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Highlights
●●	 EjRabF2b is significantly upregulated in loquat under cold stress, indicating its strong responsiveness to low-temperature 

signals.
●●	 EjRabF2b influences cold tolerance by modulating antioxidant enzyme activity and stabilizing cell membrane structure.
●●	 EjZAT10 directly binds to the promoter of EjRabF2b and activates its transcription, revealing a key regulatory module in 

the cold stress response.

Abstract
Loquat (Eriobotrya japonica) is an evergreen fruit tree native to China, with a flowering period that typically occurs in 
winter (October to January), making it vulnerable to low-temperature stress during critical reproductive stages.  However, 
the molecular mechanisms underlying cold tolerance in loquat remain largely unclear.  In this study, transcriptome data 
from multiple loquat cultivars were analyzed using Weighted Gene Co-expression Network Analysis (WGCNA), identifying 
two gene modules (brown and turquoise modules) highly associated with cold treatment.  Among the cold-responsive 
candidates, the Rab5 family GTPase EjRabF2b was consistently upregulated under low-temperature conditions.  Functional 
validation revealed that overexpression of EjRabF2b in Arabidopsis thaliana and tomato significantly enhanced cold 
tolerance, while its silencing in loquat compromised stress resistance.  Mechanistically, EjRabF2b contributed to maintaining 
cell membrane integrity and enhancing antioxidant enzyme activity.  Promoter analysis and interaction assays further 
confirmed that the C2H2-type transcription factor EjZAT10 directly binds to the promoter of EjRabF2b and activates its 
transcription under cold stress.  Collectively, this study uncovers a regulatory module composed of EjZAT10 and EjRabF2b 
that participates in loquat cold adaptation through vesicle-mediated antioxidant defense and membrane protection, offering 
a theoretical foundation and potential targets for the molecular breeding of cold-tolerant cultivars.
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1. Introduction
Loquat (Eriobotrya japonica) is a perennial woody fruit tree 
belonging to the Rosaceae family and is predominantly 
cultivated in subtropical regions.  Originating in China, loquat 
has been cultivated for over 2,000 years and is now grown 
commercially in more than 30 countries worldwide, including 
Japan, the United States, France, Italy, Egypt, and Spain (Lin 

et al. 2010).  In China, central and southern regions serve 
as the major production areas (Ali et al. 2021).  However, 
in recent years, these areas have increasingly experienced 
extreme cold events (Qian and Zhang 2012; Cao et al. 2022; 
Wang et al. 2017).  Loquat is inherently sensitive to low 
temperatures (Cai et al. 2006), and its flowering period, which 
typically spans from October and January, coincides with 
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the coldest months (Jiang et al. 2019).  As a result, flower 
and young fruit development are particularly vulnerable to 
frost, often leading to substantial yield losses (Guillamón 
et al. 2020; Qin et al. 2023).  Therefore, enhancing the cold 
tolerance of loquat has become a pressing priority in breeding 
and genetic research (Zhang et al. 2022).

Low-temperature stress primarily affects the stability 
of plant cell membranes, which are considered the main 
targets of cold-induced injury (Hoffman et al. 2010; Wang 
et al. 2025).  Low temperatures reduce membrane fluidity 
and impair membrane protein function, thereby disrupting 
material transport and metabolic processes (Palta et al. 
1993; Hou et  al. 2016).  Rab GTPases are molecular 
switches that alternate between GTP-bound active and 
GDP-bound inactive states, and they play crucial roles in 
vesicle trafficking processes, including docking, fusion, and 
fission.  These functions are critical for plant growth and 
responses to environmental stresses (Liao et al. 2014; Buono 
et al. 2017).  In Arabidopsis thaliana, 57 Rab GTPases 
are classified into eight subfamilies: RabA-H (Rutherford 
and Moore 2002).  Increasing evidence indicates that Rab 
GTPases are key regulators of abiotic stress tolerance across 
various species (Fu et al. 2024).  For instance, Rab7 and 
Rab5 are upregulated in Pennisetum glaucum and mango 
under cold stress.  Transgenic tobacco plants expressing 
PgRab7 exhibit enhanced tolerance to salt and drought, 
likely through improved vesicle trafficking and protection of 
the endomembrane system (Nahm et al. 2003; Agarwal et al. 
2008; Liu et al. 2014).  Conversely, OsRab11C1 negatively 
regulates cold tolerance in rice, as its knockout lines show 
improved resistance compared to overexpressing lines (Wang 
et al. 2021).  These findings suggests functional divergence 
among Rab subfamil ies.  However, the involvement 
of Rab GTPases in loquat under cold stress remains 
uncharacterized.

The transcription factor ZINC FINGER OF ARABIDOPSIS 
THALIANA 10 (ZAT10), a member of the C2H2-type zinc 
finger protein family, was originally identified in A.  thaliana 
(Lippuner et al. 1996; Catalá et al. 2011; Park et al. 2015).  
ZAT10 expression is rapidly induced by various abiotic 
stressors, including drought, cold, salt, UV-B radiation, 
oxidative stress, and high light intensity (He et al. 2019; Min 
et al. 2020; Wang et al. 2022).  Overexpression of ZAT10 in 
transgenic A. thaliana, rice, and poplar significantly enhances 
plant tolerance to multiple abiotic stresses (Rossel et al. 2007; 
Xiao et al. 2009; Park et al. 2015; He et al. 2019).  Notably, 
ZAT10 functions as a cold-inducible regulator that activates 
COR (cold-responsive) genes during low-temperature 
conditions (Liu et al. 2022).  In apple, overexpression of 
the MhZAT10 also improves cold tolerance (Li et al. 2023).
Moreover, ZAT10 is involved in a CBF-independent signaling 
pathway acting downstream of MAPKs and upstream of 
reactive oxygen species (ROS)-scavenging enzymes such as 
ascorbate peroxidases (APX) and catalases (CAT) (Shi et al. 
2018; Gong et al. 2020), highlighting its central role in abiotic 
stress responses.  Despite these findings, the regulatory role 
of ZAT10 in loquat and its downstream targets under cold 
stress remain unexplored.  Although Rab small GTPases like 
EjRabF2b are known to be involved in stress adaptation (Fu 

et al. 2024), their transcriptional regulation by ZAT10 has not 
yet been established.

In this study, we performed a comparative transcriptomic 
analysis of the loquat before and after low-temperature 
treatment and identified a cold-responsive Rab small GTPase 
gene, EjRabF2b.  We validated its critical role in cold stress 
response in A.  thaliana and loquat, and further confirmed its 
function in Micro-Tom tomato and yeast systems.  In addition, 
we found that the transcription factor EjZAT10 directly binds 
to the promoter of EjRabF2b and activates its expression 
in response to cold stress.  These findings suggest that 
the  EjZAT10–EjRabF2b  module participates in redox 
regulation and membrane stabilization, contributing to cold 
tolerance in loquat.

2. Materials and methods
2.1. Plant materials, growth condition and cold treatments
Arabidopsis thaliana lines used in this study included the 
wild-type Col-0, the rabf2b mutant (SALK_090266C), and 
EjRabF2b-overexpressing (OE) transgenic lines in both Col-0 
and rabf2b backgrounds.  For Micro-Tom tomato, both wild-
type and EjRabF2b-OE lines were included.  In loquat, 
wild-type and virus-induced gene silencing (VIGS) lines 
targeting EjRabF2b were used.  All plants were cultivated 
under controlled conditions at 23°C–25°C with a 16  h 
light/8 h dark photoperiod.  Cold treatment protocols were 
designed according to the species-specific cold tolerance and 
experimental objectives.  Specifically, 4-week-old A.  thaliana 
seedlings were treated at 1°C for 7 d; Micro-Tom plants were 
exposed to 4°C for 72 h; and loquat samples were subjected 
to –3°C for 48 h.  Phenotypic changes were recorded after 
each cold treatment.

2.2. Construction of co-expression network and identi-
fication of key genes
Transcriptome data used in this study were obtained from 
Liu (2021).  A total 18 samples  for WGCNA analysis were 
collected from hybrid seedlings of three cultivars, GZ23×B431 
(triploid), GZ23 (diploid), and B431 (tetraploid), following 
cold treatment at –3°C for 72 h; untreated plants maintained 
at 25°C served as controls.  Each group included three 
biological replicates.

Gene co-expression networks were constructed using the 
WGCNA package (v1.63) in R (Langfelder and Horvath 2008).  
Based on expression quartiles and filtering criteria, 19,877 
genes with first quartile (Q1) expression and FPKM values 
greater than three were selected.  The blockwiseModules 
function was used to construct the co-expression network with 
the following parameters: minModuleSize=200, power=10 ( 
correlation coefficient threshold=0.8), TOMType=“unsigned”, 
mergeCutHeight=0.25 (i.e., modules within eigengenes 
co r re la t i on>0 .75  were  merged) ,  ve rbose=3 ,  and 
maxBlockSize=20,000.  As a result, 19,877 genes were 
clustered into nine co-expression modules, with 103 outliers 
genes assigned to the grey module.  Module Eigengenes 
were calculated and correlated with cold-responsive 
phenotypic traits.  Hub genes were defined as those with 
gene significance (GS)>0.96, high module membership (MM), 
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and a weighted correlation index >0.93, indicating strong 
association with cold treatment.  Functional annotation of 
key genes was conducted using Gene Ontology (GO) (http://
www.geneontology.org), and pathway enrichment analysis 
was performed using the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) database (Kanehisa and Goto 2000).

2.3. EjRabF2b isolation and sequence analysis
The coding sequence (CDS) of Eja14G002720 was retrieved 
from the Loquat Coding Sequence Database (https://ngdc.
cncb.ac.cn/gwh/).  Gene-specific primers was designed 
based on this sequences were identified using the National 
Center for Biotechnology Information (NCBI) database 
(https://www.ncbi.nlm.nih.gov/; accessed on 10 February 
2022).  Sequence alignments between EjRabF2b and its 
homologs in Pyrus×communis (RabF2b, KAB2637060.1) 
and A.  thaliana (AtRabF2b, NP_193699.1) were performed 
using Clustal Omega (https://www.ebi.ac.uk/jdispatcher/
msa/clustalo).  Phylogenetic analysis was conducted using 
MEGA11 (Kumar et al. 2016).  Total RNA was extracted from 
loquat and A.  thaliana tissues using the Plant Total RNA 
Purification Kit (Tiangen, Beijing, China).  First-strand cDNA 
was synthesized with a reverse transcription kit that includes 
genomic DNA removal (TaKaRa, Japan).  Quantitative real-
time PCR (qRT-PCR) was conducted using Novostar SYBR 
Supermix (Novoprotein, Suzhou, China).  EjACTIN, AtACTIN 
and SlACTIN served as internal reference genes.  Relative 
expression levels were calculated using the 2–ΔΔCt method 
(Livak and Schmittgen 2001), with all reactions performed in 
triplicate.  The primer sequences are listed in the Appendix A.

2.4. Subcellular localization analysis
The full-length EjRabF2b coding sequence was fused in-
frame with enhanced green fluorescent protein (eGFP) and 
inserted into the pCAMBIA2300 vector under the control of 
the CaMV35S RNA promoter.  The recombinant plasmid was 
introduced into A.  tumefaciens GV3101 via transformation.  
The bacterial cultures were centrifuged and resuspended in 
infiltration buffer, then infiltrated into Nicotiana benthamiana 
leaves using a needleless syringe (Sparkes et al. 2006).  
After infiltration, the plants were incubated in the dark at 22–
24°C for 48 h in a greenhouse.  eGFP fluorescence signals 
were observed using a confocal laser scanning microscope 
(LSM780, Zeiss, Germany).

2.5. Arabidopsis thaliana and Micro-Tom transformation
Transgenic A.  thaliana plants were generated using the 
floral dip method (Clough and Bent 1998) with wild-type 
Col-0 and rabf2b mutant lines serving as recipient plants to 
generate the T0 transgenic plants.  The recombinant plasmid 
pCAMBIA2300 containing the EjRabF2b gene was introduced 
into Micro-Tom tomato plants via A.  tumefaciens strain 
GV3101, according to the protocol described by Sun et al. 
(2006).  Transgenic lines were generated by qPCR to confirm 
gene expression levels, and details of line identification are 
provided in Appendix B.  Homozygous T₃ generation seeds 
were used for all subsequent experiments.

2.6. Fluorescence staining of transgenic A. thaliana roots
Plasma membrane (PM) integri ty was assessed as 
described by (Schapire et al. 2008).  Five-day-old wild-type 
Col-0 and transgenic A.  thaliana seedlings grown under 
standard conditions were subjected to cold at 4°C for 12 h.  
Immediately after treatment, the seedlings were incubated 
with 5 μmol L–1 FM4-64 (Life Technologies, Carlsbad, USA), a 
lipophilic dye that labels the outer leaflet of the PM, for 5 min.  
Root samples were imaged using a confocal laser scanning 
microscope (LSM780, Zeiss, Germany) and compared to 
control seedlings.

2.7. Transient expression system in loquat
Virus-induced gene silencing (VIGS) in loquat was performed 
via vacuum infiltration, following the method described by (Xu 
et al. 2023).  After infiltration, the treated loquat seedlings 
were transferred to sterilized soil and grown under controlled 
conditions for subsequent phenotypic and molecular 
analyses.  Gene silencing efficiency was assessed by qRT-
PCR, and transgenic identification details are provided in 
Appendix B.

2.8. EjRabF2b expression in yeast
The EjRabF2b gene was cloned into the pYES2 empty 
vector, which contains a URA3 selection marker under the 
control of the GAL1 promoter.  The resulting recombinant 
plasmids, pYES2-NBT-EjRabF2b and the empty vector 
pYES2-NBT, were introduced into Saccharomyces cerevisiae 
strain BY4741 using the lithium acetate transformation 
method.  Transformed cells were plated on SD/–Ura dropout 
medium and incubated at 30°C for 2–4 d to select for positive 
colonies.  Confirmed transformants were resuspended in 
2 mL of sterile water and subjected to cold stress treatments 
at 4°C, 0°C, –20°C, and –40°C for 12, 24, 36, and 48 h, 
respectively.  Following treatment, the yeast suspensions 
were adjusted to an OD600 of 0.2, serially diluted from 100 to 
10–4, and spotted onto SG-Ura plates.  Plates were incubated 
at 30°C for 3–4 d, and colony growth was recorded and 
photographed for comparative analysis.

2.9. Antioxidant enzymatic assay
Leaf tissue was ground into a fine powder under liquid 
nitrogen, and 200  mg of the powdered material was 
homogenized in 1.6  mL of ice-cold phosphate-buffered 
saline (PBS, 50 mmol L⁻1, pH 7.8).  The homogenate was 
centrifuged at 10,000×g for 15 min at 4°C, and the resulting 
supernatant was collected for subsequent antioxidant enzyme 
activity assays.  Superoxide dismutase (SOD) activity was 
determined by measuring its inhibition of nitroblue tetrazolium 
(NBT) photoreduction, with absorbance recorded at 550 nm 
(Beauchamp and Fridovich 1971).  Ascorbate peroxidase 
(APX) activity was measured following the method of Nakano 
and Asada (1981), with minor modifications.  Peroxidase 
(POD) activity was assayed according to the guaiacol method 
as described by Muñoz-Muñoz et al. (2009).

2.10. Dual-luciferase assay
In the Dual-Luciferase assay, the full-length promoter of 
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EjRabF2b (2,252  bp; Appendix C) was cloned into the 
pGreen0800-Luc vector.  The effector construct 35S:EjZAT10 
was introduced into A.  tumefaciens strain GV3101.  Equal 
volumes (1:1, v/v) of A.  tumefaciens cultures harboring the 
reporter and effector plasmids were co-infiltrated into leaves 
of 4-week-old N. benthamiana plants.  After incubation at 
23°C for 2–3 d, luciferase activities were measured using a 
Dual-Luciferase Assay Kit (TransGen, Beijing, China).  The 
ratio of firefly luciferase (LUC) to Renilla luciferase (REN) was 
quantified with a chemiluminescence imaging system (Clinx, 
Shanghai, China) to evaluate promoter activity.

2.11. Yeast-one-hybrid (Y1H) assays
The Y1H assay was performed using the Matchmaker Gold 
Y1H System (Clontech) according to the manufacturer’s 
protocol.  Potential ZAT10 binding sites in the EjRabF2b 
promoter were predicted using the JASPAR database 
(http://www.jaspar.genereg.net), with a specific focus on the 
sequence CATTCCTACTC.  An 86-bp fragment containing 
this motif was amplified and designated as ProEjRabF2b.  
This fragment was digested with BstBI and cloned into the 
pAbAi bait vector, which was then transformed into the 
Y1HGold yeast strain and selected on SD/–Ura medium.  
Prey vectors were constructed by cloning EjZAT10 fused 
with GAL4 activation domains into the pGADT7 vector.  The 
resulting prey plasmid was co-transformed with the bait vector 
into the Y1HGold strain.  Serial dilutions of transformants 
(OD600=0.2, 0.02, 0.002, 0.0002) were spotted on SD/–Leu 
and SD/–Leu/AbA (200 ng mL–1 AbA) plates and incubated at 
30°C for 3–4 d to assess protein–DNA interactions.

2.12. Electrophoretic mobility shift assay
The coding sequence of EjZAT10 was cloned into the pGEX-
4T-3 vector and transformed into E. coli strain BL21 (DE3).  
Recombinant protein expression was induced with 1 mmol 
L–1 IPTG at 16°C for 20 h, and the GST-tagged protein was 
subsequently purified using a GST Protein Purification Kit 
(Promega, Shanghai, China).  Primer sequences used for 
cloning are listed in Appendix A.  For the EMSA, biotin-
labeled oligonucleotide probes were synthesized by Tsingke 
(Tsingke, Beijing, China) annealed to form double-stranded 
DNA (dsDNA) probes.  The electrophoretic mobility shift 
assay was conducted using the LightShift Chemiluminescent 
EMSA Kit (Thermo, Waltham, USA).  To verify the specificity 
of protein–DNA binding, unlabeled competitor probes (50× 
and 100× excess) and mutant probes were included in the 
binding reactions.

2.13. Determination of electrolyte leakage and petiole 
angle
To assess membrane integrity under low-temperature stress, 
0.2 g of leaf tissue was immersed in 20 mL of distilled water 
and incubated overnight at room temperature.  The initial 
conductivity (E1) was measured using a DDS-309 conductivity 
meter (Chengdu Century Ark Technology Co. Ltd., Chengdu, 
China).  Subsequently, the samples were boiled for 30 min, 
cooled to room temperature, and the final conductivity (E2) 
was measured.  Relative electrolyte leakage was calculated 

as (E1/E2)×100%.  For petiole angle measurements, the angle 
between the main stem and the petiole was determined using 
a standard protractor.

2.14. Statistical analysis
A Shapiro-Wilk test was used to assess data normality.  
For non-normally distributed data, a log10 transformation 
was applied to analysis.  One-way analysis of variance 
(ANOVA), followed by Tukey’s HSD post hoc test (P<0.05) 
where appropriate, was used to assess treatment effects 
on EjRabF2b expression and antioxidant enzyme activities.  
Independent sample t-tests and ANOVA (P<0.05) were 
employed to compare LUC/REN activity.  All statistical 
analyses and data visualization were performed using 
GraphPad Prism v10.0.

3. Results
3.1. Construction of weighted gene co-expression net-
work and identification of key genes from brown and 
turquoise modules
In recent years, our team has made substantial progress in 
elucidating cold tolerance mechanisms in loquat and has 
acquired valuable transcriptomic datasets (Liu 2021).  Based 
on this resource, we conducted weighted gene co-expression 
network analysis (WGCNA).  Hierarchical clustering of 18 
samples (Appendix D) revealed two distinct groups, indicating 
that cold treatment markedly altered global gene expression 
patterns.  A soft-thresholding power of 10 was determined based 
on a correlation coefficient threshold of 0.78 (Appendix D), 
and was subsequently applied to construct the co-expression 
network.

Dynamic tree cutting and module merging identified nine 
distinct gene modules.  Among them, the brown (r2=0.95, 
P=1e–9) and turquoise (r2=–0.97, P=7e–11) modules showed 
the strongest correlations with cold treatment (Fig. 1-A), 
suggesting that genes within these modules are highly 
responsive to cold stress.  These modules comprised 1,286 
and 2,866 genes, respectively.  The expression heatmaps 
(Fig.  1-B) and scatterplots of module membership (MM) 
versus gene significance (GS) (Fig. 1-C) further support their 
association with cold stress response.

To identify hub genes, we selected 386 genes from the 
brown and turquoise modules, each with MM>0.93 and 
GS>0.96.  GO enrichment analysis (Fig. 1-D) and KEGG 
pathway enrichment (Appendix E) indicated significant 
involvement of these genes in vesicle-mediated transport and 
endocytosis.  Among these, EjRabF2b was prioritized due to 
its high MM and GS values and its annotation as a Rab small 
GTPase involved in intracellular vesicle trafficking.

Previous studies have shown that RabF2b plays essential 
roles in endomembrane transport and plant responses to 
abiotic stresses (Fu et al. 2024).  However, its function under 
cold stress remains unexplored, especially in loquat.  Based 
on this hypothesis, EjRabF2b was considered a central 
regulator in cold-responsive signaling pathways and was 
consequently selected as the primary candidate gene for 
further functional validation.
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3.2. Phylogenetic analyses and expression characteristics 
of the EjRabF2b gene
We conducted an in-depth investigation of the gene 
EVM0027287, which was identified as a putative homolog of 
AtRabF2b based on a SwissProt database search.  Specifically, 
it matched entry sp|Q9SN68|RAF2B_ARATH, corresponding to 
the Ras-associated protein in A. thaliana.  Notably, phylogenetic 
analysis using the NCBI database revealed that the closest 
homologs of EjRabF2b were found in Pyrus ussuriensis×Pyrus 
communis  (KAB2637060.1) ,  Malus  domest ica  (XP 
008371839.1) and Pyrus×bretschneideri (XP 009341201.2) 
(Fig.  2-A).  Multiple sequence alignment showed high 
conservation of amino acid residues among EjRabF2b and its 
homologs, especially within the RAB GTPase domain (Fig. 2-B).  
Expression analysis revealed that EjRabF2b was upregulated 
under cold treatment in all three genetic backgrounds: the hybrid 
line GZ23×B431 (triploid), and its parental lines GZ23 (diploid) 
and B431 (tetraploid) (Fig. 2-C).  Subcellular localization analysis 
further demonstrated that the EjRabF2b-eGFP fusion protein 
colocalized with nuclear and endoplasmic reticulum markers in 
Nicotiana benthamiana leaves, indicating its localization to both 
compartments (Fig. 2-D).

3.3. EjRabF2b regulation of antioxidant enzyme activity 
affects cold tolerance in A. thaliana and loquat
To elucidate the function of EjRabF2b under cold stress, 
we cloned the EjRabF2b cDNA and transformed it into both 
wild-type A.  thaliana Col-0 and rabf2b mutant backgrounds.  
Three independent overexpression lines (OE-2, OE-10, and 
OE-12) in the Col-0 background and three transgenic lines 
(RT-2, RT-5, and RT-8) in the rabf2b mutant background were 
selected for further analysis.  Compared with Col-0 plants, 
the OE lines exhibited significantly enhanced cold tolerance 

(Fig. 3-A), showing less wilting and dehydration symptoms 
and maintaining healthy leaves under stress conditions.  
Enzymatic assays indicated significantly increased activities 
of APX, SOD, and POD in OE lines relative to Col-0 (Fig. 3-B).

In contrast, rabf2b mutants exhibited pronounced cold 
sensitivity, including severe leaf curling, wilting, and necrosis 
after 7 d at 1°C.  Partial recovery of cold tolerance was observed 
in the RT lines, as indicated by milder symptoms and improved 
antioxidant enzyme activity compared to the rabf2b mutants, 
although still less than in OE lines.  These results suggest that 
EjRabF2b enhances cold tolerance in A. thaliana, likely through 
upregulation of ROS-scavenging enzyme activities.

The integrity of the PM was evaluated using FM4-64, a 
lipophilic fluorescent dye that labels intracellular membranes 
upon PM disruption  (Dhonukshe et al. 2006; Schapire et al. 
2008).  At 23°C, root cells of both transgenic and wild-type 
seedlings showed intact membrane outlines, with FM4-
64 localized to the cell surface (Fig. 3-C, 23°C).  After cold 
stress at 4°C, strong FM4-64 staining was observed in the 
root elongation zones and tips of rabf2b mutants and RT 
lines, indicating PM damage.  However, RT lines showed 
milder staining, with cells in RT-5 partially excluding the dye, 
suggesting partial restoration of EjRabF2b function.  In Col-0, 
about half of the root cells were damaged, while in EjRabF2b-
OE lines, significantly fewer cells were stained, indicating 
enhanced PM integrity under cold stress.

To further verify the function of EjRabF2b in cold tolerance, 
we employed VIGS to downregulate its expression in loquat.  
As shown in Fig. 3-D, EjRabF2b expression was significantly 
reduced in silenced lines, which displayed more severe 
cold-induced damage compared to WT and TRV::00 plants.  
Symptoms included pronounced leaf dehydration and curling, 
accompanied by a 20–30% increase in electrolyte leakage.  
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Quantitative measurements revealed a 50–60% greater leaf 
angle deflection in silenced lines, indicative of turgor loss 
and structural collapse.  Antioxidant enzyme assays showed 
significant reductions in APX and POD activities compared 
with controls, suggesting impaired ROS scavenging capacity.  
These results indicate that silencing EjRabF2b disrupts 
redox homeostasis under cold stress, making plants more 
vulnerable to oxidative damage and cryoinjury (Fig. 3-E).  
Collectively, these findings demonstrate that EjRabF2b 
enhances cold tolerance by promoting antioxidant enzyme 
activity and maintaining PM integrity, thereby mitigating 
cellular damage during chilling stress.

3.4. EjRabF2b enhances cold stress tolerance in Micro-Tom 
tomato and yeast
To further evaluate the role of EjRabF2b in cold stress 
response, we introduced the gene into Micro-Tom tomato 
plants and Saccharomyces cerevisiae strain BY4741 for 
functional validation.  Under optimal conditions (23°C), 
both WT and OE plants exhibited normal growth with no 
phenotypic differences.  However, after 72 h of 4°C treatment, 
all lines exhibited varying degrees of cold-induced injury.  WT 

plants showed severe symptoms, including pronounced leaf 
dehydration, curling, and desiccation.  OE-10 plants showed 
moderate damage, while OE-8 plants displayed minimal 
symptoms, with only slight leaf edge dehydration (Fig. 4-A).

Electrolyte leakage analysis revealed significantly higher 
ion leakage in WT plants, indicating substantial membrane 
damage.  In contrast, OE-8 and OE-10 lines showed markedly 
lower leakage, suggesting improved membrane stability under 
chilling stress.  Consistently, antioxidant enzyme assays 
demonstrated significantly elevated POD and APX activities in 
the OE lines compared to WT (Fig. 4-B), indicating enhanced 
ROS-scavenging capacity conferred by EjRabF2b.

Additionally, yeast spot assays demonstrated that yeast 
cells expressing EjRabF2b exhibited enhanced survival 
across all tested cold stress condition compared to the control 
group, as evidenced by more robust colony growth.  Notably, 
the growth advantage was particularly evident under extreme 
cold stress conditions (–40 and –20°C) (Fig. 4-C), with more 
robust colony formation compared to vector controls.

Collectively, these results demonstrate that EjRabF2b 
overexpression enhances cold tolerance in both Micro-
Tom tomato and yeast, likely through improved antioxidant 

Fig. 2  Phylogenetic analyses and expression characteristics of EjRabF2b.  A, schematic representation of the domain structure of 
EjRabF2b.  B, sequence comparison of EjRabF2b with AtRabF2b (NP_193699.1) and RabF2b of Pyrus ussuriensis×Pyrus communis, 
Pyrus ussuriensis×Pyrus communis (KAB2637060.1).  C, expression profiles of EjRabF2b in GZ23×B431 (triploid), GZ23 (diploid), and 
B431 (tetraploid).  Error bars represent the standard deviation of three biological replicates (n=3).  Different lowercase letters above the 
bars indicate significant differences among planting patterns with P<0.05.  D, subcellular localization of EjRabF2b in Nicotiana benthamiana 
epidermal cells.  eGFP, enhanced green fluorescent protein; HDEL::mCherry serves as an endoplasmic reticulum marker, while the NLS 
domain of VirD2 fused with mCherry functions as a nuclear marker.
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Fig. 3  Identification and phenotypes of EjRabF2b transgenic in Arabidopsis thaliana and loquat.  A, the growth situation of Arabidopsis 
thaliana plants at 1°C for 7 d.  Scale bars=2 or 1 cm.  B, the activities of ascorbate peroxidase (APX), guaiacol peroxidase (POD) and 
superoxide dismutase (SOD) of A. thaliana.  Error bars represent the standard deviation of three biological replicates (n=3).  Different 
lowercase letters above the bars indicate significant differences among planting patterns with P<0.05.  C, plasma membrane integrity in 
transgenic and wild-type seedlings under cold stress.  Representative root images are shown.  Scale bar=20 µm.  D, the performance of 
the silenced loquat strain after 48 h at –3°C.  Scale bars=5 cm.  E, petiole angle, ion leakage, and the activities of POD and APX in loquat 
seedling leaves after 48 h of stress treatment.  Error bars represent the standard deviation of three biological replicates (n=3).  Different 
lowercase letters above the bars indicate significant differences among treatments with P<0.05.

defense and membrane stability.  There finding are consistent 
with observations in loquat, further supporting a conserved 
role of EjRabF2b in cold stress adaptation across species.

3.5. EjZAT10 directly binds to the promoter of EjRab-
F2b and activates its transcription
To identify transcription factors regulating EjRabF2b, we cloned 
its promoter and analyzed it using JASPAR (https://jaspar.elixir.

no).  A putative binding site for EjZAT10 was predicted within 
the promoter region, located between –1,597 and –1,586 bp 
upstream of the transcription start site (Fig. 5-A and B).  This 
86-bp region was designated as ProEjRabF2b.  Transcriptome 
and qPCR analysis (Appendix F) revealed that EjZAT10 
expression significant upregulated under cold stress in loquat.

To validate the interaction between EjZAT10 and the 
promoter of EjRabF2b, a yeast one-hybrid (Y1H) assay 
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was conducted.  All yeast strains grew well on SD/–
Leu medium, and growth on selective SD/–Leu medium 
containing aureobasidin A (AbA, 200 ng mL–1) confirmed 
specific protein–DNA binding.  As expected, the positive 
control showed robust colony formation, validating system 
functionality.  Yeast co-transformed with ProEjRabF2b-
AbAi+pGADT7-EjZAT10 also grew well on AbA-containing 
medium, confirming that EjZAT10 directly binds to the 
EjRabF2b promoter.  No growth was observed in the negative 
control, supporting the specificity of this interaction (Fig. 5-C).

Electrophoretic mobility shift assays (EMSA) were further 

performed using purified GST-tagged EjZAT10 protein and 
both wild-type and mutant DNA probes.  The absence of the 
EjZAT10-GST protein, no band shift occurred.  A clear shift was 
observed upon addition of EjZAT10-GST protein to the wild-type 
probe, confirming binding.  This shift was reduced in a dose-
dependent manner upon competition with 50- and 100-fold 
excess unlabeled wild-type probe.  In contrast, the mutant probe 
failed to compete for binding, indicating that EjZAT10 specifically 
recognizes the wild-type sequence (Fig. 5-D).

Meanwhile, a dual- luciferase reporter assay was 
performed to assess the transcriptional activation potential 

Fig. 4  Growth performance of transformed Micro-Tom and yeast under cold stress.  A, phenotypic comparison of WT, OE-8, and 
OE-10 Micro-Tom plants under normal (23°C) and cold stress (4°C for 72 h) conditions.  Scale bar=5 cm.  B, quantification of ion leakage, 
peroxidase (POD), and ascorbate peroxidase (APX) enzyme activities in WT, OE-8, and OE-10 plants.  Error bars represent the standard 
deviation of three biological replicates (n=3).  Different lowercase letters above the bars indicate significant differences among treatments 
with P<0.05.  C, yeast grown with serial dilutions on SD–URA solid medium under –40°C, –20°C, 0°C, and 4°C stress for 12, 24, 36, 48 h.
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of EjZAT10.  Co-infiltration of EjZAT10 with the EjRabF2b 
promoter–LUC construct (2,253 bp) into tobacco leaves 
resulted in a significant increase (~3-fold) in LUC/REN activity 
compared to the control (Fig. 5-E), indicating that EjZAT10 
activates EjRabF2b transcription in plants.

4. Discussion
4.1. Conserved cold-responsive role of EjRabF2b and 
its potential involvement in vesicle-mediated stress 
adaptation
Through a systematic evaluat ion of cold tolerance 

across loquat germplasm with different ploidy levels and 
transcriptomic analysis using WGCNA.  We identified two 
gene modules strongly correlated with cold treatment.  
Among the 386 candidate genes derived from these modules, 
EjRabF2b was prioritized due to its marked upregulation 
in response to cold stress, suggesting its potential role in 
cold tolerance in loquat.  As a member of the Rab5 family, 
EjRabF2b is involved in vesicle trafficking and endocytosis, 
processes that are crucial for maintaining membrane integrity 
and mediating stress-responsive signal transduction.

Although functional studies of Rab5-related genes in 

Fig. 5  EjZAT10 directly binds to the promoter region of EjRabF2b and activates the transcriptional activity of the EjRabF2b promoter.  
A, consensus DNA-binding sequence for EjZAT10 identified from the JASPAR database.  B, EjZAT10 binding sites on the ProEjRabF2b 
promoter (–1,586 to –1,597 bp).  C, yeast one-hybrid assay showing EjZAT10 binding to the EjRabF2b promoter.  Aureobasidin A (AbA, 
200 ng mL–1) was used as a screening marker.  P53-AbAi+pGADT7-p53 served as a positive control, while ProEjRabF2b-AbAi+pGADT7 
served as a negative control.  D, electrophoretic mobility shift assay (EMSA) showing the specific binding of EjZAT10 to the EjRabF2b 
promoter probe.  Purified EjZAT10-GST protein was incubated with biotin-labeled, unlabeled (cold), or mutant probes as indicated (+/−).  
The biotin-labeled probe carried a 3´ biotin tag, whereas the unlabeled and mutant competitors did not.  Binding specificity was confirmed 
by the reduced signal intensity upon addition of excess unlabeled competitor (50× and 100×).  E, dual-luciferase assay showing EjZAT10 
activation of the EjRabF2b promoter.  Conducted in Nicotiana benthamiana leaves, LUC/REN activity measurements indicate promoter 
activation (2,252 bp).  Error bars represent the standard deviation of three biological replicates (n=3).  **, P<0.01.
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Rosaceae species remain limited, emerging evidence 
suggests that vesicle trafficking-associated Rab GTPases 
play important roles in cold stress responses within this 
family.  For example, in pear (Pyrus bretschneideri), 
PbrRabGAP10 regulates pollen tube growth through vesicle-
mediated cellulose deposition, indicating its potential 
involvement in stress adaptation (Kou et al. 2024).  In apple 
(Malus domestica), Rab family members such as Rab11A 
and Rab18 are upregulated during cold storage, suggesting 
their participation in maintaining membrane stability under 
low-temperature conditions (Karagiannis et al. 2018).  These 
findings underscore the conserved role of Rab GTPase-
mediated vesicle dynamics in the cold tolerance mechanisms 
of Rosaceae fruit trees.

Beyond Rosaceae species, Rab5 proteins have also been 
implicated in cold and salt stress responses in other plants.  
For example, in Arabidopsis, the Arabidopsis-specific Rab5 
protein ARA6 regulates endosomal membrane transport and 
supports stress adaptation by modulating vesicle trafficking (Yin 
et al. 2017).  Similarly, Rab5 expression is upregulated under 
salinity and low-temperature stress in Mesembryanthemum 
crystallinum and Mangifera indica (Bolte et al. 2000; Liu 
et al. 2014).  Consistently, in this study, EjRabF2b showed a 
conserved cold-responsive pattern across loquat cultivars with 
different ploidy levels, supporting the conserved role of Rab 
GTPases in abiotic stress tolerance (O’Mahony and Oliver 
1999; Ebine et al. 2011; Yin et al. 2017; Zhang et al. 2023).

4.2. EjRabF2b regulates vesicle trafficking to enhance 
antioxidant defense and membrane integrity
Recent studies suggest a link between Rab proteins and 
regulation of antioxidant enzymes in plant responses to 
abiotic stresses.  Rab-mediated vesicle transport supports 
membrane stability, which helps regulate ROS levels and 
preserve cellular function (Bolte et al. 2000; Liu et al. 2014).  
In particular, Rab5 and Rab7 have been shown to be 
upregulated under cold or salt stress, which correlates with 
enhanced activities of antioxidant enzymes such as SOD, 
APX, and POD, thereby mitigating oxidative damage (Yin 
et al. 2017; Zhang et al. 2022).

Our results suggests that EjRabF2b enhances cold 
tolerance in loquat by significantly promoting the activities 
of APX, SOD, and POD under low-temperature conditions 
(Fig. 3).  These enzymes play crucial roles in scavenging 
ROS that accumulate during chilling stress and would 
otherwise compromise membrane integrity and disrupt 
cellular functions (Mu et al. 2021).  Members of the Rab5 
family have been shown to regulate membrane dynamics 
and vesicle recycling.  Therefore, EjRabF2b is likely involved 
in modulating vesicle trafficking dynamics and endocytosis, 
thereby maintaining redox homeostasis under stress 
conditions (Bolte et al. 2000; Liu et al. 2014; Yin et al. 2017).  

Maintenance of PM integrity is essential during cold stress, 
as it prevents excessive ion leakage and preserves signaling 
capacity (Zhou et al. 2021).  In our study, overexpression 
of EjRabF2b in A.  thaliana significantly reduced FM4-64 
uptake in root tip cells under chilling conditions, indicating 
enhanced PM integrity and supporting a protective role 

of EjRabF2b.  This suggests EjRabF2b may facilitate 
the vesicle-mediated delivery, recycling, or anchoring of 
antioxidant enzymes to specific subcellular sites, such as the 
PM or peroxisomes, enabling localized ROS detoxification.  
Alternatively, EjRabF2b may modulate antioxidant gene 
expression via retrograde signaling pathways triggered by 
vesicle or membrane stress (Kamal et al. 2020).  Together, 
these findings support a model in which EjRabF2b integrates 
vesicle trafficking with redox regulation to enhance plant cold 
tolerance.

4.3. Cold-induced transcriptional regulation of EjRabF2b 
by EjZAT10 in loquat
C2H2 zinc finger proteins represent an important class of 
transcription factors that have been extensively characterized 
in A.  thaliana.  Numerous members of the C2H2 family, 
including ZAT7, ZAT10, and ZAT12, are known to play pivotal 
roles in plant responses to abiotic stresses (Kielbowicz-
Matuk 2012; Liu et al. 2017; Li et al. 2023).  Notably, ZAT10 
functions independently of the ICE-CBF-COR pathway and 
can induce the expression of COR genes, such as COR15a, 
COR47, and KIN1 in response to cold, underscoring its 
crucial role in cold stress tolerance (Park et al. 2015; Nguyen 
et al. 2016; Liu et al. 2022).  

In this study, we demonstrated that the transcription factor 
EjZAT10 not only responds to cold stress but also directly 
binds to the promoter of EjRabF2b, thereby enhancing its 
expression (Fig. 5-E).  These findings reveal a previously 
uncharacterized regulatory mechanism contributing to cold 
tolerance in loquat.

Nevertheless, the broader physiological functions of 
EjZAT10 under cold stress remain to be fully elucidated.  
Furthermore, whether the EjZAT10–EjRabF2b regulatory 
module is evolutionarily conserved among other Rosaceae 
species remains an open question.  Addressing this may 
provide new insights into the evolution of cold-responsive 
transcriptional networks in perennial fruit crops.

5. Conclusion
In this study, EjRabF2b, a key gene related to cold tolerance, 
was identified in loquat (Fig. 6).  Its expression significantly 
enhances the activity of antioxidant enzymes, thereby 
maintaining cellular integrity and improving cold tolerance.  
Additionally, the transcription factor EjZAT10 was shown 
to directly bind to the promoter of EjRabF2b and activates 
its transcription under cold stress conditions.  Together, 
these findings deepen our understanding of the molecular 
mechanisms governing cold stress responses in loquat 
and offer valuable insights for future research and potential 
breeding strategies targeting abiotic stress resilience.
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