amplification of PtLACNI1. Hi-
Tom sequencing (http://www.hi-tom.net/hi-tom/) was
used to analyze PCR products, with primers designed via
Kismeth (https://katahdin.girihlet.com/kismeth/primer_
design.pl#) and listed in Table S1.

Small RNA sequencing and data analysis

Library construction and sequencing were carried out by
Novogene Bioinformatics Technology Co. Ltd (Beijing,
China). Clean reads were obtained by removing adapters,
low-quality sequences, and contaminants. Reads shorter
than 18 bp or longer than 30 bp were excluded before
genome mapping using sRNAminer (Li et al. 2024),
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and the total number of clean reads was used for read
normalization.

Results

Morphological changes in leaves after genome doubling
Significant morphological differences exist between XC
and TO leaves. XC leaves are narrow and elongated, with
wide, long-winged petioles, whereas TO leaves are trifo-
liolate. While the morphology of tetraploid leaves resem-
bles that of their diploid counterparts, they are larger and
exhibit a deeper green color (Fig. 1a). TEM revealed that
tetraploid leaf cell walls were notably thicker compared
to diploid leaves (Fig. 1b, Table S2). Chromosome counts
confirmed that diploids (XC-2x and TO-2x) have 18
chromosomes, while tetraploids (XC-4x and TO-4x) pos-
sess 36 chromosomes (Fig. 1c).

Genome-wide DNA methylation levels of diploid

and tetraploid citrus leaves

To explore the potential role of DNA methylation in the
phenotypic changes observed during citrus genome dou-
bling, whole-genome bisulfite sequencing (WGBS) was
conducted on XC-2x, TO-2x, XC-4x, and TO-4x leaves.
After removing adapters and low-quality reads, the aver-
age number of clean reads was 89.15 million for diploids
and 272.4 million for tetraploids. Following alignment
to the Citrus sinensis and Poncirus trifoliata genomes,
51.52-228.94 million reads were uniquely mapped for
each sample, with a mapping rate exceeding 54%. The
sequencing depth ranged from 24X to 113X, indicating
that cytosine detection reached saturation (Table S3).

Genome-wide methylation levels were assessed across
different sequence contexts. In XC diploid and tetra-
ploid, 17.39% and 17.57% of total cytosine sites were
methylated, respectively. The average 5mC levels in the
CG, CHG, and CHH contexts were 48.22%, 30.88%,
and 11.09% in diploids, compared to 47.19%, 30.32%,
and 11.48% in tetraploids. For TO, 15.96% and 15.97%
of cytosine sites were methylated in diploids and tetra-
ploids, with corresponding 5mC levels of 50.63%, 31.94%,
and 8.89% in diploids, and 50.02%, 31.67%, and 8.92% in
tetraploids (Fig. 2a, Table S4).

The relative proportions of 5mCs across the three
sequence contexts were also calculated. In XC-2x and
XC-4x, 26.97% and 26.40% of 5mCs were in CG, 24.16%
and 23.61% in CHG, and 48.88% and 49.99% in CHH.
For TO-2x and TO-4x, 30.13% and 30.16% were in CG,
26.97% and 26.94% in CHG, and 42.91% and 42.90% in
CHH (Fig. 2b, Table S5). XC exhibited higher CHH
methylation levels than TO, while TO had greater CG
and CHG methylation levels. Analysis of genome-wide
methylation in diploids and tetraploids of both XC and
TO indicated similar methylation distribution patterns
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Fig. 1 Morphological characteristics oftetraplowd and diploid citrus plants. Leaf morphology comparison (scale bar: 1 ¢cm) (a). Transmission
electron microscopy of mesophyll cells in diploid (2x) and tetraploid (4x) leaves (scale bar: 2 um) (b). Chromosome counts in dlp|OId (2n=2x=18)
and tetraploid (2n=4x=36) root tips (c). XC: Ziyang Xiangcheng (Citrus junos Sieb. ex Tanaka); TO: Trifoliate orange (Poncirus trifoliata L. Raf.)
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Fig. 2 Global methylome sequencing and DNA methylation profiles in tetraploid and diploid citrus. Proportions of methylated cytosines (mCs)
in tetraploid and diploid citrus (a). mC ratios in CG, CHG, and CHH contexts (b). DNA methylation patterns in gene regions (c) and TE regions (d). XC:
Ziyang Xiangcheng (Citrus junos Sieb. ex Tanaka); TO: Trifoliate orange (Poncirus trifoliata L. Raf.)

across citrus chromosomes, with higher methylation in
TE-enriched regions and lower levels in gene regions
(Figures S1 and S2).

DNA methylation pattern in genic and transposable
element-rich regions

Methylation levels in the gene body, TE body, and their
2 kb upstream and downstream flanking regions were
analyzed to compare diploid and tetraploid citrus. Meth-
ylation patterns were largely consistent between dip-
loids and tetraploids within the gene body and flanking
regions. CG methylation was elevated in gene regions
and reduced in flanking regions, whereas CHG and
CHH methylation were higher in the flanking regions
but lower in the gene body. Diploids exhibited higher
CG methylation within the gene body compared to tetra-
ploids, though differences in CHG and CHH methylation

between ploidy levels were less pronounced (Fig. 2c).
In TE regions, both diploids and tetraploids displayed
similar methylation patterns, with high methylation in
TEs and lower levels in flanking regions. However, tetra-
ploids showed increased CHH methylation in TEs, while
CG methylation in TEs was lower compared to diploids
(Fig. 2d, Table S6).

To elucidate the role of transposons in genome dupli-
cation and gene regulation, TEs in the Citrus sinensis
and Poncirus trifoliata genomes were analyzed. Ten of
the most abundant transposon superfamilies were iden-
tified, including retrotransposons (LTR) such as Copia,
Gypsy, Caulimovirus, and LINE, along with DNA trans-
posons like MULE-MuDR, PIF-Harbinger, Helitron,
CMC-EnSpm, hAT-Tip100, and hAT-Ac (Fig. 3a, Table
S7). Methylation analysis across these transposon super-
families revealed elevated methylation levels within TE
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Fig. 3 Average distribution of DNA methylation across various transposable element (TE) types. Types and numbers of TEs identified in Citrus
sinensis (dark brown) and Poncirus trifoliata (light brown) genomes (a). Average DNA methylation distribution in Class I TEs (b) and Class Il TEs (c). XC:
Ziyang Xiangcheng (Citrus junos Sieb. ex Tanaka); TO: Trifoliate orange (Poncirus trifoliata L. Raf.)

regions compared to their flanking regions for all four
retrotransposons—Copia, Gypsy, Caulimovirus, and
LINE. Notably, in the LINE superfamily, CHH meth-
ylation levels showed minimal variation between the TE
region and adjacent sequences (Fig. 3b). Except for Heli-
tron, all five DNA transposon superfamilies exhibited
uniform methylation patterns in the CG and CHG con-
texts, with higher methylation within TE regions relative
to flanking regions. In the CHH context, methylation
distribution varied more significantly across transposon
superfamilies (Fig. 3c). Methylation differences between

XC and TO were also observed, with TO showing higher
CHG methylation in the Copia family, while XC had
higher CHG methylation in the hAT-Ac family.

Differentially methylated regions (DMRs) between diploids
and tetraploids in citrus

DMRs are recognized as epigenetic biomarkers. A com-
parison between tetraploid and diploid citrus revealed
2,935 CG-DMRs, 2,670 CHG-DMRs, and 4,794 CHH-
DMRs in XC, while TO exhibited 8,697 CG-DMRs,
5565 CHG-DMRs, and 4,508 CHH-DMRs, with
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hypermethylation outnumbering hypomethylation in
both cases (Fig. 4a, Table S8). To explore the relation-
ship between DMRs and transposons, the distribution of
DMRs within transposon regions was assessed, reveal-
ing that a significant proportion (>50%) were located in
these regions, aligning with previous reports of transpo-
son methylation during genome doubling (Fig. 4b, Table
S9). A detailed analysis of DMR distribution across vari-
ous genomic features, including 5UTR, 3'UTR, exons,
introns, intergenic, and promoter regions, revealed that
DMRs were predominantly located in intergenic regions
(Fig. 4c, Table S10). Additionally, the comparison of DMR
lengths between XC and TO showed that CHH-DMRs
were the longest, while CG-DMRs were the shortest in
both species (Fig. 4d).

To determine whether DMGs are conserved after cit-
rus genome doubling, various types of DMGs were quan-
tified between diploids and tetraploids. Statistical and
GO enrichment analyses of conserved DMGs between
XC and TO highlighted 333 CG-DMGs significantly
enriched in immune stress and plant organ develop-
ment (Fig. 5a, b), 216 CHG-DMGs associated with sali-
cylic acid response and flavonoid biosynthesis (Fig. 5c,

[V
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d), and 356 CHH-DMGs enriched in responses to fatty
acids, jasmonic acid, and plasma membrane develop-
ment (Fig. 5e, f). These conserved DMGs reflect signifi-
cant involvement in key biological processes, including
immune stress, plant organ development, responses to
salicylic and jasmonic acids, and the biosynthesis of fla-
vonoids and fatty acids, along with plasma membrane
development.

To further elucidate the biological pathways associ-
ated with DMGs, KEGG enrichment analysis was per-
formed. The majority of CG-, CHG-, and CHH-DMGs
were enriched in metabolic and secondary metabolic
pathways, indicating that DNA methylation changes
following genome doubling significantly affect metab-
olism-related genes in leaves (Figure S3). Additionally,
Mapman analysis provided insights into the metabolic
processes influenced by DMGs, revealing their roles in
various plant hormone signaling pathways, including
auxin, brassinosteroid, and abscisic acid, as well as in
primary metabolic processes such as lipid metabolism
and photorespiration. In secondary metabolism, these
DMGs contribute to the synthesis and degradation of
phenylpropanoids and play critical roles in reactive
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Fig.4 Analysis of differentially methylated regions (DMRs) between tetraploid and diploid citrus. Counts of hypermethylated and hypomethylated
DMRs in CG, CHG, and CHH contexts (a). Proportions of hyper- and hypomethylated DMRs overlapping with TEs (b). Genome-wide distribution
of DMRs (c). Length of DMRs in CG, CHG, and CHH contexts (d). XC: Ziyang Xiangcheng (Citrus junos Sieb. ex Tanaka); TO: Trifoliate orange (Poncirus

trifoliata L. Raf.)
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oxygen species (ROS)-related responses (Figure S4-
S9). The strong enrichment of DMGs in metabolic
pathways likely reflects the substantial metabolic dif-
ferences observed between diploid and tetraploid cit-

rus leaves.

Differentially expressed genes between diploids

and tetraploids citrus

To investigate how genome doubling influences gene
transcription, a comparative transcriptomic analysis

was conducted between diploid and tetraploid leaves. In
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previous studies that found fewer than 1% of genes were
differentially expressed between tetraploid and diploid
citrus varieties, including Rangpur limes and Ziyang
xiangcheng (Allario et al. 2011, Tan et al. 2015). DEGs in

XC, 58 DEGs were identified between diploid and tetra-
ploid samples (Fig. 6a), and 150 DEGs were detected in
TO (Fig. 6b). The transcriptional profiles displayed mini-
mal variation due to polyploidy in citrus, aligning with
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both XC and TO were enriched in cellular components
such as cell wall biosynthesis, plastid development, and
the regulation of chloroplast and plasma membrane com-
position, as well as in biological processes related to stim-
ulus response, stress response, and hormone response
(Fig. 6¢). A Venn diagram demonstrated little overlap
between DMGs and DEGs, suggesting that methylation
changes during genome duplication do not significantly
affect gene transcription (Fig. 6d, e).

In comparing tetraploids with diploids, five hypometh-
ylated genes exhibited increased expression, while 42
hypermethylated genes were downregulated (Figure S10).
Among the genes showing both altered methylation and
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transcription, several were identified as potentially con-
tributing to phenotypic differences between diploids and
tetraploids, including CsUGT76B1, CsTPS21, CsSASMT1,
PtNac036, and PtACNI (Fig. 7a). RT-PCR analysis con-
firmed that the expression patterns of six DEGs were
consistent with RNA-seq results (Figure Slla), with
five genes highly expressed in tetraploids and one gene
expressed at lower levels. The DNA methylation level of
PtACNI was validated using BS-PCR, revealing a meth-
ylation percentage of 24% in diploids and 45% in tetra-
ploids, consistent with WGBS data showing methylation
values of 0.14 in diploids and 0.3 in tetraploids (Fig-
ure S11b). These findings confirm that Pt ACNI is more
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snapshots of representative genes PtACNT (b) and PINACO36 (c), with both

expression and methylation profiles. XC: Ziyang Xiangcheng (Citrus
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highly methylated in tetraploids. Cst/GT76B1 encodes a
glycosyltransferase, and the ugt76b1 mutant in Arabidop-
sis exhibits reduced plant height and increased disease
resistance. CsTPS21 encodes a sesquiterpene synthase
linked to disease resistance. CSASMT1 encodes cytosolic
N-acetylserotonin O-methyltransferase, a rate-limiting
enzyme in melatonin synthesis associated with stress
response, plant growth, and development. PtNac036
plays a role in chloroplast development, while PLACNI
encodes acetyl-coenzyme A synthetase, which modu-
lates drought resistance by controlling guard cell turgor
pressure via the acetate—malate shunt. These genes offer
valuable targets for understanding the molecular mecha-
nisms underlying citrus polyploidization and provide
insight into relevant regulatory pathways (Fig. 7b, c).

Effect of 24nt-siRNA on DNA methylation in tetraploids

siRNAs have been implicated in promoting methylation
in polyploid plants via the RADM pathway (Zhang et al.
2015). High-throughput sequencing of small RNAs was
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conducted in both diploid and tetraploid leaves, reveal-
ing that among the four samples, 24-nt small RNAs were
the most abundant. A notable increase in 24-nt siRNAs
was detected in the tetraploid TO sample compared to
its diploid counterpart, whereas minimal changes in
24-nt siRNA levels were observed between diploid and
tetraploid XC (Figure S12). To assess the relationship
between DNA methylation and 24-nt siRNAs, average
methylation levels in regions with and without 24-nt siR-
NAs were examined across XC and TO samples. Meth-
ylation in CG, CHG, and CHH contexts was significantly
elevated in regions associated with siRNAs compared to
those without (Fig. 8a, ). In TO, a greater abundance of
24-nt siRNAs was found in hypermethylated regions of
CG, CHG, and CHH than in hypomethylated regions.
Conversely, in XC, fewer 24-nt siRNAs were detected
in hypermethylated CG regions, while CHG and CHH
hypermethylated regions contained higher levels of 24-nt
siRNAs than their hypomethylated counterparts (Fig. 8b,
d). These findings suggest that 24-nt siRNAs may play a
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crucial role in modulating DNA methylation changes
during citrus genome duplication.

Discussion
DNA methylation is partially responsible for gene
expression variations in citrus tetraploids
Polyploidy has been a critical driver in the evolution of
angiosperms (Jiao et al. 2011, Leitch and Leitch 2008,
Wendel et al. 2016). In this study, genome-wide bisulfite
sequencing was employed to compare DNA methyla-
tion patterns between diploid and tetraploid forms of
two citrus genotypes, XC and TO. A correlation between
methylation patterns and genomic regions was identified
(Zhang et al. 2015), with many DMRs located in inter-
genic areas (Fig. 4c). DNA methylation can suppress gene
expression by obstructing transcription factor binding at
promoters or altering transposon activity (Zhang et al.
2018). Typically, 24-nt siRNAs generated from repeti-
tive or intergenic regions guide the RADM pathway to
induce sequence-specific DNA methylation (Castel and
Martienssen 2013, Simon and Meyers 2011). Analysis of
small RNA profiles confirmed the dominance of 24-nt
siRNAs in citrus leaves (Figure S12). In TO, tetraploids
exhibited a significantly higher abundance of 24-nt siR-
NAs than diploids, and regions associated with these siR-
NAs showed markedly increased methylation compared
to those without (Fig. 8a, c). Thus, siRNAs contribute to
methylation changes driven by variations in citrus ploidy.
However, alterations in DNA methylation are not
always directly correlated with changes in gene expres-
sion. Other factors, including chromatin structure,
transcription factor accessibility, and non-coding RNA
regulation, also influence gene expression (Ausin et al.
2016, Li et al. 2012). More than half of the 70 genes over-
lapping between DMGs and DEGs exhibited an inverse
relationship between methylation levels and gene expres-
sion (Figure S10). Studies in Arabidopsis polyploids sug-
gest that DNA methylation accounts for only a small
fraction of gene expression variability (Meng et al. 2016).
In citrus, as in other plant polyploids, DNA methyla-
tion appears to explain only part of the gene expression
changes observed during polyploidization.

DNA methylation-associated gene expression changes
may contribute to morphological variations in citrus
tetraploids

Tetraploid XC and TO exhibit typical polyploid mor-
phological traits, including reduced stature, enlarged
and thickened leaves, and larger stomata with decreased
density (Tan et al. 2015, 2017). In tetraploid citrus leaves,
both leaf size and mesophyll cell wall thickness were sig-
nificantly increased compared to their diploid counter-
parts (Fig. 1a). Polyploids generally display larger organs,
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such as leaves, flowers, and seeds, relative to diploids
(Bomblies 2020). These phenotypic differences may be
linked to the methylation status of genes involved in cell
wall formation, suggesting that WGD-induced DNA
methylation changes are associated with enhanced cell
wall development in citrus tetraploids (Figure S4, S7).

Analysis of DNA methylation and gene expression
revealed a set of genes exhibiting both differential meth-
ylation and expression in XC and TO, particularly those
involved in plant growth and stress resistance. Notably,
the ACN1 (Pt9g001570) gene, linked to stomatal size
and drought tolerance, the NAC036 (Pt8g000730) gene,
associated with plant height and drought resistance, the
ASMT (Cs6g_pb003480) gene, related to salt tolerance,
and the BGI (Pt9g014360) gene, which modulates plant
growth and stress response by elevating ABA levels, were
identified (Dong et al. 2018, Kato et al. 2010, Liu et al.
2022, Zheng et al. 2017). These genes may play a critical
role in the phenotypic differences between citrus diploids
and tetraploids and represent promising targets for fur-
ther research into the molecular mechanisms underlying
altered polyploid traits.

The differentially methylated genes (DMGs) may
contribute to wider adaptability of citrus tetraploids

In tetraploids, DMGs were significantly enriched in path-
ways related to immune response, salicylic acid response,
stimulus and defense responses, fatty acid response, and
jasmonic acid response (Fig. 5a, ¢, e). It is well estab-
lished that polyploidization enhances plants’ adapt-
ability to diverse environmental conditions. For instance,
tetraploidization in rice induces DNA hypomethylation,
activating genomic loci associated with stress-response
genes involved in signaling pathways and jasmonate
production, thereby facilitating rapid and robust stress
responses (Wang et al. 2021a). Similarly, tetraploid apples
exhibit greater resistance to apple scab (Venturia inae-
qualis) compared to diploids (Hias et al. 2018). In citrus
tetraploids, DMGs enriched in jasmonic acid-related
processes may contribute to increased environmental
adaptability.

Polyploidization in citrus also leads to elevated lev-
els of primary metabolites, such as sucrose, proline, and
gamma-aminobutyric acid (GABA), alongside a reduc-
tion in secondary metabolites like flavanones, phenyl-
propanoids, and terpenoids (Tan et al. 2015, 2017). The
observed metabolic shifts in citrus tetraploids may be
driven by DNA methylation changes in key genes. For
example, among the hypermethylated genes, CsTT7
encodes a flavonoid 3’-hydroxylase involved in flavonoid
biosynthesis (Han et al. 2010), while CsCYP83B1 encodes
an oxime-metabolizing enzyme critical in the biosyn-
thetic pathway of glucosinolates, potentially influencing
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apical development (Naur et al. 2003). Mapman analysis
revealed that DMGs were particularly enriched in the
synthesis and degradation of phenylpropanoids and in
ROS-related pathways (Figure S4-S9). These polyploidi-
zation-induced DNA methylation changes likely under-
pin alterations in phenylpropanoid metabolism and ROS
responses, both of which play vital roles in plant stress
resilience.

Conclusions

In this study, transcriptome analysis and WGBS were
employed to examine two pairs of citrus tetraploids and
their diploid counterparts. The tetraploid citrus plants
exhibited reduced CG methylation within both gene
bodies and TE bodies compared to diploids. DMGs
between tetraploid and diploid plants were enriched in
pathways related to immune response, organ develop-
ment, metabolism, and secondary metabolite production.
Despite these differences, only 150 and 58 DEGs were
identified between the tetraploid and diploid samples of
TO and XC, respectively. Notably, ACN1, NAC036, and
ASMT1I were among the 70 genes displaying both altered
DNA methylation and expression, providing valuable
insight into the regulatory mechanisms associated with
polyploidization.
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