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Polyploidization leads to salt stress resilience via ethylene
signaling in citrus plants
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Introduction

Polyploidization, the process of genome doubling, has been pivo-
tal in the evolution of flowering plants, greatly contributing to
their adaptability, diversity, and survival (Otto & Whitton, 2000;
Van de Peer er al., 2017; Kohler er al., 2021). Polyploid plants
frequently display enhanced genetic variation, increased cell size,
and new traits that offer a selective advantage under various envir-
onmental stresses (Soltis & Soltis, 2000; Chen, 2007; Allario
et al., 2013; Del Pozo & Ramirez-Parra, 2014; Van de Peer
et al., 2020; Wang et al., 2021). However, the mechanisms by
which genome doubling, without altering genes, can reprogram
gene expression to prime resilience remain unclear.

Salinity presents a severe abiotic stress in soil environments,
impacting over 7.5% of the global land (Liang ez 4/, 2024) and

Summary

¢ Polyploidization is a common occurrence in the evolutionary history of flowering plants, sig-
nificantly contributing to their adaptability and diversity. However, the molecular mechanisms
behind these adaptive advantages are not well understood.

¢ Through comprehensive phenotyping of diploid and tetraploid clones from Citrus and Pon-
cirus genera, we discovered that genome doubling significantly enhances salt stress resilience.
Epigenetic and transcriptomic analyses revealed that increased ethylene production in the
roots of tetraploid plants was associated with hypomethylation and enhanced chromatin
accessibility of the ACO7 gene. This increased ethylene production activates the transcription
of reactive oxygen species scavenging genes and stress-related hormone biosynthesis genes.
Consequently, tetraploid plants exhibited superior root functionality under salt stress, main-
taining improved cytosolic K*/Na" homeostasis.

¢ To genetically validate the link between salt stress resilience and ACO7 expression, we gen-
erated overexpression and knockout lines, confirming the central role of ACO7 expression
regulation following genome doubling in salt stress resilience.

e Our work elucidates the molecular mechanisms underlying the role of genome doubling in
stress resilience. We also highlight the importance of chromatin dynamics in fine-tuning ethy-
lene gene expression and activating salt stress resilience pathways, offering valuable insights
into plant adaptation and crop genome evolution.

significantly curtailing the growth, productivity, and survival of
major cereal (Yu et al, 2023) and horticultural crops (Moya
et al., 2003; Delarue ez al., 2025). Salt stress, especially from high
sodium chloride (NaCl) levels, disturbs the
of sodium (Na") and potassium (K') ions within plant cells,
which is essential for maintaining cellular functions (Almeida
et al., 2017). When this balance is disturbed, it triggers a cascade
of harmful effects, one of the most detrimental being the exces-

homeostasis

sive accumulation of reactive oxygen species (ROS) (Allakhver-
diev et al., 2002; Shabala & Cuin, 2008).

Roots are the first to detect and respond to salt stress
(Galvan-Ampudia Carlos er al, 2013). Their ability to adjust
architecture and maintain functionality in response to salt stress
has been harnessed to improve crop resilience (Zhan ez al., 2015;
Ma er al., 2018; Lynch, 2022; Hostetler ez al., 2023). Although
the diversity in root system types suggests an evolutionary
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environmental pressures, such as soil salinity (Galvan-Ampudia
& Testerink, 2011; Van Zelm ez al., 2020), how polyploidization
affects root resilience is unclear.

Ethylene, a gaseous plant hormone, has a central role in root
development, yet its role in resilience to salt stress is not well
understood (Achard ez 2/, 2006; Schmidt et al., 2013; Dubois
et al, 2018). Ethylene biosynthesis proceeds from
S-adenosylmethionine through two dedicated enzymes: 1-amino-
cyclopropane-1-carboxylic (ACC) synthase (ACS) and ACC oxi-
dase (ACO) (Yang & Hoffman, 1984). While ACS is considered
the rate-limiting step in ethylene biosynthesis, several studies sug-
gest that ACO also serves as a control point under specific devel-
opmental and stress conditions in various plant species (Qin
et al., 2007; Linkies ez al., 2009). Additionally, genes involved in
ethylene biosynthesis and signaling appear to be preferentially
retained after natural polyploidization, highlighting their critical
role in plant adaptation (Jourda er al, 2014; Tasdighian
etal., 2017).

Annual plants have evolved various strategies to tolerate or
avoid soil environmental stresses through rapid growth and
reproduction (Franks er a4/, 2007; Franks, 2011). By contrast,
perennial plants must adapt their root systems to cope with var-
ious soil challenges, leading to different evolutionary trends in
root systems between perennial and annual plants (Schenk &
Jackson, 2002; Kong ¢t al., 2014). Annual plants typically have a
fibrous root system with thin, thread-like roots forming a dense
network near the soil surface, whereas perennial trees often exhi-
bit a taproot system with thicker roots penetrating deep into
the soil (Roumet ez /., 2006; Hummel ez 2/, 2007). While the
impacts of polyploidization on root systems and plant adaptabil-
ity remain unclear, it is evident that genome doubling influences
root system development differently in perennial woody plants
compared with herbaceous annuals.

In this study, we used three woody perennial crops of Citrus
and Poncirus genera, as model systems to investigate how poly-
ploidization contributes to salt stress resilience in woody plants.
Utilizing the apomictic reproduction system of these species,
which can result in spontaneous tetraploidization, we generated
plants that are genetically identical clones but differ in ploidy
levels (Allario et al, 2011; Tan et al, 2017). We assessed their
root architecture, salt stress resilience, and the underlying
molecular mechanisms. Our research highlights the role of
chromatin remodeling following polyploidization in driving
developmental and physiological changes associated with salt
stress resilience.

Materials and Methods

Plant materials and growth conditions

We used diploid and tetraploid Cizrus rootstocks in Citrus reticu-
lata Blanco, C. junos Sieb. ex Tanaka, and Poncirus trifoliata L.
Raf. backgrounds. Tetraploids were identified among a popula-
tion of seedlings derived from the corresponding diploid geno-
types at the National Citrus Breeding Center at Huazhong
Agricultural University (Tan et al., 2015, 2017). Diploid C. junos
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were used for genetic transformations. All plants were cultured in
0.5 x Hoagland nutrient solution or commercial soil in a
growth chamber at 25°C under a 16 h : 8 h, light : dark photo-
period.

Phylogenetic analysis

The species phylogenetic tree was constructed using
genome-wide SNP data from 11 citrus accessions (Supporting
Information Table S1). Clean reads were mapped to the Citrus
sinensis v.3.0 or P. trifoliatav.1.0 genome (http://citrus.hzau.edu.
cn/) using Bwa (Li & Durbin, 2010). High-qualicy SNPs were
identified using the Genome Analysis Toolkit (GATK) v.4.1.2
(McKenna ez al., 2010) and subsequently used to construct a
phylogenetic tree with IQ-TREE v.2.0 (Nguyen ez 4/, 2015) under
the GTR + I + G model, with 1000 bootstrap replicates and
default settings. The maximum likelihood tree was rooted with
Clausena lansium as the outgroup and visually validated using the
Interactive Tree of Life Tool. For the phylogenetic tree of ACOs
protein, sequences from different species were obtained from the
PuyrozoMe 13 database (https://phytozome-next.jgi.doe.gov)
and were used to perform a search of the C. sinensis v.3.0 genome
using BLASTP with an E-value threshold of 1e-5. The phylogenetic
tree was constructed using MEGA7, with default settings and the

neighbor-joining method.

Tissue K™ and Na" quantification

Seedlings were cultured on a 0.5x Hoagland nutrient solution
either with or without the addition of 200 mM NaCl for 15 d.
Roots were washed three times with deionized water before har-
vest. Roots and shoots were separated and dried at 65°C for 3 d.
Dry samples were digested with a mixed solution of acids
HNOs/HCIOy (85/15, v/v). The contents of K™ and Na* were
measured by inductively coupled plasma mass spectrometry (Per-
kinElmer NexION-300 x, Waltham, MA, USA).

Root parameter determination

Root systems were washed and blotted dry with soft paper. Sub-
sequently, each root system was segmented and scanned using an
Epson Perfection V850 Pro scanner (Epson America Inc.). The
scanned images were analyzed using WINRHIZO PRO software to
quantify root number, total root length, and mean root diameter.

DAB staining assay and measurement of ROS accumulation
and Chl content

DAB staining was performed as described previously (Huang
et al., 2013). H,O, content was measured using a H,O, content
assay kit (Boxbio, Beijing, China) according to the manufac-
turer’s instructions. Chlorophyll content was measured as
described previously (Zhou er al., 2012). Three biological repli-
cates were analyzed with each composed of tissue from three
independent plants. One representative data set is shown for each
experiment.
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Fluorescence detection of ROS in citrus protoplast

Intracellular total ROS were detected using the Reactive Oxygen
Species Assay Kit (50101ES01; Yisheng Biotechnology Co., Ltd,
Shanghai, China) according to the manufacturer’s protocol.
Citrus callus protoplasts were transfected with 355:GACOI-RFP
and 35S: RFP (control). The protoplasts were incubated with the
WI solution (0.4 M mannitol, 20 mM KCl, 4 mM MES,
pH 5.7) in the dark (28°C) for 16 h. The protoplasts were sup-
plemented with 10 uM  DCFH-DA (2',7 '-dichlorodi-
hydrofluorescein diacetate) staining for 20 min at 28°C in the
darkness and supplemented with 100 pM Rosup for 10 min at
28°C in darkness. Then, the protoplasts were washed several
times with the W5 solution (154 mM NaCl, 125 mM CaCl,,
5 mM KCl, and 2 mM MES, pH 5.7) to clear excess dye before
imaging. The florescence images were acquired using a Leica
TCS SP8 (Leica Microsystems, Wetzlar, Germany) confocal laser
scanning microscope with the following wavelength settings:
DCEF: Excitation = 488 nm, Emission = 505-550 nm; RFP:
Excitation = 552 nm, Emission = 580—630 nm.

Sampling for next-generation sequencing analysis

Four-month-old plants were grown on a 0.5x Hoagland nutrient
solution supplemented with either 0 mM or 200 mM NaCl. After
15 d, whole roots were harvested for RNA-seq, whole-genome
bisulfite sequencing, and ATAC-seq. For RNA-seq analysis of
ACO!I overexpression lines, whole roots were collected from
1-month-old plants. RNA-seq and whole-genome bisulfite sequen-
cing were conducted using three biological replicates, while
ATAC-seq utilized two biological replicates. Each replicate con-
sisted of pooled whole roots from two to three plants.

RNA-Seq and qRT-PCR analysis

Total RNA isolation, library construction, and sequencing were
performed by Novogene Bioinformatics Technology Co. Ltd.
Sequencing was performed on an Illumina HiSeq 4000 platform.
Over 73% of the high-quality reads were mapped to the reference
genome of C. sinensis v.1.1 (Phytozome) using Hisat2 v.2.2.1
with default parameters (Kim et al., 2019) and normalized gene
expression levels (fragments per kilobase of transcript per million
mapped reads, FPKM) were calculated by Cufflinks v.2.2.1
(Trapnell et al., 2012). Genes with a P-value < 0.05 following
Benjamini and Hochberg correction and an absolute value of
log2 fold change > 0.58 were considered differendally expressed.
Gene Ontology (GO) enrichment analysis was carried out using
AgriGO  (http://systemsbiology.cau.edu.cn/agriGOv2/). Subse-
quently, RNA was converted to cDNA using HiScript II Q RT
SuperMix for qPCR kit (R223-01; Vazyme, Nanjing, China).
Quantitative reverse transcription polymerase chain reaction was
performed using a 2x Universal SYBR Green Fast qPCR Mix
(RM21203; ABclonal, Wuhan, China). All data were normalized
to Actin (CsACT?), and relative expression levels were calculated
using the 274 method as described previously. Primer pairs
are listed in Table S2.

New Phytologist (2025) 246: 176-191
www.newphytologist.com

New
Phytologist

Motif enrichment analysis

Cis-motif enrichment analysis was performed on 2000 bp
upstream sequences from the start codon (ATG) of all upregu-
lated genes in tetraploid roots, relative to diploid roots. The ana-
lysis was conducted using the ‘indMotif.pl’ program from the
HOMER suite, which performs both known and de novo motif
identification and enrichment. All the analyses were carried out

using findMotif.pl default parameters.

Bisulfite sequencing and data analysis

DNA extraction, bisulfite treatment, library preparation, and
next-generation sequencing on the DNBseq™ platform were
conducted in BGI Co. (Shenzhen, China). The BS-seq raw reads
were filtered using TRIMMOMATIC software to remove low-quality
reads and adapters. Clean reads were mapped to C. sinensis v.3.0
or P. trifoliata v.1.0 genome (http://citrus.hzau.edu.cn/) using
BS-SEEKER2 software. Reads aligned to a unique position on the
genome were retained for subsequent analysis. Differentially
methylated regions (DMRs) were identified using CamarTooLS
with default parameter (P < 0.05, AmC > 0.1). DNA methyla-
tion levels were calculated using the ratio of methylated cytosines
(mC) over total cytosines (mC + nonmC) in each bin, with the
absolute methylation difference > 0.1, and P < 0.01 (#test).
Bisulfite sequencing was applied to detect a given region’s
DNA methylation status. Genomic DNA from 4-month-old
seedling root was extracted with the cetyl trimethylammonium
bromide method. Bisulfite treatment was performed using
500 ng of DNA with the EZ DNA Methylation-Lightning Kit
(D5005; Zymo Research, CA, USA). The gene regions were
amplified from the 40% bisulfite-treated root DNA with primers
listed in Table S2. The amplified PCR fragments were cloned
into the pTOPO cloning vector (Aidlab), and at least 12 sub-
clones were selected for each sample to conduct Sanger sequen-
cing. KiSMETH software (https://katahdin.girihlet.com/kismeth/
revpage.pl) was used to obtain the percentage of methylated sites.

ATAC-seq experiment and data analysis

The method of nuclei extraction was performed as before (Liu
et al., 2023). After checking the nuclear integrity, the nuclei
extracted (¢. 100 000 per reaction) were incubated with the Tn5
transposase and tagmentation buffer at 37°C for 30 min
(TD501-01; Vazyme Biotech, Nanjing, China). After tagmenta-
tion, the DNA is purified by the PCR purification kit (28106
Qiagen). PCR was performed to amplify the library for 9-
12 cycles using the following PCR conditions: 72°C for 5 min;
98°C for 30 s; and thermocycling at 98°C for 15 s, 63°C for
30 s, and 72°C for 40 s; followed by 72°C for 5 s. After the
PCR reaction, libraries were purified with AMPure beads
(A63881; Beckman, IN, USA). The library was sequenced using
an Illumina Novaseq platform by Annoroad Gene Technology.
Paired-end read sequences were mapped using BowTIE2 (v.2.4.1)
on the C. sinensisv.3.0 or P. trifoliatav.1.0 genome using the fol-

lowing parameters: --no-mixed --no-discordant -X 2000.
© 2025 The Author(s).
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Duplicate fragments mapped on the genome were removed using
Picarp MarkDuplicates. Peak calling using Macs2 (v.2.2.7) was
performed with the following settings: --keep-dup all -B --SPMR
--nomodel --shift -75 --extsize 150. Peak merging and identifica-
tion of differential peaks were performed using DIFFBIND
(v.2.14.0) and peaks with P-value < 0.05 and fold change > 1.5
were considered differentially accessible regions.

Plasmid construction and genetic transformation

The coding sequence of GGACOI was amplified from cDNA of
diploid C. junos and cloned into pPDONR221 and then trans-
ferred into the binary vector pK7WG2D downstream of the
CaMV35S promoter (p35S). CRISPR/Cas9 genome editing vec-
tors were produced as described previously (Zhang ez 4l., 2020).
The mutation frequencies of the transgenic lines were analyzed
by Hi-Tom sequencing (http://www.hi-tom.net/hi-tom/). All the
primers used in this study are listed in Table S2.

The pK7WG2D-GACO!I and proYAO-hspCas9-NOS-
GACOI1 binary vectors were introduced into the Agrobacterium
rhizogenes strain MSU440. Diploid C. junos plant transformation
was performed as described previously (Irigoyen et al, 2020).
GFP fluorescence in plants was inspected with a hand-held
blue-green lamp (LUYOR-3415).

Quantification of ethylene content

Roots from 4-month-old seedlings were incubated for 1 h at
25°C to allow wound-induced ethylene content to subside and
then transferred into a 5-ml Falcon tube with all the roots sub-
merged in water. The tube was tightly sealed with a rubber cap
for 12 h at 25°C. The ethylene that was emitted was subse-
quently measured using a gas chromatography instrument (Li
et al., 2020; Zheng ez al., 2020). Four to six biological replicates
were measured.

Quantification of total flavonol content

Total flavonol content was determined following the previously
reported method (Zhang er al., 2022). Roots were ground to
powder. Then, 1.5 ml of 80% ethanol solution was added
to 0.1 g powder for 1 h of low-temperature sonication. The fla-
vonol was extracted for 12 h at 4°C, followed by centrifugation
at 2300 g for 20 min, and the liquid supernatant was retained
for quantification.

Statistical analysis

Data are presented as mean values & SD. Statistically significant dif-
ferences between the two groups were determined using a two-tailed
Student’s ttest (*, P < 0.05; ** P < 0.01; *** P < (0.001; ****,
P < 0.0001). For multiple comparisons, statistically significant dif-
ferences were determined using a one-way ANOVA followed by
Tukey’s multiple range test or Duncan’s tests (P < 0.05) or the
Kolmogorov—Smirnov test. Statistical analyses were performed with
GrAPHPAD Prism 8.0 and Microsoft ExceL 2016.

© 2025 The Author(s).
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Results

Tetraploidization enhances salt stress resilience in the Citrus
and Poncirus genera

Apomictic species of Citrus and Poncirus genera can undergo
spontaneous tetraploidization (Allario ez al, 2011; Tan er al,
2017). We used this property to identify spontaneous tetraploid
plants from three species, namely Citrus junos, C. reticulata, and
Poncirus trifoliata (Fig. la,b). The isolated tetraploid plants
exhibited larger flowers, and seeds compared with the diploid
progenitors (Figs la, S1). Roots are the primary interface
between the plant and various biotic and abiotic stresses in the
soil environment. We analyzed the root morphology of tetraploid
and diploid plants. Tetraploid plants across the three genotypes
displayed fewer lateral roots, reduced total root length, and
increased root diameter (Fig. 1c,d). We tested whether the root
morphological changes in tetraploid plants can confer resilience
to underground stresses. Thirty-day-old diploid P. #rifoliata
plants, exposed to 50 mM, 100 mM, and 200 mM NaCl,
showed leaf injuries after 68, 37, and 15 d, respectively (Figs 2c,
S2). Similar leaf injuries were observed in diploid C. junosand C.
reticulata seedlings treated with 200 mM NaCl (Fig. 2a,b). By
contrast, tetraploid plants displayed fewer leaves with injuries,
higher Chl content, and lower hydrogen peroxide (H,0O,) levels,
pointing to reduced sensitivity to salt stress (Fig. 2a—f).

The ability to retain K and limit Na" accumulation, thereby
maintaining a higher K" : Na' ratio in the cytosol, is a critical
parameter for salt stress resilience (Sakamoto ez al., 2004; Chao
et al., 2013). We found tetraploid C. reticulata and P. trifoliata
displaying higher K™ uptake and a higher K™ : Na" ratio in both
roots and shoots under salt stress conditions (Fig. S3). These
findings align with previous studies on tetraploids in Arabidopsis
and rice (Chao et al, 2013; Wang et al., 2021). Under control
conditions, tetraploid C. reticulata and P. trifoliata plants also
displayed higher K" uptake in shoots (Fig. S3).

Given the superior performance of tetraploid root systems in
maintaining K/Na" homeostasis under salt stress (Fig. S3), we
tested whether their use as rootstocks could also confer salt toler-
ance to susceptible scions. Diploid scions were grafted onto both
tetraploid and diploid rootstocks and subjected, as above, to
200 mM NaCl. Across the three genotypes, plants with tetra-
ploid rootstocks consistently exhibited fewer injured leaves,
higher Chl content, and lower H,O, compared with those
grafted onto diploid rootstocks (Figs 2g,h, S4). These findings
highlight the role of polyploidization in shaping root develop-

ment to confer resilience to salt stress.

Tetraploid roots exhibit strong transcription of ethylene and
ROS scavenging genes

To explore the molecular basis driving resilience to salt stress fol-
lowing genome doubling, we analyzed the roots transcriptome of
tetraploid and diploid plants under control and salt stress condi-
tions. Roots were sampled at 24 h post treatment, in three biolo-
gical replicates, at a stage where the early salt-responsive genes,
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Fig. 1 Tetraploidization leads to a compacted root system in the Citrus and Poncirus genera. (a) Schematic diagram for identification of spontaneous
tetraploids using flow cytometric analysis. Seedlings with greener and larger leaves, which have a higher probability of being tetraploids (4 x), from diploid
(2x) apomictic citrus genotypes, are selected for analysis. Flowers and seeds of 4x and 2x Citrus junos are shown. Bars, 1 cm. (b) Phylogenetic tree of
representative citrus species. Three genotypes highlighted in red are used in this study. A phylogenetic tree is constructed using the maximum likelihood
method. Single-nucleotide polymorphisms (SNPs) in the regions of conserved single-copy genes from 11 representative accessions within the Rutaceae
family are used. (c) Comparison of root morphology between 4x and 2x plants. Bars, 1 cm. (d) Statistical analysis of root parameters in 4x and 2x plants.
Bar plots represent mean + SD (n = 10-20). Statistically significant difference is tested by Student's t-test: *, P < 0.05; **, P < 0.01.

STZ1, WRKY33, and WRKY40 (Sakamoto et al, 2004; Datta
et al., 2015; Dai et al., 2018) are highly expressed (Figs S5, S6;
Table S3).

Under salt stress, we found 3585, 2805, and 4349 genes upre-
gulated (> 1.5-fold, false discovery rate (FDR) < 0.05), and
3012, 1537, and 3782 genes downregulated (> 1.5-fold,
FDR < 0.05) in the roots of tetraploid C. junos, C. reticulata,
and P. trifoliata, compared with their diploid progenitors, respec-
tively (Fig. 3a; Tables S4-S6). Despite the divergence of the
investigated genotypes, we found under salt treatment, 20-30%
of upregulated genes (847 genes) and 18-28% of downregulated
genes (245 genes) were common across all the three tetraploid
genotypes (Fig. 3b; Table S7). Under control conditions, despite
comparable numbers of differentially expressed genes (Fig. S6;
Tables S8-S10), only 5-8% (55 genes) of upregulated, and
3-10% (64 genes) of downregulated genes, were common
(Fig. S6; Table S11).

Gene Ontology analysis on 847 shared upregulated genes
revealed enrichment for GO terms related to response to stimuli
(295 genes) and stress (188 genes) (Fig. 3c¢). Among the 188
stress response genes, six encode glutathione S-transferase
(GSTUgs), three encode peroxidase superfamily proteins (PRX52,
PER16, and PRX25), one encodes a cupredoxin superfamily pro-
tein (SC2), and three encode alternative oxidase (AOXla,
AOX1d-1, and AOX1d-2) (Fig. 3d), key proteins implicated in
the modulation of ROS homeostasis under salt stress (Smirnoff
& Arnaud, 2019; Sweetman ez al., 2019; Gong ez al., 2020; Sun
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et al., 2024). Consistent with this, we found under salt stress con-
ditions, roots of tetraploid plants significantly accumulating less
H,0, (Fig. 3e). Under control conditions, we also found an
enrichment of stress response genes, pointing to a priming for
stress resilience (Fig. S6). Alongside stress response genes, we
found an enrichment in GO terms related to hormones with the
largest number involved in the ethylene pathway, followed by jas-
monic acid (JA) and abscisic acid (ABA) (Fig. 3c,d). Specifically,
20 genes were involved in ethylene biosynthesis and signaling,
including three ethylene biosynthesis-related genes: ACOI,
ACS1, and ACS6, along with 15 ethylene response factors (ERFs)
(Fig. 3d).

We also investigated the downstream genes regulated by these
hormones by examining motif enrichment in the promoters of
the 874 upregulated genes. The top three most enriched motifs
were WRKY (TTGAC(C/T)), CAMTAL1 calmodulin-binding
transcription activator 1 (CAMTA1) (CGCGT), and the ERF-
binding motif (GCC box) (Fig. S7). Approximately 30% of the
upregulated genes contained the GCC box motif in their promo-
ters (P < 10~'%), suggesting that genes responsive to ethylene
play a major role in the salt stress resilience of tetraploids.

Transcriptome analysis revealed strong upregulation of genes
related to ethylene biosynthesis and signaling genes, emphasizing
ethylene’s role in the salt stress resilience of tetraploids. Ethylene
was also known to influence root architecture (Smalle & Van
Der Straeten, 1997; Negi ez al., 2008), promoting thicker roots
with fewer branches — traits observed in tetraploids. These

© 2025 The Author(s).
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Fig. 2 Tetraploidization enhances salt stress resilience in the Citrus and Poncirus genera. (a—c) Leaf injuries and reactive oxygen species (ROS) staining of
tetraploids (4x) and diploid (2x) plants from three genotypes treated with NaCl. Four-month-old plants are treated with 200 mM NacCl for 15 d. Red
arrows indicate injured leaves. Leaves stained with DAB are used to assess the accumulation of H,O,. Bar, 2 cm. (d-f) Statistical analysis of injured leaf
number, leaf Chl, and H,O, content in NaCl-treated 2x and 4x plants. Bars indicate mean values + SD (n = 3—-4). Statistically significant differences are
determined using a Student's t-test: **, P < 0.01; ***, P < 0.01; **** P < 0.0001. (g) Leaf injuries of grafted 2x/2x (scion/rootstock) and 2 x /4 x
(scion/rootstock) Citrus junos plants. One-month-old plants are used for grafting, and after 1 month of recovery, the grafted plants are subjected to a 15-
d treatment with 200 mM NacCl. Grafted plants of other genotypes are shown in Supporting Information Fig. S4. Red and white arrows indicate injured
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difference is tested by Student's t-test (**, P < 0.01) or ANOVA (different letters). All data above are collected in 2021.

findings prompted further investigation into ethylene’s role in
tetraploidization-mediated stress resilience, rather than focusing
on other hormones.

Ethylene biosynthesis genes are highly tuned to control ethy-
lene signaling (Booker & DeLong, 2015). We identified ACO!
as the most highly upregulated biosynthesis gene following

© 2025 The Author(s).
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tetraploidization (Tables S7, S11). The citrus genome contains
nine putative ACO genes (Fig. S8), among which only ACOI
and ACO5 were highly expressed in the roots (Fig. S8). ACOI
showed the highest expression in the roots compared with other
plant tissues (Fig. S8), indicating its significant role in ethylene
production in roots. Notably, we found that ACOI was highly
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Fig. 3 Tetraploid roots exhibit stronger transcription of ethylene and reactive oxygen species (ROS) scavenging genes. (a) Number of differentially
expressed gene in roots between tetraploids (4 x) and diploid (2x) plants in the Citrus and Poncirus genera under NaCl treatment. Entire roots after 24 h
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treatment. (c) Gene Ontology (GO) enrichment analysis of 847 upregulated genes in 4x roots relative to 2 x roots shared among three genotypes under
NacCl treatment. The top 10 GO terms are shown. False discovery rate (FDR) is calculated using Fisher's test. (d) Heatmap showing expression levels of
stress-related pathway genes between 4x and 2x plants under NaCl treatment. For each gene, the fragments per kilobase of transcript per million mapped
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upregulated in tetraploid roots under both salt stress and control
conditions (Figs 3f, S6), pointing to a central role in maintaining
basal and stress-induced ethylene levels.

To test whether ethylene production is enhanced in tetraploid
plants, we measured ethylene levels in roots under both control
and salt stress conditions. As expected, tetraploid roots had signif-
icantly higher ethylene levels under both conditions (Fig. 3g).

Ethylene treatment in diploids replicates the root
phenotype and salt stress resilience in tetraploids

Increased ethylene production is known to inhibit primary root
elongation by affecting both cell division and cell elongation pro-
cesses, and it also reduces the formation of lateral roots (Ivan-
chenko ez al., 2008; Negi et al., 2008; Lewis et al., 2011). As
tetraploid plants are characterized by shorter, thicker primary
roots with a reduced number of lateral roots, we hypothesized
that elevated ethylene levels in tetraploids could be responsible
for driving these changes. To explore this, we treated diploid
seedlings with ACC, an ethylene precursor, to artificially elevate

New Phytologist (2025) 246: 176-191
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ethylene levels. After 45 d of treatment with 20 uM ACC, the
plants exhibited thicker, shorter primary roots with fewer lateral
roots, closely resembling the root architecture seen in tetraploid
plants (Figs 1lc,d, S9). Similar root modifications were also
observed at lower ACC concentrations (10 and 5 uM; Fig. S9).

To determine whether the ethylene-induced root phenotype
also contributes to enhanced salt stress resilience, we grew ACC-
treated diploid plants under salt stress conditions. Compared
with the control plants, the ACC-treated plants demonstrated
fewer wilted and chlorotic leaves, maintained higher Chl content,
and exhibited lower levels of H,O,, indicative of reduced oxida-
tive stress (Fig. S9). These findings suggest that exogenous ethy-
lene treatment mimics the effects of genome doubling on root
architecture and improves salt stress resilience.

Analysis of ACO7 overexpression and knockout lines under
salt stress

The increased expression of the ACOI gene in tetraploid plants,
along with the results from the ethylene treatment experiment,

© 2025 The Author(s).
New Phytologist © 2025 New Phytologist Foundation.
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(n = 4). Statistically significant difference is tested by Student's t-test: ** P < 0.01; ***, P < 0.001; **** P < 0.0001.

underscores the pivotal role of ACOI in enhancing salt stress
resilience following genome doubling (Figs 3f, S9). To func-
tionally validate this role, we generated both ACOI overexpres-
sion and knockout (KO) lines in diploid citrus plants. The
overexpression lines were developed by inducing root-specific
expression of ACOI using Agrobacterium-mediated hairy root
transformation (Figs 4a, S10). The ACO!I KO lines were cre-
ated using the CRISPR-Cas9 gene-editing tool (Figs 4b, S10).
In total, four ACOI overexpression lines and five KO mutants
were produced, including two homozygous lines (KO4 and
KO5) and one heterozygous line (KO2) with an 81.3% allele
mutation rate (Figs 4b, S10). As expected, the ACOI overex-
pression (CGACOI-OE) lines displayed significantly higher ethy-
lene levels in the roots, while the ACOI KO lines showed a
marked reduction in ethylene content (Fig. 4c). Phenotypically,
the GJACOI-OE lines developed fewer lateral roots, shorter
total root lengths, and increased root diameter, closely mimick-
ing the root architecture observed in tetraploids, and in diploid

© 2025 The Author(s).
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plants treated with ethylene (Figs lc,d, 4d, S9). Conversely, the
KO2 and KOS5 lines showed longer and thinner roots, further
confirming ACOT’s effect on root development (Fig. 4d). To
further explore whether the enhanced salt stress resilience of tet-
raploid plants is driven by upregulated ACOI expression, we
subjected both CJACOI-OE and KO plants to 200 mM NaCl
salt stress, for 14 and 7 d, respectively. The CJACOI-OE lines
showed significantly improved salt tolerance, evidenced by fewer
wilted and chlorotic leaves, higher Chl content, and lower
H,0, levels compared with nontransformed control plants
(Fig. 4e,g). By contrast, the KO lines were severely affected by
the salt stress, exhibiting extensive wilting and bleaching of the
shoots (Fig. 4f,g). The KO lines also accumulated much lower
levels of Chl and higher levels of H,O, than the nontransfor-
mant control plants (Fig. 4g).

These results strongly validate the central role of the regulation
of ACOI expression in modulating root architecture and salt
stress resilience in tetraploid plants.

New Phyrologist (2025) 246: 176-191
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(Kolmogorov—Smirnov test).

Increased ACOT expression results in enhanced ROS
scavenging and flavonol biosynthesis in root

Considering that enhanced salt tolerance is linked to elevated
ACOI expression, and that knocking out ACO! disrupts this resi-
lience, we conducted a detailed analysis of the root transcrip-
tomes of CJACOI overexpression lines ((GACOI-OE) (Fig. S11;
Table $3). We identified 1206 genes that were significantly upre-
gulated (> 1.5-fold, FDR < 0.05), and 2168 genes that were sig-
nificantly downregulated (> 1.5-fold, FDR < 0.05), in the roots
of GJACOI-OE, compared with the untransformed control line
(Fig. 5a,b; Table S12). Similar to the root transcriptomes of tet-
raploids, the upregulated genes in CGJACOI-OE roots were
enriched in pathways associated with ethylene biosynthesis and
signaling, ROS scavenging, and metabolic processes of phenyl-
propanoids and flavonoids. This includes 34 genes involved in
ethylene biosynthesis and signaling, such as ACS8, EIN3, and 10
ERFs (Fig. 5¢,d). Additionally, several ROS scavenging-related
genes, such as ASCORBATE PEROXIDASE 2 (APX2), SIMILAR
TO RCD ONE 5 (SROS), and ALTERNATIVE NAD(P)H
DEHYDROGENASE 1 (NDAI), were also upregulated (Fig. 5d).

New Phytologist (2025) 246: 176-191
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These genes are vital for mitigating oxidative stress under abiotic
stress conditions, as documented in previous studies (Dai ez 4/,
2018; Sweetman et al., 2019; Zhu et al., 2020). Key enzymes that
regulate phenylpropanoid and flavonoid biosynthesis (Liu
er al, 2015), including PHENYLALANINE AMMONIA
LYASE (PAL1), CINNAMATE 4-HYDROXYLASE (C4H),
FLAVONOL SYNTHASE (FLS), and the transcription factor
MYB12 (a master regulator of the R2ZR3-MYB family), were also
upregulated in GACOI-OE roots (Fig. 5d). qPCR analysis con-
firmed that these genes were also induced in plants treated with
ACC (Fig. S11). Consistent with these transcriptomic changes,
both GACOI-OE and ACC-treated plants exhibited lower
H,0; levels and higher flavonol concentrations in their roots
(Fig. S11). The increased flavonol biosynthesis is likely a key fac-
tor contributing to the enhanced salt stress resilience, observed in
GACOI-OE, ACC-treated, and tetraploid plants, as flavonols
are known substrates for peroxidases involved in ROS scaven-
ging, particularly of H,O, (Gayomba & Muday, 2020).

To further validate the role of ACOI in influencing ROS
scavenging and flavonol biosynthesis, we transiently expressed
CIACOL fused to a red fluorescent protein (RFP) reporter in citrus

© 2025 The Author(s).
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leaf protoplasts. Subsequent qPCR analysis and ROS staining
assays revealed that protoplasts expressing CJACOI-RFP exhibited
activation of both ROS scavenging and flavonol biosynthesis-
related genes, while the control protoplasts expressing RFP alone
showed no significant changes (Fig. 5e). Furthermore, protoplasts
expressing CJACOI-RFP displayed significantly lower ROS levels
compared with the controls (Fig. 5f,g). These findings demonstrate
that elevated ACOI expression results in enhanced ROS scaven-
ging and promotes flavonol biosynthesis, thereby contributing to
improved stress tolerance.

Interestingly, several JA biosynthesis genes were also upregu-
lated in the roots of CGACOI-OE plants (Fig. 5d) as well as in tet-
raploid plants (Fig. 3d), suggesting that ethylene signaling may
play a role in promoting JA biosynthesis. Given that ethylene and
JA interact through complex crosstalk networks in stress
responses (Zhu ez al., 2011; Hu et al., 2021), the upregulation of
genes involved in ROS scavenging and flavonol biosynthesis in
GACO1I-OE plants may also result from hormone crosstalk.

In summary, our findings highlight that increasing ethylene
production in roots stimulates the transcription of genes involved
in ROS scavenging, flavonol biosynthesis, and JA biosynthesis,
all of which contribute to the plant’s resilience to salt stress.
These results also underscore the central role of ACOI expression
in coordinating salt stress tolerance, particularly in tetraploid
plants.

Tetraploidization results in hypomethylation and enhanced
chromatin accessibility of ACO7

To explore how ACOI expression is regulated in the roots of tet-
raploid plants, we conducted a comprehensive analysis of
genome-wide DNA methylation and chromatin accessibility.
DNA methylation analysis was performed using whole-genome
bisulfite sequencing (BS-seq) on the roots of tetraploids and their
diploid progenitors under control conditions (Table S3). The
Pearson correlation coefficients among the three biological repli-
cates exceeded 0.98, indicating high reproducibility of the
methylome data (Fig. S12). To identify variations in DNA
methylation, we looked for DMRs between tetraploid and
diploid plants (P < 0.05, AmC > 0.1). Across the genomes of
tetraploid C. junos, C. reticulata, and P. trifoliata, we found
8194, 10 901, and 3165 hypermethylated DMRs and 6560,
7518, and 3165 hypomethylated DMRs, respectively
(Tables S13-S15). Interestingly, no significant changes in CHG
and CHH DNA methylation were observed in the ACOI pro-
moter and gene body between tetraploid and diploid plants
(Fig. S13). However, we identified hypomethylated DMRs in
the CG context within the gene body of ACOI (Fig. S14).

To further confirm the presence of these CG hypo-DMRs in
the ACOI gene body, we employed bisulfite sequencing-PCR
(BSP). We specifically focused on the region containing the iden-
tified CG hypo-DMR, which is located 3’ downstream of the
start codon, spanning 597 to 1268 bp. This region exhibited sig-
nificantly reduced CG methylation in tetraploid plants compared
with diploid plants across all three genotypes, validating our
genome-wide methylation analysis (Fig. S14).

© 2025 The Author(s).
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We also assessed chromatin accessibility using ATAC-seq ana-
lysis on root chromatins from two tetraploid genotypes, C. reticu-
lata and P. trifoliata, as well as their diploid progenitors under
control conditions (Table S3). Genome-wide chromatin accessi-
bility patterns in tetraploid and diploid roots were strikingly
similar, showing enrichment at transcription start and termina-
tion sites (Figs 6a,b, S15). Nevertheless, ACO! showed signifi-
cantly increased chromatin accessibility at the transcription start
site, corresponding to its upregulated expression under both con-
trol and stress conditions in tetraploid plants (Fig. 6¢;
Tables S16, S17). This supports our finding that tetraploid roots
have a stronger transcriptional response to early-stage salt stress
compared with diploid roots (Fig. 3a,d). Alongside ACOI, other
ethylene biosynthesis and signaling genes, such as ACS6, ERFI,
ERF104, and ERF017, as well as the flavonol biosynthesis genes
FLSI and PALI, and the ROS scavenging gene AOXId, which
were upregulated in tetraploid roots under salt treatment, also
showed greater chromatin accessibility in tetraploid C. reticulata
and P. #rifoliata (Figs 3d, S16). Collectively, our findings empha-
size that genome doubling drives hypomethylation and chroma-
tin remodeling of upregulated genes, such as ACOJ, which is
essential for activating pathways that enhance resilience to salt
stress.

Discussion

Throughout evolution, most flowering plants have undergone
one or more independent genome-doubling events, underscoring
polyploidization as a key driver in the emergence of new species
and adaptation to changing environments (Chen, 2007). How-
ever, it remains unclear whether genome doubling alone is suffi-
cient to mediate some of these adaptations, or if subsequent
mutations leading to new gene functions are necessary to confer
genetic advantages. In this study, we leveraged the apomictic
reproductive system of citrus species within the Rutaceae family,
which can spontaneously undergo tetraploidization, to generate
genetically identical clones differing only in ploidy levels, and
comparative phenotyping to the diploid progenitors for resili-
ence. Our findings reveal that tetraploid clones exhibit a stronger
root system and improved functionality under salt stress, pheno-
types that are likely orchestrated by chromatin remodeling of the
ACOI gene.

Our analysis also indicates that the elevated expression of
ACOI in tetraploid plants does not stem from changes in promo-
ter DNA methylation in the CHG and CHH contexts, as no sig-
nificant alterations were observed (Fig. S13). Instead, we detected
a decrease in CG DNA methylation within the ACOI gene body
across all tetraploid plants, which correlates with ACO! expres-
sion upregulation (Fig. S14). Although the precise function of
intragenic methylation remains unclear, similar decreases in gene
body methylation have been observed in newly formed tetraploid
grapevines (Zou et al., 2020), suggesting a possible link between
reduced methylation and increased gene expression.

Significantly, we found a marked increase in chromatin acces-
sibility at the transcription start site of ACO! in tetraploid plants
(Fig. 6¢). This increase in accessibility likely facilitates the
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Fig. 6 Proposed working model illustrating distinct root architecture and enhanced salt stress resistance in tetraploids. (a, b) Genome-wide distribution of
ATAC-seq peaks detected in tetraploids (4x) and diploid (2x) roots of Citrus reticulata (a) and Poncirus trifoliata (b). Entire roots under control conditions
are used in ATAC-seq. Window size: gene body +3.0 kb. (c) ATAC-seq profiles at the ACO7 gene locus. Dotted box indicates differentially accessible
peaks between 4x and 2x roots. Black arrow indicates gene transcriptional direction. (d) Molecular working model depicting the distinct root architecture
and enhanced salt tolerance in tetraploids. Tetraploid roots exhibit elevated ethylene levels due to increased expression of ACO7, ACS6, and other related
genes, consequently influencing the distinctive root architecture observed in tetraploid plants. Meanwhile, higher ethylene levels stimulate the transcription

of genes associated with jasmonic acid (JA), abscisic acid (ABA), and flavonol biosynthesis, as well as genes involved in ROS scavenging. This cascade
enhances the root's capacity for ROS scavenging, ultimately contributing to the enhanced salt tolerance observed in tetraploids. Solid lines represent
pathways elucidated in this study, while dashed lines indicate pathways requiring further investigation. Black arrows denote positive regulation. Orange
arrows indicate enhancement in tetraploids. (e) Significance of root system remodeling by genome doubling in flowering plant evolution. After whole-
genome doubling, the root system of the neo-tetraploid is remodeled, resulting in stronger roots and enhanced salt tolerance, which facilitated neo-
tetraploid survival and establishment in specific soil environments. Subsequent diploidization and speciation led to the evolution of the current flowering
plants. The lightning bolt symbol represents 'selection pressure from specific soil environments'.

elevated expression of ACOI, which in turn drives higher ethy-
lene production in tetraploid roots, contributing significantly to
their enhanced salt tolerance (Fig. 6d). Supporting evidence
includes experiments where overexpressing ACO! in diploid
plants’ roots boosted ethylene production and activated resilience
metabolic pathways similar to those observed in tetraploids
(Figs 4c, 5d). Additionally, pretreating the roots of diploid plants
with ACC also enhanced salt tolerance (Fig. S9), demonstrating
that ethylene plays a critical role in the plant’s stress response. In
addition to the upregulation of ethylene-related genes, genes
related to other hormones, such as ABA and JA, are also upregu-
lated in tetraploids (Fig. 3d). This suggests potential crosstalk
between multiple hormones, which may collectively contribute
to the increased salt tolerance in tetraploids.

Under normal conditions, tetraploid plants also exhibit
increased chromatin accessibility in ROS scavenging genes,

New Phytologist (2025) 246: 176-191
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including those encoding alternative oxidase, GSTUs, and flavo-
nol biosynthesis enzymes, that play a crucial role in protecting
plants from oxidative stress (Sweetman et al., 2019; Gayomba &
Muday, 2020; Zhu er al, 2020). These genes help neutralize
harmful ROS, which can accumulate under salinity stress (Dai
et al., 2018). Alternative oxidases function as a terminal oxidase
in the mitochondrial electron transport chain, preventing over-
reduction of components and reducing ROS formation under
plant stress conditions (Maxwell ez al, 1999), while GSTUs
detoxify harmful compounds by conjugating them with glu-
tathione (Sun er al., 2024). Flavonol biosynthesis, on the con-
trary, produces flavonoids that act as antioxidants, further
enhancing the plant’s defense system (Gayomba & Muday,
2020). This increased accessibility allows transcriptional regula-
tors to more readily bind and activate these genes when the plants
are exposed to salt stress, enabling a quicker and more robust
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transcriptional response compared with diploid counterparts.
While transcriptome and chromatin accessibility analyses have
provided key insights, they offer only a partial understanding of
the mechanisms through which chromosome doubling enhances
abiotic stress tolerance. Other factors, such as histone modifica-
tions (Ding & Chen, 2018), chromatin organization (Zhang
et al., 2019), and post-translational modifications (Zhang et 4/,
2022), likely play significant roles as well. Analyzing these aspects
presents promising directions for future research.

Genome doubling during evolution and adaptation often
results in multiple gene paralogs, though most duplicated genes
are eventually lost (Innan & Kondrashov, 2010). Some are
retained through neofunctionalization, subfunctionalization, or
beneficial increases in gene dosage (Panchy ez al., 2016). In this
context, ACO genes have multiple homologs in most plants (e.g.
5 ACOs in Arabidopsis thaliana and 9 in the C. sinensis genome).
Among these, ACO! is the most highly expressed in citrus roots,
and its overexpression leads to higher ethylene production and
enhanced salt tolerance. Conversely, the loss of ACO! function
results in lower ethylene production and increased salt sensitivity,
underscoring its key role in root resilience. We found that the
expression of the other ACO genes does not change with genome
doubling (Tables S4-S6), indicating that they do not contribute
to the salt stress resilience observed in tetraploid plants.

The elevated expression of ACOI in tetraploid genotypes
results in thicker roots with reduced lateral branching (Fig. 1¢,d),
which may improve soil penetration, promote deeper rooting,
and reduce the metabolic costs associated with root construction
(Zhan et al., 2015; Klein et al., 2020; Lynch, 2022). These struc-
tural changes in the roots likely contribute to the increased survi-
val and adaptability of newly formed polyploid plants in specific
soil conditions (Fig. 6¢). Moreover, increased ACOI expression
or ethylene biosynthesis may also promote early fruit maturation
(Wang ez al., 2019) and seed germination (Linkies et al, 2009),
aiding in seed dispersal and boosting the reproductive capacity of
newly formed polyploids.

Elevated ACOI expression has also been observed in
colchicine-induced tetraploid grapevines (Zou ez al., 2020) and
in tetraploid C. junos leaves (Tan et al., 2015), suggesting that
gene dosage significantly influences ACOI function. Interest-
ingly, the constitutive triple response 1 (ctrI) mutant of Arabidopsis,
which exhibits increased ethylene signaling, shows higher poly-
ploidy levels in hypocotyls (Yoshizumi ez al., 2006), further high-
lighting the complex interplay between polyploidy and ethylene
signaling in plant adaptation and evolution.

The permissive chromatin environment for ACO1 expression in
tetraploid roots likely results from a combination of interrelated
mechanisms. Genome doubling may lead to a redistribution of
DNA methylation patterns, as observed in tetraploids (Wang
et al., 2021; Gao et al., 2024). Changes in noncoding RNA expres-
sion, such as miRNAs and siRNAs, could also influence DNA
methylation or histone modifications (De Lucia & Dean, 2011;
Zhao & Chen, 2014), further promoting chromatin accessibility at
the ACOI locus. Histone marks, such as H3K4me3 (linked to
active transcription) and H3K27me3 (associated with repression),
may also be altered by genome doubling, facilitating an open
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chromatin state (Liu et 4/, 2015; Han ez al, 2022). Increase in
gene dosage following polyploidization can also influence epige-
netic regulation by enhancing the recruitment of modifiers like his-
tone enzymes and DNA methyltransferases. Together or
independently, these modifications may stabilize the chromatin
structure at ACOI, facilitating its sustained expression.

This study sheds new light on the role of polyploidization in
enhancing plant resilience, revealing how genome doubling can
lead to significant adaptations that improve a plant’s ability to
withstand environmental stresses. By understanding the molecu-
lar mechanisms behind this process, this research not only dee-
pens our knowledge of evolutionary biology but also opens up
exciting new avenues in plant breeding, offering the potential to
develop crops with enhanced stress tolerance to changing envir-
onmental conditions. This could lead to more sustainable agri-
cultural practices and a means to facing global challenges, such as
climate change.
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with their corresponding diploid (2x) roots under control condi-
tions.
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