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Loquat (Eriobotrya japonica) is an important subtropical evergreen fruit tree of
the Rosaceae family that possesses significant edible and economic value. The
NAC transcription factor family, as plant-specific regulatory factors, not only
participated in plant growth and development but also played crucial roles in fruit
quality formation. Through genome-wide analysis, this study identified 117 NAC
family members in loquat, which were phylogenetically classified into 14 distinct
subfamilies. Chromosomal localization revealed that 114 genes were unevenly
distributed across 17 chromosomes, while the remaining 3 were located in
genomic scaffold regions. Collinearity analysis indicated that loquat NAC genes
primarily underwent purifying selection and showed high homology with NAC
genes from other Rosaceae species. Cis-acting element prediction analysis
suggested these genes were extensively involved in various biological
processes, including abiotic stress responses, hormone signal transduction,
and growth regulation. Expression pattern analysis based on transcriptome
data further uncovered differential expression characteristics of NAC genes
across different loquat cultivars and fruit developmental stages. Notably,
correlation analysis identified several NAC candidate genes that were
significantly associated with fruit sugar-acid content. This study provided the
first comprehensive and systematic characterization of the NAC gene family in
loquat, establishing an important foundation for elucidating the molecular
mechanisms by which NAC transcription factors regulate loquat fruit
flavor quality.

KEYWORDS

NAC transcription factors, loquat, sugar-acid metabolism, fruit development,
gene family

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2025.1671017/full
https://www.frontiersin.org/articles/10.3389/fpls.2025.1671017/full
https://www.frontiersin.org/articles/10.3389/fpls.2025.1671017/full
https://www.frontiersin.org/articles/10.3389/fpls.2025.1671017/full
https://www.frontiersin.org/articles/10.3389/fpls.2025.1671017/full
https://www.frontiersin.org/articles/10.3389/fpls.2025.1671017/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2025.1671017&domain=pdf&date_stamp=2025-09-26
mailto:chenjunwei@zaas.ac.cn
mailto:xukai@zafu.edu.cn
mailto:bopingwu@zafu.edu.cn
https://doi.org/10.3389/fpls.2025.1671017
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2025.1671017
https://www.frontiersin.org/journals/plant-science

Zhang et al.

Highlights

* First genome-wide identification and characterization of
NAC transcription factors in loquat (Eriobotrya japonica).

» Comprehensive evolutionary analysis reveals conserved and
divergent patterns in loquat NAC gene family.

* Expression profiling identifies candidate NAC genes
associated with fruit sugar-acid metabolism.

1 Introduction

The NAC transcription factor family represented one of
the largest and most characteristic families of transcriptional
regulators in plants, named after its three initially identified
members: NAM (No Apical Meristem), ATAF1/2 (Arabidopsis
Transcription Activation Factor 1/2), and CUC2 (Cup-Shaped
Cotyledon 2) (Xiong et al, 2025). These transcription factors
possessed unique molecular structural features, comprising
a highly conserved N-terminal DNA-binding domain and a
highly variable C-terminal transcriptional regulation domain
(Dorjee et al., 2024). This distinctive structural characteristic
enabled NAC transcription factors to play pivotal regulatory roles
in plant growth, development, and environmental adaptation.

Numerous studies demonstrated that NAC transcription factors
participated in the regulation of multiple critical physiological processes
in plants through complex regulatory networks, including but not
limited to: seed dormancy and germination, flowering time
determination, organ morphogenesis, and fruit development (Zhang
et al, 2025). Particularly in Rosaceae fruit trees, NAC transcription
factors were confirmed as key molecular switches regulating fruit quality
formation. In apple (Malus domestica), MANAC18.1 promoted fruit
ripening by activating genes involved in ethylene biosynthesis pathways
(Yue et al,, 2025); in pear (Pyrus pyrifolia), PPNAC187 was shown to
participate in regulating the lignification process during fruit cork spot
development stage (Li et al., 2019); while in peach (Prunus persica),
PpNAP6 influenced fruit ripening through ethylene synthesis regulation
(Dai et al, 2023), and PpNAP4 directly activated promoters of
carotenoid biosynthesis genes to participate in fruit coloration (Dai et
al., 2025b). Notably, these regulatory functions often exhibited species
specificity, such as MANAC77L specifically promoting anthocyanin
accumulation in apple and strawberry (Shi et al., 2024), while
PavNACS56 in sweet cherry (Prunus avium) specifically regulated fruit
softening (Qi et al,, 2022).

Among various factors determining fruit quality, sugar-acid
metabolic balance was one of the most crucial determinants. Recent
studies revealed the central role of NAC transcription factors in
regulating sugar-acid metabolism. In strawberry (Fragaria x
ananassa), FYNACO073 affected sucrose accumulation by differentially
regulating FvSPSI and FvSUS2 expression (Xiao et al, 2025); in
watermelon (Citrullus lanatus), knockout of CINAC68 significantly
reduced soluble solid content and sucrose accumulation in fruit flesh
(Wang et al, 2021); while in apple, MANACS5 promoted sucrose
hydrolysis by activating MANINV6 transcription (Zhang et al., 2024).
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Regarding organic acid metabolism, PpBL in peach synergistically
activated PpALMT4 expression with PpNACI to promote malic acid
accumulation (Chen et al, 2025); mutation of AcNACI in kiwifruit
(Actinidia spp.) led to a significant reduction in citric acid content (Fu
et al, 2023); and the complex formed by CitNAC62 and CitWRKY1 in
citrus affected citric acid degradation by regulating CitAco3 expression
(Li et al,, 2017). Particularly noteworthy was that EJNAC25 in loquat
simultaneously regulated two key processes-sugar metabolism
(promoting sucrose hydrolysis) and acid metabolism (promoting
malic acid accumulation)-by directly activating EjNI and EjtDT2
expression (Chi et al,, 2025), providing important clues for studying
the role of NAC transcription factors in coordinated sugar-
acid regulation.

Loquat (Eriobotrya japonica), as an economically important
fruit species in the Maloideae subfamily of Rosaceae, has its fruit
flavor quality primarily governed by the dynamic equilibrium of
sugar-acid components. With consumers’ growing demands for
fruit quality, elucidating the molecular regulatory mechanisms of
sugar-acid metabolism in loquat has become a crucial frontier in
pomological research. While the functions of NAC transcription
factors have been extensively investigated in other Rosaceae fruit
trees, several critical scientific questions remain unresolved
regarding the systematic identification of the NAC gene family in
loquat and its regulatory mechanisms in fruit quality formation,
including the composition and evolutionary characteristics of the
NAC gene family in loquat, the correlation between expression
patterns of different NAC members during fruit development and
sugar-acid accumulation, and the specific molecular mechanisms
through which key NAC members regulate sugar-acid metabolism.

This study employed an integrated multi-omics approach
combining comparative genomics, transcriptomics, and metabolomics
to conduct the first genome-wide systematic identification and
functional analysis of the NAC gene family in loquat. The research
comprehensively identified NAC gene family members and analyzed
their evolutionary characteristics based on the latest loquat genome
data. It screened key NAC members involved in sugar-acid metabolism
regulation through multi-cultivar, multi-developmental stage
transcriptome and metabolome association analysis. These results not
only enriched our understanding of the evolution and functional
differentiation of transcription factors in Rosaceae plants but also
provided important theoretical basis and genetic resources for
molecular breeding of loquat flavor quality.

2 Materials and methods
2.1 Plant materials

Two loquat (Eriobotrya japonica) cultivars with distinct
ripening characteristics were selected for this study: YingShuang’
(YS’), an early-maturing white-fleshed variety (harvested around
May 10™), and “ZheHong No.16’ (‘ZH’), a mid-season red-fleshed
variety (harvested around May 25"). The differences in maturity
period and flesh traits provide an ideal system for investigating the
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expression patterns of genes at different fruit developmental stages,
as well as their regulatory roles in sugar-acid metabolism.
Furthermore, as representative cultivated varieties of loquat, their
well-documented agronomic backgrounds enhance the biological
relevance and potential applicability of our research findings. Fruits
were collected at four developmental stages according to (Liu et al,
2024a). For each stage, three biological replicates (five fruits per
replicate) were immediately frozen in liquid nitrogen and stored at
-80°C for subsequent analysis.

2.2 Identification of loquat NAC genes

The genome data of loquat were obtained from the GigaScience
Database (http://gigadb.org/dataset/view/id/100711). The amino
acid sequences of Arabidopsis NAC family members were
obtained from the Arabidopsis Information Resource (TAIR,
https://www.arabidopsis.org/). Hidden Markov models (HMMs)
of the NAC domain (PF01489) and NAM domain (PF02365)
were downloaded from PFAM (http://pfam.sanger.ac.uk/) for the
identification of loquat NAC members. BLAST was further
employed to screen for loquat NAC genes. Members containing at
least one NAM domain were selected using the NCBI Conserved
Domain Database (CDD, http://www.ncbi.nlm.nih.gov). The
physicochemical properties of NAC genes, including molecular
weight, isoelectric point, and amino acid length, were predicted
online using the ExPASy server (https://web.expasy.org/protparam/
). Subcellular localization predictions were conducted on the
WOLFPSORT platform (https://wolfpsort.hgc.jp/).

2.3 Phylogenetic analysis and
chromosomal localization of NAC genes

Multiple sequence alignment of NAC protein sequences from
loquat and Arabidopsis was conducted using MEGA 11.0.
Phylogenetic reconstruction was performed employing the
neighbor-joining (NJ) method with 1,000 bootstrap replicates for
node support estimation. The resultant phylogenetic tree was
subsequently visualized and annotated using the Interactive Tree
of Life (iTOL) web platform (https://itol.embl.de/). Chromosomal
localization of the identified loquat NAC members was performed
using TBtools software, with reference to the chromosomal position
information provided in the loquat genome annotation file.

2.4 Gene structure and conserved motif
analysis of NAC genes

Gene structure analysis of loquat NAC family members was
performed using TBtools, with visualization of exon-intron
organization. Conserved protein motifs were subsequently identified
through MEME Suite (v5.5.2, https://meme-suite.org/) with the
following parameters: maximum number of motifs set to 10,
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motif width ranging from 6 to 50 amino acids, and E-value
threshold < le-10.

2.5 Collinear and cis-acting regulatory
elements analysis of NAC genes

Intraspecies synteny analysis of loquat NAC genes was performed
using the One-Step MCScanX-SuperFast algorithm implemented in
TBtools (v2.018). For cross-species comparison, intergenomic
syntenic relationships were investigated through Advanced Circos
visualization in the same platform. Promoter regions (2,000 bp
upstream of transcription start sites) were extracted using TBtools
and subsequently analyzed for cis-regulatory elements via PlantCARE
(https://bioinformatics.psb.ugent.be/webtools/plantcare/html/). Final
visualization of all predicted regulatory elements was conducted
using TBtools’ integrated graphics modules.

2.6 Transcriptomic profiling of NAC gene
expression patterns in loquat

To elucidate the expression dynamics of NAC genes in loquat, we
performed RNA-seq analysis on fruit samples from different cultivars
at key developmental stages. Total RNA was extracted using the
CTAB method and subjected to quality control (RIN>7.0, OD260/
280 = 1.8-2.0, RNA amount>1pg). mRNA was enriched using oligo
(dT) beads and fragmented, followed by double-stranded cDNA
synthesis with M-MuLV Reverse Transcriptase and DNA
Polymerase I. After end repair, A-tailing, and adapter ligation, the
libraries were quality-checked using Qubit and Bioanalyzer before
150bp paired-end sequencing on the NovaSeq 6000 platform.
Raw data were processed through quality control (fastp v0.20.0),
genome alignment (HISAT2 v2.0.5), and FPKM quantification
(StringTie v1.3.3b). Differential expression analysis was conducted
using DESeq2 (v1.20.0) with thresholds of adjusted p-value<0.05 and
[log2FoldChange|>1.

2.7 Determination of sugar and acid
content

For sugar and acid content analysis, samples (0.1 g) were first
extracted in 1.4 mL of methanol at 70°C for 15 min and then
centrifuged at 11,000 x g for 10 min. The resulting supernatant
was phase-separated by adding 1.5 mL of H,O and 750 pL of
chloroform, followed by centrifugation at 2,200 x g for 10 min.
The aqueous phase (1 mL) was collected and stored at -80°C prior to
analysis. For derivatization, 100 LLL of the extract was combined with
10 pL of ribitol (0.2 mg/mL) as an internal standard, dried under
nitrogen, and then sequentially derivatized by first reacting with 60
UL of methoxyamine hydrochloride (20 mg/mL in pyridine) at 37°C
with shaking (950 rpm) for 1.5 h, followed by silylation with 40 LL of
BSTFA containing 1% TMCS under the same conditions for 30 min.
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The derivatized samples were transferred to GC vials and analyzed highlighted in the heatmaps, where the correlation coefficients (R-
via gas chromatography within 24 h to ensure sample stability. values) reflect both the strength and direction of the relationships.
2.8 Statistical analysis 3 Results

Data visualization was performed using OriginPro 2023 and 3.1 ldentification of NAC genes in loquat
ChiPlot (https://www.chiplot.online/). Pearson correlation

analysis was applied to assess the linear relationships between Through comprehensive genome-wide screening, a total of 117

the expression levels of NAC genes and the content of sugar-acid =~ NAC transcription factor family members were identified in the loquat

components (including fructose, glucose, sucrose, malic acid, and  (Eriobotrya japonica) genome (Figure 1). Detailed characterization

citric acid). Correlations with a p-value < 0.05 were considered  revealed substantial variation in the physicochemical properties of

statistically significant. These significant associations are explicitly ~ these proteins (Supplementary Table 1). Among them, protein length
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FIGURE 1

Phylogenetic analysis of the NAC family across multiple species. (A) Phylogenetic analysis of NAC proteins in loquat and Arabidopsis thaliana. Red
circles represent loquat NAC proteins; blue circles represent Arabidopsis NAC proteins. (B) Distribution of plant NAC genes across phylogenetic
groups.
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ranged from 201 amino acids (EVM0003633.1) to 851 amino acids
(EVMO0022562.1), representing the shortest and longest isoforms
respectively. Molecular weights varied from 22.9 kDa
(EVMO0003633.1) to 94.4 kDa (EVMO0022562.1), with an average of
42,9 kDa across all members. Theoretical isoelectric points (pI)
spanned from 4.54 (acidic, EVMO0039809.1) to 9.27 (basic,
EVMO0007593.1). The mean pl of 6.58 suggested a balanced
distribution of acidic and basic NAC members. Subcellular
localization prediction showed that the majority of identified NAC
members (99 genes, 83.89%) exhibited nuclear localization, which aligns
well with their canonical role as transcription regulators. This
predominant nuclear targeting pattern strongly supported their
predicted function in DNA binding and transcriptional regulation.
The remaining NAC proteins showed distinct localization patterns to
other cellular compartments (cytoplasm, chloroplasts, vacuoles, and
endoplasmic reticulum), suggesting potential functional diversification
beyond transcriptional control.

3.2 Phylogenetic analysis and Comparative
genomics of NAC genes

To elucidate the evolutionary relationships of NAC genes in
loquat, we conducted a phylogenetic analysis by aligning NAC
protein sequences from loquat with Arabidopsis thaliana, followed
by constructing a neighbor-joining tree (Figure 1A). The resulting
phylogeny classified the 117 loquat NAC proteins into 14 distinct
subfamilies, including ATAF, AtNAC3, ONAC022, TERN,
ANACO001, SENU5, OsNAC7, NAM, NAC1, NAC2, TIP,
OsNAC8, ANACO11, and NAP. Among these, the OsNAC7
subfamily was the largest, containing 19 members, while the NAC1
and OsNACS8 subfamilies were the smallest, each with only two genes.

Comparative analysis across multiple species revealed significant
variation in NAC gene family size, ranging from 74 members in grape
(Vitis vinifera) to 228 in apple (Malus domestica) (Figure 1B;
Supplementary Table 2). The OsNAC7 subfamily, which was
highly represented in loquat (19 members, accounting for 16.24%),
was also prominent in Arabidopsis. However, the ONACO003,
ANACO063, and Undlassified subfamily, present in other species,
were entirely absent in loquat. Remarkably, comparative genomic
analysis revealed a striking expansion of both NAC2 and ANAC001
subfamilies in Rosaceae fruit trees (Malus domestica: 8 NAC2, 35
ANACO001; Cerasus humilis: 7 NAC2, 15 ANACO001; Eriobotrya
japonica: 8 NAC2, 14 ANACO001) compared to non-Rosaceae
species (Actinidia chinensis: 3 NAC2, 2 ANACO001; Vitis vinifera: 4
NAC2, 0 ANACO001). This represented a 2-3-fold expansion of the
NAC?2 subfamily and an even more pronounced expansion (up to 17-
fold) of the ANACO001 subfamily in Rosaceae species.

3.3 Chromosomal distribution and
organization of NAC genes in loquat

Genome-wide chromosomal mapping revealed an uneven
distribution pattern of NAC genes across the loquat genome
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(Figure 2). Among the 117 identified NAC genes, 114 were
successfully anchored to the 17 loquat chromosomes, while the
remaining 3 genes were located on unassembled scaffold regions.
The distribution exhibited remarkable chromosomal bias, with
LG16 harboring the highest number of NAC genes (17 genes),
followed by LG2 (12 genes) and LG1 (11 genes). In contrast, LG5
contained only two NAC genes, representing the most gene-poor
chromosome for this family. Notably, the ANAC001 subfamily
showed a striking localization pattern, with 11 of its members
(64.8% of the subfamily) clustered on LG16 and the remaining 3
members exclusively located on LG10. This observation suggested
potential subfamily-specific expansion events through localized
gene duplication. Other chromosomes displayed intermediate
NAC gene densities, including LG3 and LG14 (9 genes each),
LGI10 (7 genes), and LG4, LG6, and LG12 (4 genes each).

3.4 Collinear analysis of NAC genes in
loquat

A total of 90 duplication events were identified within the
loquat NAC genes, including both segmental and tandem
duplications (Figure 3). Selective pressure analysis based on Ka/Ks
ratios demonstrated that 113 out of the examined NAC genes
exhibited Ka/Ks values < 1.0 (Supplementary Table 3), strongly
suggesting the predominance of purifying selection in the evolution
of these genes.

Comparative collinearity analysis revealed differential
conservation patterns of NAC genes among species (Figure 4). Of
particular note, loquat showed the strongest synteny with pear (Pyrus
spp.), sharing 248 homologous gene pairs, followed closely by apple
(Malus domestica) with 231 pairs. This contrasted with the lower
numbers observed for peach (Prunus persica; 133 pairs), grape (Vitis
vinifera; 131 pairs), and Arabidopsis thaliana (116 pairs).

3.5 Structural characterization of NAC
genes in loquat

Conserved motif analysis revealed distinct architectural features
among NAC family members (Figure 5A). Notably, motifs 1 and 6
demonstrated universal conservation across all members,
suggesting their fundamental functional significance. Motifs 3
(present in 116 members, accounting for 99.15%) and 2 (113
members, 96.58%) showed broad distribution patterns, while
motifs 8 (25 members, 21.37%), 9 (8 members, 6.84%), and 10 (9
members, 7.69%) exhibited restricted occurrence, implying
potential subgroup-specific functional specialization. Phylogenetic
analysis further indicated that closely related subgroups maintained
highly conserved motif architectures, supporting their functional
coherence. All identified NAC proteins contained the characteristic
NAM domain, confirming their classification within this
transcription factor family (Figure 5B). Gene structure analysis
uncovered remarkable diversity in exon-intron organization
(Figure 5C). Four members (3.41%), exclusively from the
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FIGURE 2

Chromosomal localization of NAC genes in loquat.

AtNAC3 subgroup, were completely intronless. The remaining
genes displayed varying exon numbers: 26 members (22.22%)
were exonless, while others contained either one (8 members),
two (61 members), or three exons (12 members). This structural
heterogeneity provides valuable insights into the evolutionary
diversification of loquat NAC genes.

3.6 Cis-acting regulatory element analysis
of loquat NAC genes

Cis-acting element analysis provided valuable insights into the
potential functions of genes (Figure 6). The results demonstrated that
among 114 genes (excluding three genes without promoter regions), a
total of 3,292 cis-acting elements belonging to 40 categories were
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predicted. Notably, no cis-acting elements were detected in two
members from the OsNAC7 (EVM0022762.1) and ANACO011
(EVM0026673.1) subgroups. These elements were predominantly
associated with hormone responses, growth and development, as
well as biotic and abiotic stress responses. Quantitative analysis
revealed light-responsive elements as the most abundant category
(1,456 elements, 44.2%), followed by methyl jasmonate-responsive
(401 elements, 12.1%) and abscisic acid-responsive elements (375
elements, 11.4%). Additionally, auxin-responsive elements (96, 2.9%)
and gibberellin-responsive elements (90, 2.7%) associated with fruit
ripening were identified in the study. In the distribution analysis of
regulatory elements, the highest number of gibberellin-responsive
elements (4 in total) was predicted in the promoter region of gene
EVM0005159.1, which is classified under the NACI subgroup.
Conversely, the maximum count of auxin-responsive elements (3
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FIGURE 3

Intraspecific collinearity analysis of NAC genes in loquat. Red lines represent collinear relationships among NAC genes.

per gene) was detected in multiple genes, including EVM0007598.1
and EVM0019415.1 from the OsNAC7 group, EVM0043743.1 from
the TERN subgroup, EVM0033968.1 from the NAC2 subgroup, and
EVMO0027654.1 from the AtNAC3 subgroup. These findings suggested
that NAC transcription factors in loquat likely participate in the
regulation of diverse physiological processes through these cis-
regulatory mechanisms.

3.7 Expression pattern analysis of NAC
genes in loquat fruits

Systematic analysis of the NAC gene family expression profiles in
loquat revealed distinct cultivar-specific expression patterns and
dynamic regulation during fruit development (Figure 7). Among the
117 identified NAC genes, 93 (79.5%) showed expression activity in
fruit tissues, while 24 (20.5%) remained transcriptionally silent. It was
worth noting that six genes exhibiting cultivar-specific expression
patterns. Three genes were specifically expressed in YS’, belonging to
TERN (EVMO0035599.1), OsNAC7 (EVM0007598.1), and NAC2
(EVMO0036082.1) subfamilies, while three other genes were uniquely
expressed in “ZH’, including members of ONAC022 (EVM0029950.1),

Frontiers in Plant Science

TERN (EVMO0004184.1), and OsNAC7 (EVM0008045.1) subfamilies.
During fruit development, nine genes showed elevated expression
during early developmental stages, including three SENU5 subfamily
members, two TERN subfamily members, and single representatives
from OsNAC7, NAC1, and ANACO011 subfamilies. In contrast, 11
genes exhibited significantly upregulated expression during late
maturation stages, predominantly from ANAC001 (4 members),
OsNAC7 (2 members), and NAM (2 members) subfamilies, and
one member in each of NAP, AtNAC3, TIP, and ATAF subfamilies
also showed maturation-specific expression patterns. These findings
provided important insights into the molecular mechanisms
underlying loquat fruit quality formation.

3.8 NAC-mediated cultivar-specific sugar-
acid networks in loquat flavor formation

This study systematically investigated the regulatory mechanisms
of sugar-acid components on flavor quality in loquat fruits (Figure 8).
Through combined analysis of sugar-acid content measurement and
transcriptome association in two cultivars across four developmental
stages (S1-S4), we found that: during fruit development, the contents
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Cis-acting elements in the promoter regions of NAC genes in loquat. Boxes of different colors represent distinct types of cis-acting elements.

of three soluble sugars (fructose, glucose and sucrose) continuously
increased with a gradual rise in fructose proportion. Quantitative
analysis revealed that, during the S4 stage, fructose levels exceeded
those of glucose 1-2 folds and surpassed sucrose concentrations 9-11
folds. While malic acid content consistently decreased, the content of
malic acid during S4 stage was lower 2-3 folds compared with S1
stage. Citric acid accumulation exhibited cultivar-specific patterns -
showing a continuous decline in “ZH’ but a dynamic change of initial
decrease (S1-S3) followed by increase (S3-S4) in YS’. Gene expression
analysis revealed 27 and 28 genes significantly correlated with sugar-
acid contents in YS and ZH’ respectively. Notably, EVM0032673.1
expression was significantly correlated with all three sugars. And the
number of genes associated with malic acid was the largest (14) while
those with citric acid were the smallest (3). Importantly, five core genes
(EVMO0041810.1, EVM0018990.1, EVM0035811.1, EVM0041575.1 and
EVMO0001909.1) maintained significant correlations in both cultivars,
whereas EVM0022652.1 (specifically associated with glucose in “ZH’)
and EVMO0037004.1 (specifically associated with malic acid in YS’)
displayed cultivar-specific regulatory characteristics (Supplementary
Figures 1, 2). Remarkably, these key regulatory genes maintained high
expression levels throughout all fruit developmental stages, collectively
forming a sophisticated regulatory network for sugar-acid metabolism
in loquat. Particularly, EVMO0022652.1 demonstrated significantly
higher expression abundance compared to other NAC family
members, suggesting its potential critical role in fruit development
or flavor quality formation in loquat. These findings provided
important clues for deciphering the molecular mechanisms
underlying loquat flavor quality formation.

Frontiers in Plant Science

4 Discussion

This study systematically elucidated the evolutionary
characteristics and functional differentiation mechanisms of the
NAC transcription factor family in loquat, providing novel insights
into gene family expansion and functional specialization in Rosaceae
plants. A total of 117 EjNAC genes were identified in the loquat
(Eriobotrya japonica) genome. Notably, although 228 NAC genes have
been reported in the apple (Malus domestica) genome (Geng et al,
2022), genome size-normalized comparative analysis revealed that the
NAC gene density per genomic unit in loquat (2n=34) was
significantly higher than that in apple (2n=17). The significant
expansion of the ANAC001 and NAC2 subfamilies was particularly
noteworthy, suggesting these subfamilies might play central roles in
loquat-specific sugar-acid metabolism regulation.

Evolutionary selection pressure analysis revealed the dominant
role of purifying selection in maintaining functional conservation of
NAC genes (96.58% with Ka/Ks<1.0, Supplementary Table 3),
similar to findings in Dendrobium catenatum NAC family studies
(100%) (Liu et al., 2024c), indicating transcription factor families
generally experienced strong functional constraints. However, the
significantly elevated gene collinearity between loquat and closely
related Rosaceae species (248 homologous pairs with pear, 231 with
apple) reflected lineage-specific adaptations, supporting the recently
proposed “conserved core-variable periphery” transcription factor
evolution model (Mitra et al., 2011). The high-density clustering of
ANACO001 subfamily members on chromosome LG16 (12/17) was
particularly interesting, a non-random distribution pattern
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resembling functional synergy phenomena observed in bayberry
AP2/ERF gene clusters (Liu et al., 2024b), suggesting Rosaceae
plants might achieve precise metabolic pathway regulation
through localized chromosomal gene enrichment.

Cis-regulatory element analysis demonstrated the predominance
of light-responsive elements (44.2%) in loquat NAC genes, closely
corresponding with photosynthate allocation demands during late
fruit development. It is noteworthy that the simultaneous presence of
ABA, MeJA and SA response elements in genes such as
EVMO0032673.1 is particularly remarkable, indicating that these
genes may coordinate sugar-acid balance by integrating multiple
hormone signals—a regulatory process closely associated with
fruit ripening.

Cross-cultivar comparisons revealed that the cultivar-specific
gene EVM0022652.1 in ‘ZH’ showed a strong negative correlation
with glucose accumulation (r=-0.98, P < 0.05), explaining sugar
content variations between cultivars. This finding aligned with
cultivar-specific regulatory loci identified in recent GWAS studies
on apple sugar-acid components (Lin et al., 2023).

NAC transcription factors are plant-specific regulators that play
pivotal roles in growth, secondary metabolism, and stress responses
across plant species (Liu et al., 2024d; Valoroso et al., 2022). Recent
studies have systematically elucidated the pivotal role of NAC
transcription factors in regulating fruit sugar-acid metabolism
and flavor quality formation (Khan et al., 2025). In Rosaceae fruit
trees such as apple and peach, specific NAC family members have
been demonstrated to precisely modulate fruit flavor quality
through fine-tuning sugar-acid metabolic networks. Taking peach
(Prunus persica) as an example, research has shown that the NAC
transcription factor PpNAP4 directly activated the expression of
sucrose synthase gene (PpSUSI) and sucrose phosphate synthase
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gene (PpSPS2), significantly promoting sucrose accumulation
during fruit ripening (Dai et al., 2025a). Additionally, the latest
pan-genome analysis demonstrated that NAC transcription factor
PpBL interacts with PpNACI to specifically activate the promoter
activity of malate transporter PpALMT4, thereby enhancing
vacuolar malate accumulation (Chen et al., 2025).

Our findings in loquat further extend this understanding:
through integrated transcriptomic and metabolomic analyses across
cultivars, we identified that the “ZH’-specific gene EVMO0022652.1
exhibited a significant negative correlation with glucose accumulation
(r=-0.98, P <0.05). Intriguingly, this gene demonstrated extraordinary
expression levels that were 200-500-fold higher than other NAC
members throughout fruit development, while showing a progressive
decrease during ripening - a pattern that was inversely correlated with
glucose accumulation trends. Notably, such strong negative
regulation of sugar accumulation by NAC transcription factors had
rarely been reported in fruit crops, suggesting that EVM0022652.1
might represent a novel regulatory factor involved in sugar
metabolism in loquat. These findings not only provided valuable
molecular markers for breeding programs but also revealed an
unconventional transcriptional regulator that could be exploited for
precisely modulating sugar composition in loquat fruits.

Based on these findings, functional validation of selected NAC
gene family members can be conducted in planta through transient
expression and transgenic approaches to elucidate their pivotal
regulatory roles in sugar-acid metabolism. This should be
integrated with systematic protein-protein interaction analyses to
establish interaction networks between NAC transcription factors
and key enzymes involved in sugar-acid metabolism (e.g., sucrose
phosphate synthase, malate dehydrogenase), thereby elucidating the
molecular mechanisms underlying NAC-mediated regulation of

frontiersin.org


https://doi.org/10.3389/fpls.2025.1671017
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Zhang et al.

10.3389/fpls.2025.1671017

FIGURE 8

A B 1000 c 400
Moot 1 - EMOTstor1 < EVMBOOISS Y BT B 14 B0
T EVMOOI3743.1 - EVMOO21281 + EVMOORSST 1 3
eneona - sapnam - g e e
ZH \ 750  Sicaror’ - viozss 1 Evicssess 300 | otss0is 1 = civatssado = evniooraaans
2 L EMinesie01 - Eaniases 1 Evmotiasee s g [Enmonersroneconoss e aorrizes
2 o EVNO020870.1 -+ EVM035753.1 - EVMOO3RRT.1 = S EVMO3207.1 - EVMo022582 1 < EVMaD4z888.1
[ 500 | e [ 200 | EVHO0T8%0.1 - EViio037004.1
=] s
< <
E A e ——
vS ‘ ‘ ' 250 100
1cl
= ol Ym—m—m— 0
S1 S2 S3 4 1 2 s3  s4 s1 s2  s3  s4
Development stage of ZH Development stage of YS
D
E INAC genes significantly related to fructose F NAC genes significantly related to fructose
50
s | —2zH
£ ol % EvNo0s1610.1 | Evveosston m—
240 EVMO0003781.1 )
2 EVM0034029.1 ] EVM0032673.1 I
£ LY EVM0013817.1 o EVM0018990.1 ]
2 EVM0021653.1 e
Fructose 82 EVMO0031324.1 ] EVM0023045.1 re—
@
g o EVMO0001909.1 I EVMO016565.1 | I
g EVMO041575.1
i Evmooz2877.1 | [T EVMO014090.1
0
S$1 82 S3 S4 L - . N *x o ® N 2o X N *x © > N
Development stage TN pw Q"IQ o7 o 9 DR 5;]/ QWQ 7O
G Correlation coefficients Correlation coefficients
30 H NAC genes significantly related to glucose 1 NAC genes significantly related to glucose
g | -z EVM0043743.1 [ T
=S EVMO023128.1 | S| EVM0041810.1 ]
‘g» 20 Exmgggg?;g-] EVMO003781.1 I
1 |
b . I
£ EVM0018990.1 EVMI0032673.1
£ EVM0008555.1 | i EVMO0018990.1 I
g EVMO022652.1 | {f EVMO011248.1 T
Glucose 2 10 EVMOO000065. 1 [ | EVM0023202.1 [
orzes e ——
© EVM0013197.1 EVMO0041575.1
053 5 slz §3‘ 7 EVMO035753.1 EVMO014090.1 |ITT
evelopment stage o > N > o e
pi g IR NI ST RN EENININ SN NN PN
J Correlation coefficients Correlation coefficients
6
— ZH K NAC genes significantly related to sucrose | NAC genes significantly related to sucrose
=
= Y8 EVM0032673.1 —
3., Evmootseer [ EVM0023202.1 —
E EVMO0011248.1 I
2 EVM0013817.1 I
SUCFOSG 8 —— _ EVM0034029.1 —
. 02 - EVM0041810.1 I
8 EVM0035811.1 [E———
5 Evmootesos.1| EVM0039491.1 [
2] EVM0027799.1 [
0 EVM0002752.1 _ EVMO0014090.1 (I
s1 2 33 .S " f—
Deveﬁopment stage EVM0016585.1
BAR- - AN} bS5 X
QQ\Q‘I'Q%Q‘XQ@QQ)Q Q%Q% & DTV Qq/ Q’»Q QT Q"
M 20 Correlation coefficients Correlation coefficients
g 52 N NAC genes significantly related to malicacid Q) NAC genes significantly related to malic acid
2 15 VI 7004.1 e
f=J . I
£ EVM0028879.1 765.1 —
€ 62.1 I
H H —
Malic acid g1 EVMO035565.2 VMood1a75 1 —
o 83.1 I
T EVMO016860.1 —
S s EViMo025128.4 EVMO005159.1 —
o EVM0041810.1 |
k< EVMO0043743.1 EVMO0003781. 1 [S
o =
e —
St s2  s3  s4 EVM0041575.1 EVMO018990.1
P Development stage EVMO0009872.1
8 " EISIVACIN NN PPl OVohPe? N
E Ys Correlation coefficients Correlation coefficients
g Q NAC genes significantly related to citric acid R NAC genes significantly related to citric acid
£4
Citricacid £
T2
o EVMO0001909. 1 EvMooz2ages [l
Q
B 3 3 N
8, NPkl O PP I I P UFCIRND

S1 S2 S3 S4
Development stage

Correlation coefficients

Correlation coefficients
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fruit quality attributes. Such a multi-tiered experimental validation
system will facilitate comprehensive dissection of the molecular
networks through which the loquat NAC gene family modulates
fruit flavor quality, ultimately providing precise molecular targets
for quality improvement.
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5 Conclusion

This study represented
functional characterization

11

the first systematic identification and
of the NAC transcription factor family
at the whole-genome level in loquat. Through comprehensive
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bioinformatics analysis, we identified 117 NAC family members and
classified them into 14 distinct subfamilies based on phylogenetic
relationships. Chromosomal localization revealed an uneven
distribution pattern of these genes across the 17 loquat
chromosomes, with 3 additional members located in genomic
scaffold regions. Collinearity analysis demonstrated that loquat
NAC genes had primarily undergone purifying selection during
evolution and exhibited high homology with NAC genes from other
Rosaceae species, providing valuable insights into the evolution and
functional diversification of NAC genes within the Rosaceae family.
Cis-acting element prediction analysis suggested that loquat NAC
genes were likely involved in various crucial biological processes,
including abiotic stress responses, hormone signaling transduction,
and growth regulation. Expression pattern analysis based on
transcriptome data further uncovered differential expression
profiles of NAC genes among different loquat cultivars and during
fruit development. Notably, correlation analysis successfully
identified several NAC candidate genes that were significantly
associated with fruit sugar-acid content, which might play direct
roles in regulating loquat fruit flavor quality.

Our findings not only filled a critical gap in loquat functional
genomics research but also established a theoretical foundation for
understanding the regulatory networks of NAC transcription
factors in loquat growth, development, and fruit quality
formation. Moreover, this study provided valuable candidate gene
resources for subsequent molecular breeding and quality
improvement research in loquat. Future studies would focus on
functional validation of these candidate genes to elucidate the
molecular mechanisms by which NAC transcription factors
regulate loquat fruit flavor quality, thereby offering theoretical
support and technical guidance for the high-quality development
of the loquat industry.
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Heatmap analysis of correlation between NAC gene expression and sugar-
acid content in "Zhehong NO.16' (ZH) loquat.

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2025.1671017/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2025.1671017/full#supplementary-material
https://doi.org/10.3389/fpls.2025.1671017
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Zhang et al.

References

Chen, W. B,, Xie, Q., Fu, ], Li, S. ], Shi, Y. N,, Lu, J,, et al. (2025). Graph pangenome
reveals the regulation of malate content in blood-fleshed peach by NAC transcription
factors. Genome Biol. 26, 7. doi: 10.1186/5s13059-024-03470-w

Chi, Z. H., Zhao, M. L., Wang, L. W., Hu, Q. K., Wang, S. M., Guo, Q. G., et al. (2025).
EjNAC25, a NAC transcription factor in early-maturing seedless triploid loquat,
promotes sugar and Malic acid accumulation by activating EjNI and EjtDT2.
Postharvest Biol. Technol. 224, 113474. doi: 10.1016/j.postharvbio.2025.113474

Dai, J. Y., Xu, Z., Fang, Z. H,, Han, Q. C,, Shi, P, Zhu, J. W,, et al. (2025a). NAC
transcription factor PpNAP4 modulates sucrose accumulation by activating the
expression of PpSUSI and PpSPS2 during peach ripening. Hortic. Plant ].
doi: 10.1016/j.hp;.2024.07.011

Dai,]. Y., Xu, Z, Xu, Y. T,, Fang, Z. H,, Shah, K, Kang, T. Y., et al. (2023). A novel NAC
transcription factor, PpNAPG6, is involved in peach ripening by activating ethylene
synthesis. Postharvest Biol. Technol. 201, 112363. doi: 10.1016/j.postharvbio.2023.112363

Dai, J. Y., Zhu, J. W, Cheng, X, Xu, Z., Kang, T. Y., Xu, Y. T, et al. (2025b). NAC
transcription factor PpNAP4 positively regulates the synthesis of carotenoid and
abscisic acid (ABA) during peach ripening. Int. J. Biol. Macromol 306, 141647.
doi: 10.1016/j.ijbiomac.2025.141647

Dorjee, T., Cui, Y. C,, Zhang, Y. X,, Liu, Q,, Li, X. T., Sumbur, B., et al. (2024).
Characterization of NAC gene family in ammopiptanthus mongolicus and functional
analysis of amNAC24, an osmotic and cold-stress-induced NAC gene. Biomolecules 14,
182. doi: 10.3390/biom14020182

Fu, B. L., Wang, W. Q,, Li, X,, Qi, T. H., Shen, Q. F., Li, K. F,, et al. (2023). A dramatic

decline in fruit citrate induced by mutagenesis of a NAC transcription factor, ACNACI.
Plant Biotechnol. J. 21, 1695-1706. doi: 10.1111/pbi.14070

Geng, L. F,, Su, L, Fu, L. F, Lin, S., Zhang, J. M., Liu, Q. H,, et al. (2022). Genome-
wide analysis of the rose (Rosa chinensis) NAC family and characterization of
RcNAC091. Plant Mol. Biol. 108, 605-619. doi: 10.1007/s11103-022-01250-3

Khan, M. A., Zaman, F., Liu, Y. Z., Alam, S. M., Liu, D. H., Han, H., et al. (2025).
Citrus NAC47 modulates vacuolar storage of soluble sugars by interacting with type I H
+-pyrophosphatase genes under drought stress. Physiol. Plant 177, €70303.
doi: 10.1111/ppl.70303

Li, M. T,, Cheng, C. X,, Zhang, X. F., Zhou, S. P, Wang, C. H.,, Ma, C. H, et al. (2019).
PpNAC187 enhances lignin synthesis in ‘Whangkeumbae’ Pear (Pyrus pyrifolia) ‘Hard-
end’ Fruit. Molecules 24, 4338. doi: 10.3390/molecules24234338

Li, S.J., Yin, X. R,, Wang, W. L, Liu, X. F,, Zhang, B., and Chen, K. S. (2017). Citrus
CitNAC62 cooperates with CitWRKY1 to participate in citric acid degradation via up-
regulation of CitAco3. J. Exp. Bot. 68, 3419-3426. doi: 10.1093/jxb/erx187

Lin, Q., Chen, J,, Liu, X., Wang, B., Zhao, Y. Y., Liao, L., et al. (2023). A metabolic
perspective of selection for fruit quality related to apple domestication and
improvement. Genome Biol. 24, 95. doi: 10.1186/513059-023-02945-6

Liu, Y. M,, Cai, L. Q,, Fan, X. R,, Zhang, H. L., Chen, M. H,, Lin, Y, et al. (2024a).
Genome-wide identification, evolutionary expansion and expression divergence of the
AP2/ERF gene family in loquat (Eriobotrya japonica). Fruit Res. 4, e034. doi: 10.48130/
frures-0024-0028

Frontiers in Plant Science

13

10.3389/fpls.2025.1671017

Liu, Y. M,, Cai, L. Q,, Zhu, J. L, Lin, Y., Chen, M. H., Zhang, H. L., et al. (2024b).
Genome-wide identification, structural characterization and expression profiling of
AP2/ERF gene family in bayberry (Myrica rubra). BMC Plant Biol. 24, 1139.
doi: 10.1186/s12870-024-05847-2

Liu, M,, Tian, T,, Li, Y. Q,, Tang, L., Tian, Y. H., Zhang, Y. J,, et al. (2024c). Genome-
wide analysis of the NAC gene family and functional verification of the DENAC043s in
Dendrobium catenatum. Plant Growth Regul. 102, 571-588. doi: 10.1007/s10725-023-
01077-y

Liu, X. J,, Zhou, G. Y., Chen, S. S, Jia, Z. Z.,, Zhang, S. Q., He, F,, et al.
(2024d). Genome-wide analysis of the Tritipyrum NAC gene family and the
response of TtNAC477 in salt tolerance. BMC Plant Biol. 24, 40. doi: 10.1186/
s12870-023-04629-6

Mitra, S., Laederach, A., Golden, B. L., Altman, R. B., and Brenowitz, M. (2011). RNA
molecules with conserved catalytic cores but variable peripheries fold along unique
energetically optimized pathways. RNA 17, 1589-1603. doi: 10.1261/rna.2694811

Qi, X. L, Dong, Y. X,, Liu, C. L., Song, L. L., Chen, L., and Li, M. (2022). The
PavNAC56 transcription factor positively regulates fruit ripening and softening in
sweet cherry (Prunus avium). Physiol. Plant 174, e13834. doi: 10.1111/ppl.13834

Shi, M. Y., Zhang, Y., Zhang, T., Zhang, W. J., Wang, S., Wei, M., et al. (2024). The
NAC activator, MANAC77L, regulates anthocyanin accumulation in red flesh apple.
Hortic. Plant J. doi: 10.1016/j.hp;j.2024.06.007

Valoroso, M. C., Lucibelli, F.,, and Aceto, S. (2022). Orchid NAC transcription
factors: A focused analysis of CUPULIFORMIS genes. Genes 13, 2293. doi: 10.3390/
genes13122293

Wang, J. F., Wang, Y. P, Zhang, J., Ren, Y., Li, M. Y., Tian, S. W,, et al. (2021). The
NAC transcription factor CINAC68 positively regulates sugar content and seed
development in watermelon by repressing CIINV and CIGH3.6. Hortic. Res. 8, 214.
doi: 10.1038/s41438-021-00649-1

Xiao, K., Fan, J. M., Bi, X. Y., Tu, X. Y, Li, X. Y., Cao, M. H,, et al. (2025). A NAC
transcription factor and a MADS-box protein antagonistically regulate sucrose
accumulation in strawberry receptacles. Plant Physiol. 197, kiaf043. doi: 10.1093/
plphys/kiaf043

Xiong, H. Y., He, H. D,, Chang, Y., Miao, B. B,, Liu, Z. W., Wang, Q. Q,, et al. (2025).
Multiple roles of NAC transcription factors in plant development and stress responses.
J. Integr. Plant Biol. 67, 510-538. doi: 10.1111/jipb.13854

Yue, Q. Y., Xie, Y. P, Yang, X. Y., Zhang, Y. X, Li, Z. X, Liu, Y. X,, et al. (2025).
An InDel variant in the promoter of the NAC transcription factor MdNACI8.1
plays a major role in apple fruit ripening. Plant Cell 37, koaf007. doi: 10.1093/plcell/
koaf007

Zhang, B, Yang, H. J,, Li, Y. N,, Zhu, Z. Z,, Zhao, Z. Y., and Yang, Y. Z. (2024).
MdANACS: a key regulator of fructose accumulation in apple fruit. New Phytol. 244,
2458-2473. doi: 10.1111/nph.20158

Zhang, H., Zhao, J., Zhang, T. X., Wang, G. Y., Han, Z. X., Meng, Y. M,, et al. (2025).
Research progress of NAC transcription factors in woody plants. Front. Plant Sci. 16.
doi: 10.3389/fpls.2025.1592898

frontiersin.org


https://doi.org/10.1186/s13059-024-03470-w
https://doi.org/10.1016/j.postharvbio.2025.113474
https://doi.org/10.1016/j.hpj.2024.07.011
https://doi.org/10.1016/j.postharvbio.2023.112363
https://doi.org/10.1016/j.ijbiomac.2025.141647
https://doi.org/10.3390/biom14020182
https://doi.org/10.1111/pbi.14070
https://doi.org/10.1007/s11103-022-01250-3
https://doi.org/10.1111/ppl.70303
https://doi.org/10.3390/molecules24234338
https://doi.org/10.1093/jxb/erx187
https://doi.org/10.1186/s13059-023-02945-6
https://doi.org/10.48130/frures-0024-0028
https://doi.org/10.48130/frures-0024-0028
https://doi.org/10.1186/s12870-024-05847-2
https://doi.org/10.1007/s10725-023-01077-y
https://doi.org/10.1007/s10725-023-01077-y
https://doi.org/10.1186/s12870-023-04629-6
https://doi.org/10.1186/s12870-023-04629-6
https://doi.org/10.1261/rna.2694811
https://doi.org/10.1111/ppl.13834
https://doi.org/10.1016/j.hpj.2024.06.007
https://doi.org/10.3390/genes13122293
https://doi.org/10.3390/genes13122293
https://doi.org/10.1038/s41438-021-00649-1
https://doi.org/10.1093/plphys/kiaf043
https://doi.org/10.1093/plphys/kiaf043
https://doi.org/10.1111/jipb.13854
https://doi.org/10.1093/plcell/koaf007
https://doi.org/10.1093/plcell/koaf007
https://doi.org/10.1111/nph.20158
https://doi.org/10.3389/fpls.2025.1592898
https://doi.org/10.3389/fpls.2025.1671017
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Identification and evolutionary analysis of NAC transcription factors in Eriobotrya japonica: implications for sugar-acid regulatory networks during fruit development
	Highlights
	1 Introduction
	2 Materials and methods
	2.1 Plant materials
	2.2 Identification of loquat NAC genes
	2.3 Phylogenetic analysis and chromosomal localization of NAC genes
	2.4 Gene structure and conserved motif analysis of NAC genes
	2.5 Collinear and cis-acting regulatory elements analysis of NAC genes
	2.6 Transcriptomic profiling of NAC gene expression patterns in loquat
	2.7 Determination of sugar and acid content
	2.8 Statistical analysis

	3 Results
	3.1 Identification of NAC genes in loquat
	3.2 Phylogenetic analysis and Comparative genomics of NAC genes
	3.3 Chromosomal distribution and organization of NAC genes in loquat
	3.4 Collinear analysis of NAC genes in loquat
	3.5 Structural characterization of NAC genes in loquat
	3.6 Cis-acting regulatory element analysis of loquat NAC genes
	3.7 Expression pattern analysis of NAC genes in loquat fruits
	3.8 NAC-mediated cultivar-specific sugar-acid networks in loquat flavor formation

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References




