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Abstract

Background Citrus, a globally vital economic crop, faces severe challenges due to extreme climatic conditions

and diseases/pests attack. Poncirus trifoliata is closely related to citrus and shows unique cold tolerance, making it a
crucial material for unraveling genes involved in cold tolerance. NAC (NAM, ATAF1/2, CUC2) transcription factors play
important roles in plant growth, development, and stress responses. However, their evolution patterns and gene
functions in citrus remain poorly studied. This study aims to elucidate the genomic characteristics and evolution of
the NAC genes in P trifoliata, and to analyze their expression patterns and conduct functional validation under cold
stress.

Results Genome-wide analysis identified 135 PtrNAC genes in P trifoliata with non-random chromosomal
distribution, including 20 gene clusters. 57.78% of the NAC genes are located in the chromosomes 3,4 and 5. Gene
duplication analysis revealed that proximal and tandem duplications as primary expansion mechanisms, with tandem
repeats specifically driving gene expansion in citrus lineages (subfamilies IV, V, and VII). Collinearity analysis showed
that 24.44% of the PtrNAC genes were retained in homologous regions, and Ka/Ks ratio analysis further confirmed
that purifying selection dominated their evolutionary process. Transcriptome landscapes revealed that Pt5g024390
(PtrNAC2) was induced to the greatest degree under the cold stress. Meanwhile, expression level of PtrNAC2 in
tetraploid was more than two folds higher compared to diploid counterpart in the presence of cold stress. Virus-
induced gene silencing of PtrNAC2 led to significantly enhanced cold tolerance, implying that it plays a negative role
in regulation of cold tolerance.

Conclusion This study systematically elucidated the global distribution and evolutionary patterns of NAC genes in
P trifoliata. In addition, the NAC gene exhibit adaptive expansion driven by tandem duplications. The identification
of PtrNAC2, a negative regulator of cold tolerance in P, trifoliata, provides valuable insights into unravelling potential
candidates for engineering cold tolerance in citrus.
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Background

Citrus, one of the most economically significant fruit
tree crops globally, holds an irreplaceable position in the
fruit industry and health sectors due to its nutritional
value and processing properties. According to the USDA
report [1], global citrus production in 2024 has declined
due to extreme weather events (e.g., high temperatures,
drought, frost) and disease outbreaks (e.g., Huanglong-
bing), severely constraining sustainable development of
the citrus industry and highlighting the urgency of breed-
ing stress-resistant germplasms. Rootstock improvement
represents a key strategy for enhancing citrus resilience
to environmental stresses [2]. Poncirus. trifoliata, known
for its exceptional cold tolerance and broad-spectrum
disease resistance and particularly for the enhanced
stress resilience of its naturally autotetraploid variants
(developed through natural polyploidization) compared
to diploid counterparts [3, 4], has emerged as a pivotal
material for deciphering stress adaptation mechanisms
in woody plants. The release of its chromosome-level
genome provides a critical tool for elucidating genome-
environment interactions in perennial crops [5].

Plant molecular responses to environmental stresses
involve multilayered gene regulatory networks, with
transcription factors (TFs) playing central roles by
orchestrating spatiotemporal expression of downstream
targets [6—10]. The NAC (NAM, ATAF1/2, CUC2) TF
family, one of the largest plant-specific regulatory pro-
tein families, exhibits functional diversity enabled by its
conserved N-terminal DNA-binding domain and vari-
able C-terminal transcriptional regulatory domain [11].
Since its initial discovery in Petunia [12], NAC TFs have
been implicated in diverse biological processes, including
organ development, senescence, and biotic/abiotic stress
responses [13-15].

Recent advances highlight the pivotal regulatory roles
of NAC TFs in stress adaptation. For example, in Ara-
bidopsis thaliana, CLE14 activates JUBI to enhance
reactive oxygen species (ROS) scavenging and delay
senescence, while JUBI modulates gibberellic acid (GA)
and brassinosteroids (BR) signaling to strengthen stress
resilience through interconnected transcriptional and
peptide networks [16-18]. ANACO070 improves alumi-
num tolerance by suppressing the ANAC017-XTH31
pathway in A. thaliana [19]. In rice (Oryza sativa L.),
OsNAC42 enhances nitrogen use efficiency via nitrate
uptake regulation [20], while OsNACS5 activates OsABIS
to confer cold tolerance [21]. OsNACO023 interacts with
OsREM1.5 under stress, translocating to the nucleus
to activate drought/heat-responsive pathways [22]. In

tomato (Solanum lycopersicum L.), the miR164a-NAM3
module and SINAPI improve stress tolerance and fruit
yield by balancing phytohormones [23, 24]. In woody
species, MdNACI04 enhances apple cold tolerance
through CBF-dependent and -independent pathways
[25], while citrus PtrNAC?72 negatively regulates drought
resistance by suppressing putrescine biosynthesis [26].
CrNACO036 and CrMYB68 synergistically delay fruit rip-
ening by repressing NCEDSmediated abscisic acid (ABA)
synthesis [27]. Anthocyanins play an important role in
resisting biotic and abiotic stresses, PpPNACI was essen-
tial for enhancing anthocyanin biosynthesis [28]. These
findings underscore NACs as central hubs in plant stress
regulatory networks.

Despite comprehensive genomic analyses of NACs
in multiple plant species [29-33], systematic insights
into their evolution, functional diversification, and cold-
responsive networks in P, trifoliata remain lacking. These
knowledge gaps hinder both mechanistic understand-
ing of woody plant stress adaptation and NAC-based
molecular breeding in citrus. In this study we performed
genome-wide characterization of the NAC family in
P trifoliata. By integrating comparative genomics and
transcriptomics, we reveal lineage-specific expansion
patterns driven by tandem duplication, elucidate cold-
induced expression patterns of the NAC genes. In addi-
tion, we employed virus-induced gene silencing (VIGS)
to investigate the functions of the cold-inducible genes
in regulation of cold tolerance. These findings establish
a framework for deciphering complex stress adaptation
mechanisms in citrus and may hold promise for molecu-
lar breeding of cold-tolerant citrus.

Materials and methods

Plant materials and cold treatment

Four citrus genotypes were selected: P. trifoliata, Citrus
ichangensis Swingle, C. grandis, and C. limon. Seeds pro-
vided by the Citrus Breeding Center of Huazhong Agri-
cultural University were sown in plastic pots containing
commercial substrate (peat: vermiculite: perlite=3:1:1,
v/v/v). Plants were cultivated in growth chambers under
controlled conditions (25 °C, 60-70% RH, 16 h / 8 h pho-
toperiod) for three months. Uniform healthy seedlings
were subjected to cold treatment (4 °C), with sampling at
0 h, 6 h, 24 h, 72 h and after 48 h recovery. The leaf sam-
ples containing three biological replicates with pooled
leaves from five plants, were frozen in liquid nitrogen and
stored at -80 °C.
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Genomic data collection and processing

Genomic data, including coding sequences (CDS), pro-
tein sequences, gene structure annotations (GFF3), and
genome sequences, were obtained from two databases.
The Citrus Pan-Genome Breeding Database (CPBD,
http://citrus.hzau.edu.cn/) [5, 34—42], and the JGI Data
Portal (https://data.jgi.doe.gov/) provides access to refer-
ence datasets for A. thaliana [43]. A standardized work-
flow was applied to generate unified datasets for each
species, containing the longest protein sequences, lon-
gest CDS sequences, filtered gene structure annotations,
and genome sequences. For CPBD data: Python scripts
were developed to select the longest transcript isoforms,
and Perl scripts were used to clean the annotation files.
For JGI data: File consistency was verified, redundant suf-
fixes in GFF3 annotations were removed, and the longest
transcripts were extracted. Additionally, due to struc-
tural complexity, three genes in P, trifoliata (Pt3g017300,
Pt4g010630, Pt7g019640) were re-annotated using
GSAman.

Identification and characterization of NAC genes

The A. thaliana NAC gene reference dataset was com-
piled using the PlantTFDB (https://planttfdb.gao-lab.o
rg/) [44] and TAIR (https://www.arabidopsis.org/) [45]
databases. The hidden Markov model (HMM) for the
NAC conserved domain (PF02365) was obtained from
the Pfam database (http://pfam.xfam.org/) [46]. To estab
lish the A. thaliana NAC gene family dataset, candidate
sequences were initially retained through HMM scans
or BLAST homology searches [47]. The presence of the
NAM domain in these candidate sequences was sub-
sequently confirmed using the SMART database (http
://smart.embl.de/) [48]. To identify NAC genes in other
species using the A. thaliana dataset, genes recognized
by both HMM searches (E-value threshold: le-5) and
BLASTP (E-value<1le-5, sequence similarity >30%) were
retained. The NAM domain was further validated using
the SMART database. Physicochemical properties of the
confirmed NAC proteins, such as molecular weight and
isoelectric point, were analyzed using the Peptides pack-
age in R [49]. Subcellular localization predictions were
conducted with WoLF PSORT (https://wolfpsort.hgc.jp/)
[50].

Phylogenetic analysis

Multiple sequence alignment was performed using
MUSCLE software to identify conserved domains and
residues [51]. A phylogenetic tree was constructed with
IQ-TREE, and its reliability was tested using 1,000 boot-
strap replicates [52]. SNPs from four-fold degenerate
sites were used to build the tree. The maximum likeli-
hood tree was generated with RAxML software under
the GTRGAMMA model [53]. Atalantia buxifolia was
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selected as the outgroup, and 100 bootstrap analyses
were conducted to evaluate node support. High-resolu-
tion phylogenetic visualizations were created using the
Interactive Tree of Life (iTOL) platform (https://itol.em
bl.de/) [54].

Analysis of gene structure, conserved motifs, and cis-acting
elements

Conserved protein motifs were identified using the
MEME tool (10 conserved motifs spanning 6-100 amino
acids). Gene structure organization was analyzed by
systematically examining exon-intron boundaries and
untranslated regions (UTRs) based on genome annota-
tion data. The 2,000-bp promoter sequences upstream
of PtrNAC genes were extracted using the “Sequence
Retrieval” tool from the Citrus Pan-Genome Breeding
Database. Cis-acting elements in these sequences were
predicted using PlantCARE (https://bioinformatics.psb.
ugent.be/webtools/plantcare/html/) [55]. The Gene Stru
cture Display Server (GSDS, http://gsds.cbi.pku.edu.cn)
was employed to generate visual representations of all
analyses, which were integrated with phylogenetic data
[56].

Genomic collinearity and evolutionary analysis

Protein sequence alignment was performed using
BLASTP (E-value<le-10). Gene duplication patterns,
including tandem duplications and collinear regions,
were identified with MCScanX [57]. Circular genome
visualization was generated using Circos [58], while linear
chromosomal maps were constructed with MG2C_v2.1
[59]. Sequence alignment was conducted via MUSCLE,
and Ka/Ks ratios were calculated using KaKs_Calculator
[60]. In the collinearity analysis, protein sequence simi-
larity was first evaluated using BLAST (E-value <1e-10,
maximum 5 target sequences). Subsequently, collinear
regions between genomes were identified using MCS-
canX. Finally, data were processed and visualized through
the JCVI toolkit (filtering criteria: minspan =10).

RNA isolation and gene expression profiling

Total RNA was extracted using the RNA extraction
kit (RN33; Aidlab Biotech Co. Ltd, Beijing, China) and
reverse-transcribed into ¢cDNA with HiScript III RT
SuperMix for RT-qPCR (+ gDNA wiper) (Vazyme, Nan-
jing, China). Quantitative PCR was performed on an
ABI7500 system (Applied Biosystems, Foster City, CA,
USA) using AceQ SYBR Green Master Mix (Vazyme,
Nanjing, China). The RT-qPCR protocol consisted with
initial denaturation step at 95 °C for 5 min, this was fol-
lowed by 40 cycles of three steps: 95 °C for 10 s, 60 °C
for 30 s, and 95 °C for 15 s. After cycling, final steps were
performed at 60 °C for 60 s and 95 °C for 15 s. Each 10 pL
reaction mixture contained 5 pL of 2x SYBR Green PCR
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Master Mix, 0.2 uL of 10 mM primers, and 200 ng cDNA
template. Relative expression levels were calculated using
the 2"24C. method with ACTIN as the reference gene
[61]. Three biological replicates were performed. Gene-
specific primer sequences are listed in Table S1. Data
visualization was completed using Microsoft Excel.

Virus-induced gene silencing (VIGS)

The function of the PtrNAC2 gene was investigated
using VIGS. A 280-bp fragment of PtrNAC2 was ampli-
fied using primers containing BamHI and Smal restric-
tion sites and cloned into the pTRV2 vector to construct
PTRV2- PtrNAC2. Gene-specific primer sequences are
listed in Table S2. Recombinant plasmids were intro-
duced into Agrobacterium GV3101 via heat shock trans-
formation. The pTRV2- PtrNAC2 (or pTRV2 control)
was mixed with pTRV1 at a 1:1 ratio and infiltrated into
one-month-old P. trifoliata seedlings for VIGS experi-
ments [62, 63]. Infected plants were incubated at 25 °C in
darkness for 72 h, then transferred to soil for one month.
Positive transgenic lines were screened by genomic PCR,
and RT-qPCR was used to quantify PtrNAC2 transcript
levels to verify silencing efficiency.

Cold tolerance assay and physiological measurements
VIGS-silenced and control plants were exposed to -4 °C
for 8 h, when the difference in cold tolerance between the
tested group was obvious. Leaf samples were immediately
collected for physiological analysis. Membrane integrity
was evaluated by measuring electrolyte leakage [64]. Pho-
tosynthetic efficiency was assessed using an IMAGING-
PAM chlorophyll fluorometer (Walz, Germany), and the
maximum quantum yield of PSII (Fv/Fm) was calculated
with Imaging Win Gege software [65].

Data analysis methods

Statistical analysis was performed using SPSS software
(v22.0). Differences between treatment groups were
tested by one-way ANOVA with LSD post hoc tests. Sig-
nificance levels were set at P<0.05 (*), P<0.01 (**), and
P<0.001(***).

Results

Genome-wide identification and physicochemical
properties analysis of NAC genes

In this study, we systematically identified and character-
ized the NAC transcription factor family in P trifoliata
using a rigorously validated A. thaliana NAC gene data-
set (118 members, Table S3), which included five genes
with transcript variants: ATI1G56010.1/AT1G56010.2;
AT2G02450.1/AT2G02450.2 AT2G24430.1/
AT2G24430.2; AT3G10490.1/AT3G10490.2 and
AT5G07680.1/AT5G07680.2. A total of 135 PirNAC
members were identified, including four pairs of identical
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sequences: Pt5g023950.1/Pt5g025720.1; Pt9g021720.1/
PtUn031790.1; PtUn023510.1/Pt5g024390.1 and
Pt4g011620.1/Pt4g011640.1. 'These duplications may
result from gene duplication events, genome assembly
redundancy, or annotation errors. To ensure data integ-
rity, all paralogous genes were retained for subsequent
evolutionary analysis. Notably, three structurally complex
NAC genes (Pt3g017300.1, Pt4g010630.1, Pt7g019640.1)
required re-annotation using the GSAman tool to resolve
annotation discrepancies.

Physicochemical analysis showed varied properties
among PtrNAC proteins (Table S4). Protein lengths dif-
fered from 114 to 1,184 amino acids, with most between
300 and 500 residues. Molecular weights ranged 13.4-
130.7 kDa, mainly falling in 30-50 kDa. Isoelectric points
spanned 4.04 to 10.12, covering acidic to alkaline ranges.
Nuclear localization dominated predictions (74.8%),
matching typical regulatory functions. Other proteins
appeared in cytoplasm (9.6%), peroxisomes (5.9%), chlo-
roplasts (3.7%), cell membranes (3.7%), mitochondria
(1.5%), and Golgi (0.7%), suggesting functional diversifi-
cation beyond nuclear activities.

Chromosomal location and distribution of the NACs

Genomic analysis revealed a unique chromosome pat-
terns of NAC genes in P. trifoliata (Fig. 1; Table S5). Of
135 PtrNAC genes, 121 (89.6%) mapped to nine chromo-
somes (Chrl-Chr9), exhibiting a non-random distribu-
tion pattern. Chr5 (28 genes, 20.74%), Chr3 (27 genes,
20.00%), and Chr4 (23 genes, 17.04%) together con-
tained 57.78% of genes. Chr7 (1 gene, 0.74%) and Chr8
(3 genes, 2.22%) had the least number of genes. Further
analysis identified 20 gene clusters (intergenic spac-
ing <50 kb) showed structural variety. The largest cluster
(10 genes/135.5 kb) was observed on Chr5 (Pt5g023870-
Pt5g023980). Smaller clusters held 2—4 genes. Notably,
the Chr2 cluster exhibited the smallest average spacing
(989 bp; minimum spacing: 714 bp), and gene overlap
was observed between Pt3g034550 and Pt3g034560 on
Chr3. Chromosome-specific distribution patterns were
prominent: four genes in the Pt4g011610-Pt4g011650
region of Chr4 displayed highly regular clustering (spac-
ing: 3,861-3,873 bp), Chr5 and Chr4 each contained four
high-density clusters, and Chr3 harbored three tightly
linked cluster groups. Importantly, three small clusters
(14 genes, 10.37%) remained on unanchored genomic
scaffolds (designated ChrUn), potentially reflecting gaps
in the current genome assembly or unresolved struc-
tural complexities in these regions. Genome-wide cluster
spacing showed extreme variation (ranging from 714 bp
to 38.4 kb, with an average of 11.3 kb). The tandem dupli-
cation-dominated distribution pattern (e.g., the largest
cluster on Chr5) and clustered amplification of function-
ally related genes suggest that NAC family evolution may
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Fig. 1 Schematic representations for the chromosomal distribution of P, trifoliata NACs. In chromosomal ideogram representation, genomic annota-
tions are bifurcated along the axis: Gene identifiers (IDs) are systematically displayed on the left flank, while corresponding physical positions along the
chromosome are precisely mapped on the right flank. Gene clusters localization is indicated by a vertical red bar located to the left of gene identifiers

be driven by localized duplication events and regulated
by chromosome-specific recombination mechanisms.

Phylogenetic classification and subfamily dynamics of NAC
proteins

Phylogenetic analysis revealed distinct evolutionary pat-
terns of the NAC gene family between A. thaliana and P
trifoliata. A phylogenetic tree was constructed based on
conserved domains. The 118 Arabidopsis NAC members
divided into seven evolutionary groups (I-VII) with these
distributions: Group I: 17 members (14.41%); Group II:
13 members (11.02%); Group III: 9 members (7.63%);
Group IV: 19 members (16.10%); Group V: 23 members
(19.49%); Group VI: 25 members (21.19%); Group VII: 11
members (9.32%) In contrast, the 135 PtrNAC genes in P
trifoliata exhibited significant distribution shifts: Group
IV (27 genes, 20.00%), Group V (37 genes, 27.41%), and
Group VII (29 genes, 21.48%) showed marked expansion,
while Group I (10 genes, 7.41%) and Group II (8 genes,

5.93%) displayed relative contraction (Fig. 2; Table S6).
Notably, lineage-specific subclades containing 29, 10, and
23 members were identified in Group V, VI, and VII of
P trifoliata, respectively, suggesting potential functional
innovation events during citrus lineage evolution.

Analysis of domain composition and conserved motifs

Systematic analysis of 135 PtrNAC proteins revealed
distinct features in domain composition and conserved
motifs (Fig. 3). Domain analysis showed that 97.8%
(132/135) of members contained a single conserved
NAM domain, consistent with the canonical charac-
teristics of the NAC family. Three atypical members
(Pt5¢g023900, Pt9g021560, PtUn022620) harbored dual
NAM domains, while partial members (e.g., Pt4g010630)
exhibited NAM domains specifically localized at the
C-terminus. Eleven additional functional domains
were identified, including RRM_SF in Pt5¢005810 and
KTI12 in Pt4g007170, indicating potential functional
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divergence. MEME motif prediction identified 10 sig- analysis revealed conserved motif combination patterns
nificant conserved motifs (Table S7): Motifs 1-7 were  within evolutionary clades. For example, Motifs 1-2-3-4
highly conserved (coverage: 64.4-96.3%; occurrence: formed a core cluster in most proteins, and tandem motif
90-136 times), with spatial distributions overlapping the  arrangements (e.g., Motif pairs 1-2 and 5-6) frequently
NAM domains. In contrast, Motifs 8-10 showed lineage-  occurred, suggesting functional synergy. Gene struc-
specific distribution (Group VII), with lower coverage ture analysis demonstrated significant variation in exon
(15.6-18.5%) and occurrence (24—58 times), potentially = numbers (1-16), with 11.85% (16/135) of members com-
involved in subfunctional differentiation. Phylogenetic  pletely lacking introns. Phylogenetic clustering divided
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Fig. 3 Structural and conserved motif analysis of PtrNAC genes. (A) Conserved domains of PtrNAC proteins. Twelve conserved domains are displayed
as boxes in different colors. (B) Motif composition of PtrNAC proteins. Ten motifs are shown as boxes in different colors. Detailed motif sequences are
described in Supplementary Table S7. (C) Structure of PtrNAC genes. Green boxes denote the 5'/3"untranslated regions (UTRs), blue boxes indicate coding
sequences (CDS), and black connector lines indicate introns. Genomic scale information can be converted to nucleotide measurements using the scale

bar at the bottom

the family into seven subfamilies, where Group VII
members generally possessed complex gene structures
(exons >10). Notably, phylogenetically adjacent members
(e.g., Pt5g023870.1 and Pt5g023900.1) displayed con-
served exon-intron arrangements, suggesting potential
functional correlations.

Analysis of promoter cis-acting elements

Systematic analysis of promoter regions (2,000 bp
upstream of the ATG start codon) in 135 P trifoliata
NAC genes identified 83 types of cis-acting elements,
classified into four major functional categories (Fig. 4).
The first group was stress-responsive elements, encom-
passing ARE (anaerobic induction), TC-rich repeats
(defense stress), WUN-motif (wound response), and
MBS (drought response). The second group was hor-
mone-responsive elements, including ABRE (abscisic
acid response), TGA-element (salicylic acid response),
GARE-motif (gibberellin response), and TGACG-motif
(jasmonic acid response). The third group was light-
responsive elements, predominantly distributed Box 4,
supplemented by frequently occurring G-box and I-box,
indicating the potential role of light signaling in NAC
gene regulatory networks. The last group was growth and
development-related elements, including AAGAA-motif
(regulating endosperm expression), CAT-box (meristem-
specific expression), and O,-site (storage protein syn-
thesis regulation). Notably, MYB and MYC-recognizing
elements, closely associated with abiotic stress, were
widely distributed across the family. The enrichment of
hormone- and stress-responsive elements in the pro-
moter regions suggests that the P trifoliata NAC gene
family may regulate plant environmental adaptation
through complex transcriptional networks.

Analysis of genome duplication patterns

Analysis of 25,680 genes showed different duplica-
tion patterns in the P trifoliata genome. Gene dupli-
cation modes were ranked by prevalence as follows:
dispersed duplication (41.48%, 10,653 genes) predomi-
nated, followed by whole-genome/segmental duplica-
tion (19.96%, 5,125 genes), singleton duplication (16.78%,
4,309 genes), tandem duplication (12.73%, 3,268 genes),
and proximal duplication (9.05%, 2,325 genes). Notably,
the NAC transcription factor family (135 genes) exhib-
ited a unique duplication profile: dispersed duplication
(34.07%, 46 genes) and whole-genome/segmental dupli-
cation (25.19%, 34 genes) constituted the primary modes,

followed by tandem duplication (20.74%, 28 genes) and
proximal duplication (18.52%, 25 genes), while singleton
duplication (1.48%, 2 genes) showed minimal representa-
tion (Table S8).

Analysis of collinearity and selection pressure
Whole-genome collinearity analysis identified 233 col-
linear regions encompassing 5,125 genes (19.96% of
total genes), with 2,148 tandem duplicate genes involv-
ing 3,697 genes. Within the NAC family, 20 collinear
gene pairs (involving 33 PtrNAC genes) were identified,
representing 24.44% of this family (Fig. 5). Ka/Ks analy-
sis revealed strong purifying selection in 17 gene pairs
(Table S9), with ratios ranging from 0.051 to 0.330. Nota-
bly, the pair Ptig010980-Ptlin018950 showed absence
of nonsynonymous substitutions (Ka=NA), preventing
ratio calculation, while Pt5g024390-PtUn023510 and
Pt9g021720-PtUn031790 exhibited identical sequences.
These findings demonstrate that purifying selection
predominates in NAC family evolution while main-
taining dynamic equilibrium through local functional
differentiation.

Analysis of evolutionary differentiation and subfamilies in
citrus genus

Phylogenetic analysis revealed dynamic evolutionary
characteristics of the NAC gene family in citrus during
speciation (Fig. 6, Table S10). Basal lineages included A.
buxifolia (127 members), P, trifoliata (135 members), and
C. ichangensis (141 members). Subfamily differentiation
showed marked heterogeneity: Subfamily VII displayed
the highest evolutionary plasticity, with member counts
sharply decreasing from 22-33 in early lineages to 0-1
in C. medica and C. grandis ‘Huazhou’; Subfamily IV
peaked in Fortunella hindsii (43 members), while Sub-
family V expanded significantly in C. grandis ‘“Wanbai’
(cultivar, 55 members); Subfamilies I, I, III, and VI main-
tained stable member counts (9-10, 7-11, 10-15, and
10-13, respectively). Notably, cultivated pummelo lin-
eages demonstrated a distinct lineage-specific expansion
pattern—a stepwise increase from C. grandis ‘Huazhou’
(63 members) through C. grandis ‘Majia’ (109 members)
to C. grandis “Wanbai’ (126 members)—closely aligned
with domestication stages, suggesting adaptive genomic
restructuring potentially driven by artificial selection
pressure.



Fang et al. BMC Plant Biology (2025) 25:633 Page 9 of 20

X

L-
Ls7
MRE
Spl

3-AF1 binding site
0x
box

" TC-rich repeats
3-AF3 binding site
4c-CMAIb

W box
WRE3
LAMP-¢lement

TCA-clement
TGACG-motif
TGA-clement
AAAC-motif
ACA-motif
chs-CMA2a
chs-CMA2¢

TGA-box

GC-motif
DRE1
‘WUN-motif
I-be

TCCC-motif
AACA_motif

GTGGC-motif
TCT-motif

g
<
<
]
b1
b3

chs-Unit | m1
GA-motif
Gap-box
GATA-motif
G-box
GGA-motif
GTl-motif
TGGCA

_2
=z
=
=
g
B

-responsive Hormone-responsive Light-responsive

Pt3g015700.1 Number
Pt32030590.1 —
Pt3g027700.1 0
Pt3g006250.1
Pt62003100.1
Pt52000420.1

1
Pt1010980.1
Pt19001930.2
Pt3013930.1
Pt9020980.1
Pt32020620.1
Pt3g034320.1 12
Pt32003930.1
Pt3gll|)7850.l 14
el 16
mgmsoo 1
Pt79019640.1

PeUn002040.1 19
Pt32004090.1 2
Pt3g017300.1
Pt52004610.2 2
Pt52003480.6
Pt4018170.3
Ptdg018160.1
Pt5g005810.1
Ptdg015330.1
Pt9021170.1
PGEO06280.
Pt3glll74801
3903
4 Ptlgll3458 .
Pt39034590.1
P3g034560.1
PtUn017600.1
Pt52025670.1 EEEES!
Pt52023970.1
Pt52023920.1 [
Pt52025710.1
PtUn017610.1
Ptdg015040.1
PtUn017620.1
PtUn017590.1
Ptdg013810.1
PtUn017580.1
Pt32000620.1
Pt52023950.1
bisghzs7201
(5g023880.1
Pt5g0238701
1 Pt52023930.1
Pt52023980.1
PSE025700.1
Pt5g0239001
P55023940.1
Bisguzsm0.1
Pt5gl)239ll)l

5902,
Pt5g023270 1
Pt8g000730.1
Pt62007790.1
Pt8005630.1
Pt37024440.1
Pt9018280.1

[FRRCE N

Pt8008510.1
Pt1g011900.1
Pt55008050.1

P(26002820.1
Pt12021160.1
Pt1g021110.1
Pt12021090.1
Pt1g021150.1 N
Pt3g010600.1
P3g032060.1
Pt1g019700.1
Ptd4g007130.1
Pt4g007170.1
Ptd4g007120.1
Pt32025390.1
Pt3g025430.1
Pt3g025420.1
Pt39025440.1
Ptdg010630.1
Pt5g018190.1
Pt2g006730.1
Pt4g008900.1
Pt12008280.1
P(2g006170.1
Pt26025300.1
Pt5¢018230.1
Pt9g007910.1
Pt9021560.1
PtUn031790.1
Pt9021720.1
~Pt5g018170.1
~Pt9g013930.1
~Pt9g014250.1
~Pt6g005790.1
~Pt6g005730.1
~Pt62006000.1
~Pt6g00598!

~Pt6g005640.
~Pt3g010830.1
~Pt3g021700.1
—~Ptag013600.1
~Ptdg013620.1
~Ptdg013570.1
~Pt4g011710.1
~Pt4g011610.1
~Ptdg011630.1
~Ptdg011620.1
~Ptdg011640.1

Fig. 4 Cis-acting elements in the promoters of PtrNAC genes. The cis-acting elements were divided into four functional categories: stress-responsive
elements, hormone-responsive elements, light signaling elements, and growth and development regulation elements. Element quantity differences are
displayed through a red-scale gradient



Fang et al. BMC Plant Biology

(2025) 25:633

PtUnogg,,, 1
YR

Pt9202098,1—_ Pt9g0;
01 P'9§0221'§673.‘1'\"‘9g021720.l

T Pt9g018280,1

Pt9g017480.1—
Pt9g015520.1

PUOg015470.1—PIR0ISSH0 L >

1

Page 10 of 20

——Pt1g001930.2

s
a\“g.\

oo

4@»

“’““Mﬂ.\
& A
—* 52,““3%9“%-‘
—Naaw? \
0.1 830
/vég““““"&ssu.\‘/mg‘““
/\;%%mae.«o.
/‘,Ggmmw\

__pt3g015700.1

——Pt3017300.1
——Pt3g017480.1

2013930.1 —
Pt9g014250.1—
P3g020620,
10 Pt3g021799,4
— P
24,
ok ggozzgj‘%ﬂ.ll
X 5430, w
— & 06;2773 1 02
7010 0.2 X 420,
poeV o 30;;?]0.1 5”'2{6440.1'
© 060,
0.7,
/
hY
\! S
8
&%@% s“'\/ >
W e
o oY
& W
Sl S
C
&
Q% > 2,
< s
s 4
= ;
2 7
% A %,
g,
IR 3 2,
/ d d A A\\ —&'.‘1 Yen % v “
s o i 25 ‘
S§S$55  FEineee 222 24
Bis wmumm \,
S£L 9z SE5R BEEn D22 2
== O 2 o N
e eF s e %
SEL £ SEZEGER %
A 4 A *
v
o] -y =FE
Ss= 33 Gao
ss= 232
e e
[+ =2 -—x\—
-l '.'8‘.?35
; &
g SSon
oERR
g 3828
& gg=2
£ ottt
porcs
Go0
B2
&2

1
1
v

Fig.5 Collinearity analysis of the PtrNAC genes. In the circular genome alignment diagram, gray connecting arcs indicate genome-wide syntenic regions,
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linear distribution pattern of P, trifoliata NAC gene family members along chromosomes, with a chromosomal scale ring providing megabase (Mb)-level

physical position references

Analysis of species collinearity

Collinearity analysis was conducted using P. trifoliata as
the reference genome. The results showed a non-linear
evolutionary trend in conserved NAC gene homologs
across citrus species (Fig. 7; Table S11). In evolutionary
timelines, the early-diverging species C. ichangensis (62
NAC regions) and the terminal taxa C. grandis ‘Majia’
(62) and C. grandis “Wanbai’ (62) exhibited the highest

values. In contrast, early-stage species A. buxfoliata
(46) and mid-diverging species C. sinensis (47) and C.
reticulata (48) showed significant reductions. Notably,
C. medica (53), a late-diverging species, retained fewer
conserved regions than the early-diverging C. ichangen-
sis, suggesting that the conservation of this gene fam-
ily may be driven by ecological adaptation rather than
strictly following phylogenetic timelines. Whole-genome
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Fig. 6 Phylogenetic tree of citrus and analysis of subfamily divergence in the NAC gene family during citrus evolution. (A) Phylogenetic tree depicting
the phylogenetic relationships among citrus species. (B) Distribution of NAC gene subfamilies within citrus. Branch lengths indicate genetic divergence

collinearity analysis indicated a stepwise increase in the
number of syntenic genes from early-diverging A. bux-
foliata (624) to late-diverging C. grandis ‘Majia’ (697).
However, C. medica (556 genes) deviated significantly,
showing a sharp decline of 11% compared to its closely
related species C. grandis ‘Huazhou’ (625). The gene
density (total genes/syntenic regions) remained highly
conserved across all species (~50 genes per region),
reflecting strong stability in gene distribution patterns
within syntenic regions during evolution. Of particu-
lar note, C. grandis ‘Majia’ and C. grandis “Wanbai’ pos-
sessed the highest numbers of syntenic regions (697 and
672, respectively) and conserved NAC regions (both 62),
likely due to artificial domestication favoring genetic
stability.

Expression patterns of PtrNACs under cold stress

Transcriptomic analysis of cold (0 h, 6 h, 24 h, 72 h) stress
responses in P. trifoliata revealed significant evolution-
ary and functional divergence within the NAC transcrip-
tion factor family (Fig. 8). Phylogenetic analysis identified
stress-responsive genes (e.g., Pt1g011900, Pt4g000070,
Pt5g008050, Pt5g024390) forming a distinct clade, show-
ing strong induction under cold stresses. PtIg011900
exhibited a 2.1-fold increase at 6 h of cold stress, escalat-
ing to 26.1-fold by 72 h. Similarly, PtrNAC2 showed rapid
induction with a 10.1-fold increase at 6 h and a 25.6-fold
peak at 72 h under cold stress. The temporal expression
patterns of these genes correlated with their phylogenetic
clustering, indicating their central role in citrus stress
adaptation. In contrast, genes like P£2g009580 displayed
marked suppression, with a 63.7% decrease under cold
stress. Constitutively expressed genes (e.g., Pt2g025300)
kept similar levels under cold treatments, suggesting

Tree scale: 0.01 ————— [J1 1
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roles in basal metabolic regulation. This tripartite func-
tional divergence—inducible, suppressive, and consti-
tutive—reflects the NAC family’s strategic diversity in
environmental adaptation.

Analysis of germplasm-specific expression and dosage
effect regulation

To systematically elucidate the regulatory mechanisms of
NAC transcription factors in citrus cold adaptation, this
study integrated transcriptomic data and RT-qPCR vali-
dation from different citrus germplasm types (wild, cul-
tivated, and polyploid materials). Four core NAC genes
(Pt1g011900, Pt4g000070, Pt5g008050, Pt5g024390)
showed significant cold-induced expression but with dis-
tinct dynamic patterns across germplasms.

In C. ichangensis vs. C. limon comparisons, basal
expression levels of C. ichangensis genes were gener-
ally higher than those of C. limon, with stronger cold
induction (Fig. 9A). For example, homologous gene
Pt1g011900 in C. ichangensis reached 1,771.88, 4.1-fold
higher than C. limon, consistent with its stronger cold
adaptation capacity. Comparisons of the expression lev-
els in the wild mandarin (C. reticulata) and cultivated
species ‘Ponkan’ revealed that the wild species exhib-
ited lower basal expression but was significantly induced
under the cold stress (Fig. 9B), suggesting that the wild
species may enhance environmental responsiveness for
adaptive advantages. In tetraploid vs. diploid P, trifoliata,
cold stress markedly altered genomic dosage effects: the
tetraploid/diploid expression ratio under normal con-
ditions was near 1:1, but increased to 2.5:1 after 72 h
cold treatment. All tested genes showed positive dos-
age effects (mean ratio 2.15+0.32) (Fig. 9C). Notably,
PtrNAC2 displayed the strongest cold induction. In C.
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Fig. 7 Whole-genome collinearity analysis of the NACs between P, trifoliata and other citrus species. The synteny map displays the P trifoliata genome in
the upper section and corresponding citrus species genomes below. Gray curves connect indicate whole-genome collinear regions. Red curves connect
conserved homologous regions containing NAC family genes. Un represents genes with uncertain chromosomal localization

grandis ‘Hirado Buntan’ vs. C. ichangensis, its homolo-
gous genes were increased 162.7-fold and 8.4-fold at
12 h post-cold treatment, respectively (Fig. 9D). In P. tri-
foliata, this gene increased 22.3-fold at 12 h, peaking to
85.84 folds after 72 h (Fig. 9E).

RT-qPCR validation confirmed its germplasm-specific
expression: P trifoliata showed 58.66-fold induction
(control =1.00) at 72 h, significantly exceeding C. ichan-
gensis (15.97-fold), C. grandis ‘Hirado Buntan’ (12.40-
fold), and C. limon (14.97-fold), with rapid response at
6 h (11.62-fold) (Fig. 9F). These findings reveal functional
heterogeneity of NAC transcription factors in stress reg-
ulatory networks.

PtrNAC2 negatively regulates cold tolerance

In this study, virus-induced gene silencing was used to
construct PirNAC2-silenced lines (TRV2-PtrNAC2).
RT-qPCR validation showed that the expression of this

gene was significantly reduced compared to the control
(TRV2). After 12 h of -4 °C freezing treatment, pheno-
typic observations revealed severe wilting in TRV2 con-
trol leaves, while TRV2-PtrNAC2 plants exhibited only
minor damage (Fig. 10A). The Fv/Fm value of TRV2
plants dropped to 0.46 (a 42.3% decrease from pre-treat-
ment levels), whereas TRV2-PtrNAC2 retained a value of
0.68 (only a 15% decrease) (Fig. 10B-C). After cold treat-
ment, the TRV2 plants showed an EL value of 25.92%,
which was 2.57-fold higher than that of TRV2-PtrNAC2
plants (10.08%) (P<0.001) (Fig. 10D), demonstrating that
silencing of this gene effectively alleviated cold-induced
membrane damage. These results indicate that PtrNAC2
plays a negative role in regulation of cold tolerance in P
trifoliata.
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Discussion

This study systematically identified 135 PtrNAC genes in
P. trifoliata, a cold-resistant model plant of citrus, reveal-
ing for the first time the unique evolutionary character-
istics and low-temperature response regulatory network
of the NAC transcription factor family in this species.
With its scale ranking among the largest transcription
factor families reported in citrus plants [66—70], this gene
family provides novel insights into citrus genome evolu-
tion. Furthermore, the findings establish a systematic

analytical framework for investigating stress resistance
mechanisms in perennial horticultural crops.

Chromosomal distribution and evolutionary dynamics

This study reveals a significant non-random distribu-
tion pattern of the NAC gene family in P. trifoliata at the
chromosomal level. A total of 20 gene clusters were iden-
tified, with Chr3, Chr4, and Chr5 serving as primary res-
ervoirs containing 57.78% of family members and 11 gene
clusters. Notably, a 135.5-kb continuous cluster on Chr5
(Pt5g023870-Pt5g023980) harbors 10 members, while
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Fig. 9 Expression patterns of four cold-induced PtrNAC genes. (A) TPM (Transcripts Per Kilobase Million) of the genes in the transcriptome data of cold-
treated C. limon (NM) and C. ichangensis (YC). (B) TPM of the genes in the transcriptome data of cold-treated C. reticulata ‘Ponkan’ (PK) and C. reticulata
(WM). (C) TPM of the genes in the transcriptome data of cold-treated diploid (2x) and tetraploid (4x) P, trifoliata. (D) TPM of the genes in the transcriptome
data of cold-treated C. grandis ‘Hirado Buntan’ (HB) and C. ichangensis (YC). (E) TPM of the genes in the transcriptome data of P trifoliata under cold treat-
ment at different time points. (F) RT-gPCR quantitative analysis of NAC2 in P trifoliata, C. ichangensis, C. grandis 'Hirado Buntan, and C. limon. RT-qPCR data

are means=SD (n=3)

the smallest average inter-cluster distance (989 bp) on
Chr2 indicates tandem duplication as the core expansion
mechanism. The extreme variation in intergenic distances
(714 bp to 38.4 kb) suggests multiple evolutionary mech-
anisms: compact clusters (e.g., Chr3/4/5) likely originate
from recent tandem duplications, whereas dispersed
clusters (e.g., Chr1l/2) may result from recombination
or insertional interference. The formation of these high-
density gene clusters aligns with the rapid functional
divergence patterns observed in gene families associated
with both growth/development and stress response [71-
74], where functionally critical genes form evolutionary
hotspots through localized duplications and dynamically
adjust cluster sizes via unequal recombination.

Gene duplication analysis demonstrates that proximal
duplication (18.52% vs 9.05% genome-wide) and tandem
duplication (19.96% vs 12.73% genome-wide) constitute
primary expansion modes for the PtrNAC family. This
differential duplication may drive functional specializa-
tion, contrasting sharply with the systemic gene contrac-
tion observed in C. grandis ‘Huazhou’ (63 genes) and C.
medica (69 genes), likely resulting from selective gene
loss during domestication. Importantly, the gene scarcity
on Chr7/Chr8 may reflect ancestral chromosome loss
or functional redundancy elimination, while three small
clusters in unmapped regions (ChrUn) indicate persis-
tent technical limitations in genome assembly (e.g., com-
plex repeats or transposon-mediated gene migration).

Structural innovation and functional diversity

The high conservation of motifs 1-7 (gene coverage
64.4-96.3%) indicates their critical role in core functions,
while the clade-specific distribution of motifs 8—10 (gene
coverage 15.6-18.5%) may contribute to subfunctional-
ization. Similar architectural patterns were reported in
sunflower NAC genes [31], where conserved N-termi-
nal domains maintain DNA-binding capacity and vari-
able C-terminal regions drive functional diversification,
reflecting the coexistence of functional conservation and
diversity. Phylogenetic analysis revealed distinct evolu-
tionary clades in P trifoliata Groups V-VII, combined
with the identification of unconventional domains (e.g.,
KTI12, RRM_SF), elucidating functional innovation
mechanisms in woody plant adaptation. The discovery
of dual-NAM domain proteins (e.g., Pt5¢023900) and
peroxisome/cytoplasmic localization patterns challenges
the conventional view of NAC proteins as strictly nuclear

transcription factors. These structural variations, poten-
tially originating from gene duplication events [75], may
enhance DNA-binding affinity and interaction complex-
ity. The broad isoelectric point range and motif distribu-
tion collectively support functional diversity. Structural
differentiation and subcellular localization patterns sug-
gest neofunctionalization through domain fusion or
post-translational regulation, mediating “moonlighting”
roles in organelle signaling and membrane trafficking [76,
77]. Notably, such diversified patterns remain unreported
in citrus NAC families [78], implying potential non-tran-
scriptional regulatory functions. Analogous mechanisms
were observed in rice: ONACO023 localizes to the cyto-
plasm under normal conditions but translocates to the
nucleus with OsREM1.5 assistance during drought/heat
stress, participating in transcriptional regulation and
protein interactions [22].

Regulatory networks and evolutionary selection

Promoter cis-acting element analysis revealed that
PtrNAC gene family members are precisely regulated
by multi-layered transcriptional networks. Numerous
hormone-responsive elements (including ABRE, TGA-
element, GARE-motif) and stress-responsive elements
(e.g., ARE, TC-rich repeats, WUN-motif) were identified,
suggesting their potential involvement in environmental
stress responses through integration of multiple signaling
pathways. Notably, the widespread distribution of MYB
and MYC elements further supports the crucial role
of NAC genes in abiotic stress adaptation [79-81]. This
“hormone-stress” co-regulatory module shows mecha-
nistic parallels with the classical GA-BR signaling cross-
talk observed in A. thaliana JUBI [16].

Collinearity analysis further revealed the evolutionary
characteristics of this gene family: the majority of gene
pairs exhibited signatures of purifying selection (Ka/
Ks: 0.051-0.330), indicating strict conservation of their
core functions during evolution. Notably, two gene pairs
showed complete sequence identity, potentially resulting
from recent duplication events or functional redundancy.
This evolutionary pattern reflects a typical adaptive strat-
egy in perennial horticultural crops, where purifying
selection preserves essential functions, likely associated
with their critical roles in plant growth and development
or stress responses.
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Domestication selection and polyploid advantage

Based on the phylogenetic tree construction of citrus
species (consistent with [37]), we identified progressive
gene dosage accumulation in the pummelo lineage. This
phenomenon not only correlates with enhanced ecologi-
cal adaptability but likely reflects human domestication
selection pressure on agronomic traits such as fruit size
and disease resistance, revealing directional reinforce-
ment of gene functions through artificial selection. Fur-
ther analysis demonstrated spatiotemporal specificity
in gene dosage effects: under normal temperatures, tet-
raploid and diploid gene expression strictly follows the
dosage conservation law (ratio~1:1), whereas under cold
stress, cold-responsive gene expression in tetraploid P
trifoliata increased by 2.15-fold compared to diploids.
This elevation may be achieved through chromatin open-
ness remodeling [82], which enhances transcriptional
accessibility of key regulatory factors, thereby promot-
ing their coordinated activation. The observed “stress-
induced dosage-sensitive” regulatory pattern parallels
the molecular mechanism by which the wheat TaVRN1
gene modulates grain weight via dosage effects [83]. This
model may provide a universal theoretical framework
for understanding the ecological adaptability advantages
of polyploid plants and offers novel insights for genetic
improvement strategies in horticultural crops.

Functional heterogeneity

As core components of plant stress regulatory networks,
transcription factors precisely control stress-responsive
genes by specifically binding to promoter regions of tar-
get genes. These multi-layered regulatory mechanisms
not only reshape plant metabolic networks and tran-
scriptomic profiles, but also dynamically coordinate the
balance between growth and stress tolerance through
pathways such as RNA splicing and post-translational
modifications [84—86].

In comparative transcriptomic analyses of P trifoliata
under cold stresses, the key gene PtrNAC2 showed rapid
response characteristics within 6 h of cold stress, with its
conserved expression pattern potentially linked to inter-
actions between promoter cis-acting elements and trans-
regulatory factors. Notably, canonical cold-responsive
NAC transcription factors generally improve plant cold
tolerance through positive regulatory mechanisms. For
instance: apple MdNACI04 enhances cold resistance
by coordinately activating both the CBF signaling path-
way and anthocyanin/antioxidant metabolic pathways
[25]; pepper CaNAC064 mitigates oxidative damage
through dual regulation of the antioxidant system and
ROS metabolism [87]; banana MaNACI reinforces cell
wall integrity by upregulating cellulose synthase gene
expression [88]. However, this study found that PtrNAC2
exhibited the opposite biological function compared to
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this traditional model: its silenced lines showed signifi-
cantly enhanced cold tolerance under low-temperature
stress. This discovery reveals a “transcriptional brak-
ing” mechanism opposing traditional positive regulation
models [89, 90].Further analysis revealed three key path-
ways underlying the PtrNAC2 negative regulatory role:
PtrNAC2 directly suppresses transcriptional activation
of cold-responsive target genes [91, 92]; it downregu-
lates antioxidant enzyme genes, significantly reducing
ROS scavenging capacity [93]; PterNAC2 disrupts CBF
signaling by competitively binding to DNA or forming
non-functional complexes with CBF regulators [94]. We
hypothesize that the negative regulatory mechanism of
PtrNAC2 may involve the following molecular pathways:
PtrNAC2 retains a conserved N-terminal DNA-bind-
ing domain; however, its C-terminal region may occupy
NAC-binding sites on cold-responsive gene promoters,
physically blocking the binding of positive regulators to
their targets. In rice, ONACO066 interacts with OsDjA6 to
suppress MNAC3 activity [95]. This suggests PtrNAC2
might form heterodimers with positive regulators, dis-
rupting their nuclear localization or DNA-binding abil-
ity. These findings reveal a rare negative regulatory
mode in the NAC family. Furthermore, they provide new
insights into the complexity of plant stress adaptation
mechanisms.

Conclusions

Based on the genome-wide analysis we identified a total
of 135 PtrNAC genes in P. trifoliata, including 20 gene
clusters. Most of the NAC genes are located in the three
chromosomes. The PtrNAC genes may undergo proxi-
mal and tandem duplications for expansion. Collinear-
ity analysis showed that 24.44% of the PtrNAC genes
were retained in the homologous regions, and Ka/Ks
ratio analysis further confirmed that purifying selec-
tion dominated their evolutionary process. Transcrip-
tome landscapes revealed that several NAC genes were
up-regulated by cold treatment, in which Pt5g024390
(PtrNAC2) was most substantially induced. Virus-
induced gene silencing indicated that PtrNAC2 was a
negative regulator of cold tolerance.

Taken together, we provide the global silhouette of
NAC family genes in P. trifoliata and unveil several cru-
cial members that may play a critical role in modulation
of cold tolerance. The findings provide some valuable
genes that may be engineered to generate cold-tolerant
new germplasm in the future.
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