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Abstract

EXQO70 is a key subunit of the exocyst tethering complex involved in vesicle trafficking and plays important roles in
plant growth, development, and stress responses. however, Systematic bioinformatic and transcriptional analyses
of the EXO70 gene family in rice under salt stress remain unreported. Here, 38 OsEXO70 genes were identified and
classified into nine subfamilies (A-I). These genes are unevenly distributed across chromosomes, with 10 segmental
duplication events identified. Structural analyses revealed subfamily-specific features, including OsEXO70CT,
OsEXO70H1, OsEXO70H3, and OsEXO70114 were identified as single-exon genes lacking UTRs. Promoter regions were
enriched in hormone- and stress-responsive cis-elements. Expression profiling showed tissue-specific patterns, with
OsEXO70G2 highly expressed in floral organs and most OsEXO70/ members exhibiting low basal expression. Under
salt stress, subfamilies OsEXO70A, B, C, and E were generally downregulated, whereas OsEXO70D, G, H, and | were
upregulated, with OsEXO7013 and OsEXO70112 being most strongly induced. This study provides a comprehensive

adaptation.

characterization of the OsEXO70 family and a foundation for further functional studies on their roles in salt stress
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Introduction

Rice (Oryza sativa L.) is one of the most important sta-
ple food crops in the world, however, its productivity is
severely constrained by soil salinization. It is estimated
that over 1 billion hectares of land worldwide are affected
by salinity, and due to improper irrigation and agricul-
tural practices etc., the extent of saline soils is continuing
to increase, threatening approximately 50% of all irri-
gated cropland [1]. Salinity stress primarily inhibits plant

fYuan Xue and Siying Cui contributed equally to this work.

*Correspondence:

Quanxiang Tian

quanxiang@hznu.edu.cn

Dawei Xue

dwxue@hznu.edu.cn

!College of Life and Environmental Sciences, Hangzhou Normal
University, Hangzhou 311121, China

K BMC

growth by inducing osmotic stress and ionic toxicity (e.g.,
accumulation of Na* and ClI™ ions) [2]. These stresses dis-
rupt cellular ion homeostasis, osmotic balance, enzyme
activity, and reactive oxygen species (ROS) metabolism,
thereby interfering with normal signal transduction and
gene expression processes. Since plant responses to salt
stress represent complex traits controlled by multiple
genes, elucidating the molecular mechanisms of salt tol-
erance in rice, identifying key salt-tolerant genes, and
breeding salt-tolerant rice varieties are of critical impor-
tance for ensuring agricultural sustainability and global
food security.

The exocyst complex, a highly conserved octameric
protein complex composed of Sec3, Sec5, Sec6, Sec8,
Secl0, Secl5, EXO70, and EXO84 subunits, plays an
essential role in eukaryotic membrane trafficking by
mediating the targeted transport of newly synthesized
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proteins, signaling peptides, small RNAs, and receptor
kinases to the plasma membrane [3, 4]. EXO70 serves
as a key functional component, with different isoforms
participating in species-specific secretory pathways, as
demonstrated by the direct involvement of EXO70B2
in protein secretion in cucumber [5, 6]. In land plants,
EXO70 genes are thought to have evolved from three
ancestral genes (EXO70.1-EX070.3), which underwent
independent duplication events in bryophytes, ferns, and
angiosperms, followed by lineage-specific expansion into
nine subfamilies (EXO70A-EXO70I) [7-10]. Compara-
tive genomic analyses reveal that the EXO70 gene family
has experienced significant expansion in plants, resulting
in numerous copies—for instance, potato, Arabidopsis
thaliana, and Populus trichocarpa possess between 21
and 40 EXO70 members [11-13]—whereas only a sin-
gle EXO70 copy is typically retained in yeast and mam-
mals [14], suggesting functional diversification of EXO70
genes in the plant.

The plant EXO70 gene family plays a vital role in medi-
ating plant stress responses. In Marchantia polymorpha,
MpEXO70.1 enhances salt tolerance by modulating H,O,
homeostasis and cell wall organization through ubiqui-
tination and autophagy pathways [15]. In Arabidopsis
thaliana, AtEXO70B1/B2 confer drought tolerance via
both ABA-dependent and independent mechanisms [16],
whereas OsEXO70FX1 in rice contributes to cadmium
stress adaptation [17]. Moreover, EXO70 genes in wheat
and grape exhibit significant transcriptional responses to
drought and salinity [5, 18]. In biotic stress, OSEXO70H3
enhances resistance to the brown planthopper by pro-
moting lignin deposition [19], and Exo70B2 and Exo70H1
are involved in regulating pathogen defense [16]. Never-
theless, systematic studies on the molecular mechanisms
underlying OsEXO70-mediated salt tolerance remain
limited. Beyond stress adaptation, EXO70 proteins also
participate broadly in plant growth and development—
including pollen tube growth, root patterning, and vascu-
lar development—by regulating vesicle trafficking [5, 18,
20-26].

The EXO70 gene family plays critical roles in both
development and abiotic stress responses in plants. How-
ever, systematic identification and functional character-
ization of the EXO70 gene family in rice remain limited.
In this study, we performed genome-wide identification
and bioinformatic analysis of the EXO70 family in rice,
including analyses of gene structure, phylogenetic rela-
tionships, conserved protein domains, and promoter
cis-regulatory elements. Additionally, the transcriptional
responses of EXO70 genes to salt stress were investigated
using qRT-PCR. These findings provide a theoretical
basis for further elucidating the biological functions of
the EXO70 gene family in the salt stress tolerance of rice.
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Materials and methods

Gene identification and chromosome localization

Based on the alignment profile constructed from the
reported Arabidopsis EXO70 family members, the Inter-
Pro database was searched to identify proteinsmatch-
ing the EXO70 family profile. Candidate EXO70 protein
sequences weresubsequently subjected to domain analy-
sis using the HMMER model (https://www.ebi.ac.uk/T
ools/hmmer/) to confirm the presence of the conserved
EXO70 domain, ultimately identifying all members of the
rice EXO70 protein family. Gene information was col-
lected from the online databases RiceData (https://www.r
icedata.cn/gene/) and the Rice Genome Annotation Proje
ct (http://rice.plantbiology. msu.edu/index.shtml). Chrom
osomal locations were visualized using TBtools.

Analysis of gene structure, conserved domains, and motifs
The coding sequences (CDSs) and corresponding
genomic DNA of OsEXO70 genes were retrieved in
FASTA format from the Ensembl plants database (http:
//plants.ensembl.org/index.html). The distribution of
coding sequences (CDS), untranslated regions (UTRs),
and non-coding regions of the OsEXO70 genes was visu-
alized using TBtools. Multiple sequence alignment of
the conserved domains in OsEXO70 proteins was per-
formed using MEGA 7.0, and the results were processed
and visualized with GeneDoc software. Conserved pro-
tein motifs were identified using the online tool MEME
(http://meme-suite.org/) with the number of motifs set
to six and all other parameters at default settings. The
resulting motif patterns were graphically presented using
TBtools.

Phylogenetic tree construction and synteny analysis

The multiple sequence alignment of OsEXO70 proteins
in rice was performed using the ClustalW algorithm
in MEGA 7.0 software. A phylogenetic tree was con-
structed with the Maximum Likelihood (ML) method
(bootstrap = 1000 replicates) and subsequently visualized
and annotated using the iTOL online tool (https://itol.e
mbl.de/). Synteny analysis between rice and Arabidop-
sis thaliana, as well as within the rice genome, was per-
formed using the One Step MCScanX-Super Fast plugin
in TBtools.

Analysis of physicochemical properties, subcellular
localization, and structural characteristics of proteins
Through the ExPaSy database (https://www.expasy.o
rg/), the fundamental physicochemical properties of
OsEXO70 were obtained. Subcellular localization was
predicted using the online tool WoLF PSORT (https:/
/www.genscript.com/wolf-psort.html). The secondary
structure of the proteins was predicted via the SOPMA
website (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat
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.pl?page=npsa_sopma.html). The three-dimensional (3D)
structures of the OsEXO70 gene family proteins were
predicted utilizing the SWISS-MODEL database (https://
swissmodel.expasy.org/).

Analysis of protein-protein interactions and cis-acting
elements in the promoter regions of osexo70 genes

Using the STRING database (https://cn.string-db.or
g/), the protein—protein interaction network associ-
ated with the OsEXO70 protein was predicted under
default parameters. The resulting interaction network
was further optimized using Cytoscape [27]. Genome-
wide sequences corresponding to the 2000 bp upstream
regions of the translation start codon for rice OSEXO70
family genes were retrieved as promoter sequences from
the Ensembl Plants database. Putative cis-acting regula-
tory elements within these promoter regions were pre-
dicted using the PlantCARE database (https://bioinform
atics.psb.ugent.be/webtools/plantcare/html/), and their
distribution was visualized via TBtools software.

Plant growth and stress treatments

The rice material used in this study was the japonica
cultivar Zhonghua 11 (ZH11), purchased from Weimi
Biotechnology Co., Ltd. Seeds were germinated at 28 °C
for 3 days, then transferred to 96-well plates and culti-
vated in an artificial climate chamber under a 14-h light
(28 °C)/10-h dark (24 °C) photoperiod with 70% rela-
tive humidity. Seedlings were initially grown in distilled
water for 7 days, followed by cultivation in International
Rice Research Institute (IRRI) nutrient solution, which
was replaced every 3 days. For salt treatment, 14-day-old
seedlings were transferred to nutrient solution supple-
mented with 140 mM NaCl. Roots were harvested after
5 h of salt exposure for subsequent gene expression
analysis.

RNA extraction and qRT-PCR analysis

Primer-BLAST was used to design primers for RT-qPCR,
and OsUBQS5 was selected as the internal reference gene.
The total RNA was extracted by using Trizol method,
and reverse transcribed into cDNA by using AMV First
Strand cDNA Synthesis Kit. PCR amplification was per-
formed using a CFX96 Real-Time PCR Detection System
(Bio-Rad, USA). The reaction conditions were the con-
stant temperature section pre-denaturation at 95 C for
5 min; the program for the circulation section was dena-
turation at 95 ‘C for 10 s, annealing at 60 C for 20 s, and
extension at 72 “C for 20 s, forty amplification cycles were
performed; the last melting segment was 95 C for 15 s,
60 C for 1 min, and 95 C for 15 s, with four replicates
for each sample, and the data were processed by 2744t
[28].
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Results

Identification and chromosomal localization analysis of
OsEXO70 gene family members

Based on the profile hidden Markov model (HMM) built
from the sequence alignment logo (PF03081) of reported
Arabidopsis thaliana EXO70 proteins, candidate EXO70
genes in rice were preliminarily identified. Subsequently,
the InterPro database was employed to further screen
genes harboring the EXO70 domain. A total of 38 EXO70
genes were ultimately identified in the rice genome.
According to their homology with Arabidopsis, these
genes were designated as OsEXO70A1-116 (Fig. 1 and
Supplementary Table 1). Thirty-eight EXO70 genes were
distributed on chromosomes 1, 2, 3,4, 5,6,7, 8,9, 11 and
12.

Phylogenetic analysis of the OsEXO70 gene family

Based on phylogenetic relationships, the 38 OsEXO70
family members identified in this study were classi-
fied into nine subfamilies, designated as OsEXO70A
through OsEXO70I. Specifically, subfamily I includes
OsEXO70A1-AS, subfamily II comprises OsEXO70B1-
B4, subfamily III contains OSEXO70CI-C2, subfamily VI
consists of OsEXO70F1-F3, subfamily VII encompasses
OsEX070G1-G2, subfamily VIII includes OsEXO70H1-
H4, and subfamily IX is composed of OsEXO70I1-116.
Notably, OsEXO70D1 and OsEXO70EI are distantly
related to other members and each forms an independent
subfamily, designated as subfamily IV and subfamily V,
respectively (Fig. 2).

OsEXO70 gene replication event and correlation analysis
To elucidate the duplication mechanisms of the OsEXO70
gene family, we performed collinearity analysis of the
rice genome using the MCScanX plugin in TBtools. The
results identified 10 segmental duplication pairs within
the OsEXO70 family: OsEXO70B2/B3, OsEXO70A1/
AS, OsEXO70F1/F2, QOsEXO7011/F2, OsEXO70Gl1/
G2, OsEXQ7011/F1, OsEXO70A4/A5, OsEXO70H2/
H4, OsEXO70D1/F3, and OsEXO70I1/F3 (Fig. 3A and
Supplementary Table 2), indicating that segmental dupli-
cation events have played a significant role in the expan-
sion of this family. To further clarify the phylogenetic
relationships, we conducted collinearity analysis of the
EXO70 gene families among rice, Arabidopsis, and barley.
The results revealed 5 orthologous gene pairs between
rice and Arabidopsis, whereas 20 orthologous pairs were
identified between rice and the more closely related spe-
cies barley (Fig. 3B and Supplementary Table 2), suggest-
ing a high degree of evolutionary conservation between
the OsEXO?70 family and its barley homologs.


https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_sopma.html
https://swissmodel.expasy.org/
https://swissmodel.expasy.org/
https://cn.string-db.org/
https://cn.string-db.org/
https://bioinformatics.psb.ugent.be/webtools/plantcare/html/
https://bioinformatics.psb.ugent.be/webtools/plantcare/html/

Xue et al. BMC Genomics (2026) 27:513

Chr1 Chr2
0 Mb (\ (\

o ~ T
4 MbA OsEXO70G1

8 Mb
12 Mb-
OsEXO7015 ||

16 Mb OsEXO70F I—

20 Mb OsEXO70I6
24 Mb

28 Mb OsEXO70E1

32MbT 0sEx070B1 —1 v

OsEXO70B2
OsEXO7011 —A—|
OsEXO7012

36 Mb

40 Mb

Chr7 Chr8

0 Mb I\ o)

4Mb1  osexo703—| |
OSEXO7014

OsEXO70112

OsEXO70113

8 Mb 1 OsEX070110 ||
12 Mb-{
16 Mb-

20 Mb
OsEXO70F3
~

24 Mb

d

28 Mb

32 Mb-

Chr3

OsEXO70H1 |

Chr9

OsEX070111 ||

OsEXO70D1 —

Page 4 of 15

Chr4 Chr5 Chr6

0 osexoror—) N N

OsEXO70114~| |

OsEXO7018.
OsEXO70F2—  OsEXO7019
OsEXO70B3 7 u
OsEXO70B4

U OsEXO70G2—

d

OsEXO7041

OsEXO7042
\) OsEXO7043 -

qC

Chr11 Chr12
(\ OsEx070H2="T\ OsEXO70H4 [\

OsEXO7044 —+  OsEXO07045 —
OsEXO70C1 OsEXO70C2

I

OsEXO70115—1
u OsEXO70116 “

OSEXO70H3 |

T

Fig.1 Chromosome localization analysis £XO70 genes in rice. The chromosome number is indicated at the top of each chromosome, and the corre-
sponding OsEXO70 gene names are labeled on the left side of each chromosome. The green vertical bar represents chromosome length

Analysis of the structure, conserved domains and
conserved motifs of the OsEXO70

Analysis of the gene structure of OsEXO70 family mem-
bers revealed that the gene length varied from 35,614 bp
(OsEXO7012) to 79,784 bp (OsEXO70I14). Among
them, OsEXO70A3, OsEXO70A4, and OsEXO70AS con-
tained the highest number of exons (12 exons), while
OsEXO70A1, OSEXQ70A2, OsEXO70I4, and OsEXO70I3
possessed 7, 11, 6, and 5 exons, respectively. OSEXO70I5
and OsEXO70I6 had 3 exons, whereas OsEXO70B2,
OsEXO70I1, OsEXO70I15, and OsEXO70I7 contained
2 exons. The majority of the remaining genes harbored
only a single exon. Notably, four genes—OsEXO70CI,
OsEXO70H1, OsEXO70H3, and OsEXO70l14—were
identified as single-exon genes without UTR regions.
The absence of UTRs suggests that these genes may lack
sophisticated post-transcriptional regulatory mecha-
nisms. Consequently, their expression is likely more
direct and less finely tuned, potentially relying more
heavily on promoter-level regulation. (Fig. 4A). Further
protein sequence alignment analysis demonstrated that
all OsEXO70 proteins contained a highly conserved

EXO70 domain (Fig. 4B), consistent with their functional
conservation during evolution. To gain deeper insights
into protein structural composition, conserved motifs
(Motifs) within the OsEXO70 gene family were analyzed
using the online tool MEME, which identified a total of
six motifs (Motifl1—-Motif6). The results (Fig. 4C and Sup-
plementary Table 3) indicated that all genes contained
Motif2, while members of the OsEXO70C/D/E/F/G sub-
families contained all six motifs. Some genes exhibited
motif losses, with OsEXO70115 showing the most exten-
sive absence (lacking Motifs 1, 3, 4, and 6). Additionally,
motif duplications were observed in certain genes, such
as two copies of Motif5 in OsEXO70G2 and two copies
of Motif3 in OsEXO70I3 and OsEXO70I4. The similari-
ties and diversities in the composition of these conserved
motifs may reflect structural differentiation within the
OsEXO70 gene family during evolutionary adaptation to
diverse biological functions.
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Physicochemical properties, subcellular localization,
secondary structure, and tertiary structure prediction of
OsEXO70 proteins

Bioinformatic analyses revealed that the OsEXO70 pro-
tein family in rice exhibits diverse physicochemical prop-
erties. The amino acid lengths of its members range from
326 to 700 residues, with predicted molecular weights
spanning approximately 35.6-79.8 kDa and theoretical
isoelectric points (pI) distributed between 4.82 and 9.63.
Except for OsEXO70B2, OsEXO70H1, OsEXO70I1, and
OsEXO7017, which are predicted to be hydrophobic, the
majority of the proteins are hydrophilic. Stability analy-
sis indicated that 30 members have an instability index
above 40, suggesting relatively low stability, while the
remaining eight members exhibit better stability. Sub-
cellular localization predictions using Wolf PSORT sug-
gested that OsEXO70 proteins may localize to multiple
cellular compartments. Specifically, OsEXO70B3/B4, D1,
F1/F3, G1/G2, and 13/14/15/16 are predicted to localize to
chloroplasts; OsEXO70F2, G2, and 112 to the cytoplasm;

OsEXO70C1 and Bl show dual localization signals to
both chloroplasts and mitochondria; OsEXO70H3/H4
are predicted to localize to the plasma membrane, chlo-
roplasts, mitochondria, and the nucleus; and the major-
ity of the remaining members are primarily predicted to
localize to the nucleus (Table 1).

Secondary structure predictions indicated that all
OsEXO70 proteins consist of four structural elements:
a-helices, B-sheets, extended strands, and random coils
(Fig. 5). Among these, a-helices and random coils con-
stitute the highest proportions, suggesting that they may
form the core structural framework. Homology modeling
of tertiary structures showed that most members share a
similar overall folding pattern, while some, particularly in
certain subfamilies, exhibit distinct structural features,
such as notably extended a-helical tails. These variations
in secondary and tertiary structures may reflect struc-
tural adaptations and functional specializations among
different subfamilies in performing specific cellular roles.
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Predicting the tertiary structure of proteins is essential
for gaining deeper insights into their structure, function,
and subcellular localization. Analysis of the three-dimen-
sional (3D) structures of EXO70 proteins, as shown in
Fig. 6, reveals that their tertiary folds are predominantly
composed of a-helices. Notably, several EXO70 mem-
bers, such as OsEXO70A3, OsEXO70A4, OsEXO70A5,
and OsEXO70G2, possess extended a-helical tails. Over-
all, EXO70 proteins share a conserved 3D architecture
while exhibiting distinct structural variations, providing
a valuable reference for further functional investigation.

Phylogenetic and tissue-specific expression analysis of the
OsEXO70 gene family

Expression patterns of OsEXO70 genes in different
mature organs and developmental stages were analyzed
using transcriptomic data of the rice cultivar Nippon-
bare obtained from the RGAP database, and a heatmap
was generated with TBtools (Fig. 7 and Supplemen-
tary Table 4). The results showed that OsEXO70G2
exhibited the highest expression in pistils and anthers,
while OsEXO70B3 and OsEXO70B4 were relatively
highly expressed in above-ground tissues. In contrast,
OsEXO70G1, OsEXO70I7, OsEXO70I15, OsEXO70I16,
and the majority of subfamily I members generally
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displayed low expression levels across various develop-
mental stages. Overall, the expression of OsEXO70 family
genes demonstrated clear tissue specificity and develop-
mental stage-dependent variation.

Analysis of cis-acting elements in the promoter regions of
OsEXO70 genes

To predict the function of the OsEXO70 gene family, cis-
acting elements in the 2000 bp promoter region upstream
of the start codon were analyzed using the PlantCARE
database. According to their functions, these elements
can be classified into five categories: abiotic stress
response, cellular metabolism regulation, plant growth
and development, hormone response, and transcrip-
tional regulation. The analysis revealed that all OsEXO70
genes contain abundant hormone-responsive elements,
including the ABRE for abscisic acid (ABA) response, the
TGA-element associated with auxin, TGACG-motif and
CGTCA-motif for methyl jasmonate (MeJA) response,
and the TCA-element related to salicylic acid (SA)

response. Notably, MeJA-responsive elements are pre-
dominantly enriched in the promoters of the OsEXO70H
and OsEXO70I subfamilies, while ABA-responsive ele-
ments (ABREs) are highly represented in the promot-
ers of genes such as OsEXO70I11 and OsEXO70F3
(Fig. 8 and Supplementary Table 5). This suggests that
these genes may participate in drought and salt stress
responses through ABA signaling pathways, though their
specific functions require further validation by qRT-
PCR. Additionally, the promoter regions of OsEXO70
genes contain numerous cis-acting elements associated
with abiotic stress responses, such as light-responsive
elements, circadian rhythm-related elements, and MYB-
binding sites linked to drought induction. These findings
indicate that the OsEXO70 gene family likely coordinates
hormone signaling and abiotic stress response pathways,
synergistically regulating rice adaptation to adverse envi-
ronmental conditions.
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Table 1 Analysis of the physicochemical properties and subcellular localization of the OsEXO70 gene family

Gene AA Mw Pl 1.l Al GRAVY Subcellular location

OsEXO70A1 353 40,218.93 5.68 36.51 93.68 —0.239 Nucleus

OsEXO70A2 542 61,903.08 6.76 40.39 95.54 -0.23 Nucleus

OsEXO70A3 634 71,648.53 7.58 59.54 85.88 —0.39 Nucleus

OsEXO70A4 643 72,868.24 767 43.21 86.19 -04 Nucleus

OsEXO70A5 644 72,995.28 723 4573 85.31 —-0413 Nucleus

OsEXO70B1 652 71,276.25 482 46.96 94.34 -0.074 Chloroplast; Mitochondrion

OsEXO70B2 553 61,983.09 492 4466 99.1 0.059 Nucleus

OsEXO70B3 595 6544342 487 4746 8842 —0.109 Chloroplast

OsEXO70B4 334 36,977.49 583 3842 94.34 —-0.029 Chloroplast; Nucleus

OsEXO70CT 692 75,084.44 5 41.46 78.95 —0.288 Chloroplast; Mitochondrion

OsEXO70C2 489 54,281.54 6.07 34.74 79.84 —0.308 Nucleus

OsEXO70D1 638 70,017.2 6.1 51.96 92.01 -0.187 Chloroplast; Nucleus

OsEXO70ET 602 69,469.84 53 39.2 86.99 —0.364 Nucleus

OsEXO70F1 689 75,71143 4.99 43.76 88.96 —0.303 Chloroplast

OsEXO70F2 688 76,142.13 4.96 4545 90.58 -0.322 Cytoplasm

OsEXO70F3 606 66,647.98 5.1 52.29 84.93 —0.259 Chloroplast

OsEXO70G1 556 62,355.02 851 3357 100.36 —0.066 Chloroplast; Nucleus

OsEXO70G2 663 73,638.75 8.56 35.55 96.91 -0.116 Chloroplast; Cytoplasm;Nucleus

OsEXO70H1 556 59,369.44 7.33 38.93 90.34 0.025 Chloroplast; Nucleus

OsEXO70H2 497 54,266.93 7.05 42.29 90.87 -0.117 Nucleus

OsEXO70H3 579 61,364.41 9.63 4713 84.58 -0.076 Cell membrane; Nucleus
Chloroplast; Mitochondrion

OsEXO70H4 497 54,2529 7.05 42.29 90.66 -0.118 Nucleus

OsEXO7011 557 60,361.17 6.48 40.32 97.52 0.016 Nucleus

OsEXO7012 326 35,614.88 6.84 3843 97.36 —0.065 Nucleus

OsEXO7013 700 79,2358 6.01 48.94 94.03 —0.236 Chloroplast

OsEXO7014 672 76,175.17 5.94 50.15 949 —0.238 Chloroplast

OsEXO7015 681 76,592.83 7.68 46.71 90.94 -0.192 Chloroplast; Nucleus

OsEXO70l6 700 79,784.12 7.94 52.03 86.46 -0.369 Chloroplast; Nucleus

OsEXO7017 522 59,447.38 55 47.21 78.83 -0.378 Nucleus

OsEXO7018 542 61,603.14 541 56.18 8531 —0.239 Nucleus

OsEXO7019 557 61,945.95 5.69 57.84 80.79 —0.233 Nucleus

OsEXO70110 526 59,563.66 6.05 61.06 96.25 —0.054 Nucleus

OseEXO701T1 598 67,201.97 59 56.94 89.23 -0.119 Nucleus

OsEXO70112 347 40,337.74 6.99 44.54 101.99 —0.254 Cytoplasm

OsEXO70113 402 46,471.08 571 54.77 9532 —0.255 Nucleus

OsEXO70114 486 51,636.04 9.06 5742 87.67 0.038 Nucleus

OsEXO70115 433 46,585.19 831 61.28 75.98 -0.297 Nucleus

OsEXO70116 631 69,184.77 555 57.88 855 —0.268 Nucleus

AA Amino acid, MW Molecular weight, Pl Isoelectric point, I./ Instability index, A.I Aliphatic index, GRAVY Grand average of hydropathicity

Analysis of OsEXO70 protein-protein interactions

To identify potential protein interaction partners of
OsEXO70 proteins, a protein—protein interaction
(PPI) network was generated using the STRING data-
base. A subset of proteins associated with the exocyst
complex, including QO0JD86_ORYS] (Os04g0421900),

AOAOPOVQ25 (0s02g0749500), Q69PQ1_
ORYS]  (Os08g0318500), SCE10 (Os12g0238100),
Q53Q77_ORYS]  (Os11g0276000), QODQ7S8_ORYS]

(0s03g0625700), Q84SL6_ORYS] (Os07g0568000), and
Q75HJ8_ORYS] (0Os03g0804400), exhibited interac-
tions with OsEXO70, indicating that OsEXO70 proteins

physically associate with other subunits of the exo-
cyst complex (Fig. 9). Notably, interaction with SCE10,
a known component of the exocyst complex, further
supports a role for OsEXO70 in the vesicle trafficking
pathway.

Transcriptional expression analysis of OSEXO70 genes
under salt stress

To validate the expression patterns of OsEXO70 genes,
qRT-PCR was performed to examine the expression lev-
els of 38 EXO70 genes under salt stress conditions (Fig. 10
and Supplementary Table 6). The results showed that



Xue et al. BMC Genomics

(2026) 27:513

D Percentage (%) Distribution of Secondary Structure Elements
Hh Tt Cc Ee

OsEXO7041 6431 283 2975 312 HHH\H\HHHNWW\WWWHWHWHHWHWWWW\\|MNﬂmﬂm\ﬂﬂmﬂ\H\W}Hﬂ“\|\“WWH\WHWH
OsEXO7042 6697 166 2804 332
osExo7043 792 252 2319 237 AR~ EMAEAMENE-INE S
osEx07044 7300 202 2255 233 NNENENEEE-ARFRAREREE-DESOSAR-SUNF R
0sExo7045 7376 14 2283 202 |[NTNNARERIN===TPARONERRERECIARRE--RuE-TREssumy--
OSEXO70BI 6194 23 2715 261 |
OsEXO70B2 6854 271 2514  3.62
OsEXO70B3 6639 319  27.06 336
OsEXO70B4 7096 12 2425 359
OsEXO70CI 6373 173 3266 188 i
osexorocz  eros 107 2ess 327 = IRFINHIEIEENFIEERR
ospxop  esrs 208 s 2os  (FIEIMERHEBEAHENE-EHERH
OsEXO70EI 6694 216 2691  3.99 0101 1111 20
0sEX070FI 643 261 2075 334 FEEFFHE-HEEIREHH-HNAE-H-
osxo70F2  e483 247 3052 213 FHHHHEH——HHEEHEH-ME-HP-
osExor0Fs 3 231 s ix AHCAIFEHFRERENET-AER
osgx070G1 7014 27 2374 342 [NENE-~JNEo A -
0sEX070G2 7617 26 187 2s  NHHEHNEEAHIEEEIFHIAFER
osgxo7oHi 6709 306 2302 653 ISR -
osgxoron2 723 24t 2113 423 (AR
OsEXO70H3 6511 363 2522 604
OsEXO70H4 — 73.64 262 1952 423
OsEXO70I1 7127 287 2208  3.77
OsEXO7012 7331 276  19.63 429 \NWNHNN[\NHWWW\NHI|]\|\H|HH|HH|W|M\Wﬂ ﬂﬂ“m|W|HHHWWWW|WHNWHWW\H||H\ﬂ\|\HﬂW|HH|\Hl [
OsEXO70I3 5971 357 2829 843 HHH— R EHE-
OSEXO7014 564 283 317 9.08
OSEXO70I5 6549 191 2922 338 {EAREE-HHEH A
OsEXO70I6 5971 229 3271 529 iR b o oSS I Rl
OsEXO7017  60.15 172 3084 7.8 e ]
OsEXO70I8 6015 111 3524 351
OsEXO7019 6068 251 298 7 [t S-S0
OsEXO70110  59.13 323 3384 38 IUHWW\I\HHIHWHHH\H\:HHH‘H”HHIHH\H H“HHHWHHH ﬂﬂ]H‘HH\HW\EH\H\\HH
ostxoroil st 4 nas css  NAERERFENETEER
osexorori2 1896 202 1585 317 PRGHEATEEIE-TF-TA
OsEXO70113 6617 224 2488 672 -] N\H\\H\HNHHW HH\HWH\HHW:H\HHHHHWH\HH\[WHH\HWHHWHHIHﬁ I WUHHW
osexororis  sso2 3ot 323 s7s eI~ TH I
OsEXO70II5 4111 67  4L11 1109
OSEXO70II6 5404 38 3566 65 1 | o e | 11120 2118113 130

o 100 00 300 a00 00 600

Page 9 of 15

Fig. 5 Secondary structure analysis of OsEXO70 proteins. Blue represents a-helices (Hh), gray represents extended helices (Tt), red represents random

coils (Cc), and purple represents extended strands (Ee)
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different subfamilies exhibited distinct transcriptional
responses after 5 h of treatment with 140 mM NaCL
Members of the OsEXO70A, OsEXO70B, OsEXO70C, and
OsEXO70E subfamilies showed downregulated expres-
sion following salt treatment. Notably, OsEXO70CI
exhibited a particularly pronounced downregulation
compared to other genes. In contrast, the OsEXO70D,
OsEXO70G, OsEXO70H, and OsEXO70I subfamilies gen-
erally showed upregulated expression after salt stress. It
is noteworthy that the OsEXO70! subfamily displayed
relatively low expression under normal conditions; how-
ever, under salt stress, genes such as OsEXO70I3 and
OsEXO70I12 were significantly upregulated, suggesting

that they may play important roles in the rice salt stress
response.

Discussion

EXO?70 protein, as an important subunit of plant exocyto-
sis complex, mediates the anchoring of secretory vesicles
to the plasma membrane before membrane fusion medi-
ated by SNARE. At present, research in different fields
has shown that this complex is involved in various physi-
ological processes, such as cell cycle progression, tumor
invasion, and primary ciliary development [29]. EXO70,
together with Sec3, mediates the association between
exocytosis complex and plasma membrane, which is a
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key step in vesicle anchoring [30]. The octamer complex
interacts with activated GTP binding RHO-GTPase to
transport vesicles to specific membrane regions.
Previous studies have shown that compared to yeast
and animals, the EXO70 subunit in plants has expanded
into a larger family, indicating amplification of the
EXO70 gene in plants. The whole genome analysis of the
EXO70 gene family in rice was conducted using bioinfor-
matics technology. The results showed that there were
38 EXO70 gene members in rice, all of which contained
EXO70 protein domains, indicating that the EXO70 gene

family evolved relatively conservatively in plants. And
by constructing a phylogenetic tree, it was divided into
9 sub branches (EXO70A-EXO70I), which is consistent
with previous research results in other species, indicat-
ing the conservation and similarity of the EXO70 gene
in the evolution of different species. Current research
on the OsEXO70 gene family in rice remains relatively
limited, with reported functions primarily focused on
biotic stress responses and developmental regulation. In
terms of biotic stress, multiple subfamily members are
involved in disease and insect resistance. For instance,
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OsEXO70B1 (subfamily II) enhances resistance to rice
blast by interacting with the receptor kinase OsCERK1,
a function conserved in its Arabidopsis homolog [31].
OsEXO70F2 and OsEXO70F3 (subfamily VI) also con-
tribute to blast resistance, with OsEXO70F2 directly
interacting with the fungal effector AVR-Pii [32]. Regard-
ing insect resistance, OsEXO70E1 (subfamily V) pro-
motes cellulose and hemicellulose accumulation in the
cell wall by regulating exocytosis, thereby enhancing
resistance to the brown planthopper. The AtEXO70B2
has also been reported to exhibit a similar function [33].
OsEXO70H3 (subfamily VIII) cooperates with the insect
resistance protein BPH6 to regulate lignin deposition
[19], and OsEXO70I10 (subfamily IX) is also involved in
brown planthopper resistance. In developmental regu-
lation, OsEXO70A1 (RLS2, subfamily I) participates in
vascular bundle differentiation and nutrient assimilation,
and its loss of function leads to dwarfism, a phenotype
conserved in the AtEXO70A1 mutant [12]. OsEXO70116
(SR1, subfamily IX) is essential for root cell division and
tracheary element development [34]. These findings indi-
cate that OSEXO70 family genes are broadly involved in
stress adaptation and developmental regulation in rice
through subfamily-specific mechanisms.

There are differences in gene structure and con-
served motifs among different subfamilies, indicating
that EXO70 genes within subfamilies may have similar
functions, while the functions of EXO70 genes may dif-
fer between subfamilies. The differences in gene struc-
ture and conserved motifs within subfamilies. For
example, OsEXO70CI1, OsEXO70H1, OsEXO70H3, and
OsEXO70114 only contain CDS fragments without UTRs
or introns. UTRs are crucial regulatory elements for gene
expression. The absence of UTRs in these genes sug-
gests that they likely originated from retrotransposition
events. Specifically, mRNA transcripts of ancestral genes
were reverse-transcribed into cDNA and subsequently
integrated into the genome, a process that eliminates
both introns and UTRs, resulting in structurally simpli-
fied gene copies. This indicates that these members may
be recently emerged or rapidly evolving genes that have
not yet accumulated complex regulatory sequences. Con-
sequently, their expression depends more on promoter-
level regulation and tends to be more stable and less
susceptible to environmental fluctuations. Compared
with other genes, OsEXO70I15 lacks the most Motif,
with a total of 4 Motifs, namely Motif 1, 3, 4, and 6. At
the same time, we noticed that multiple pairs of genes
in the rice genome experienced segmental duplication
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events, which may be the reason for the expansion of
gene families. In order to comprehensively investigate the
evolution of the OsEXO70 gene family, collinearity analy-
sis was conducted across different species. Collinearity
analysis revealed the presence of 20 orthologous gene
pairs between rice and barley, a number significantly
higher than the 5 orthologous pairs identified between
rice and Arabidopsis. This difference aligns with their
phylogenetic distances, indicating that the EXO70 gene
family is highly conserved within the grass family. The
substantial number of conserved syntenic orthologs sug-
gests that these genes likely perform essential and con-
served functions in monocots. However, the absence of
one-to-one orthologs for all OsEXO70 members implies
the occurrence of lineage-specific gene expansion or
contraction events following the divergence of rice and
barley. In particular, subfamilies that have expanded in
rice (e.g., OsEXO70I) may have acquired novel roles in
species-specific adaptations. Future functional studies

could prioritize these grass-conserved EXO70 members
to elucidate their roles in the distinctive biology of cereal
crops.

The promoter region plays a key role in regulating
downstream gene transcription by specifically binding
transcription factors and RNA polymerase. When plants
are subjected to stress such as low temperature, drought,
and hormones, these stress signals are converted into
signaling factors, activating the cis acting elements of
transcription factor binding genes and stimulating the
expression of related genes [35]. Members of this family
respond to plant hormones such as ABA, auxin, MeJA,
and SA, indicating their involvement in plant hormone
response mediated signaling processes such as flower-
ing, vernalization, and stress. The subcellular localiza-
tion results showed that OsEXOZ0 is mainly located in
the nucleus, cytoplasm, chloroplasts, mitochondria, and
plasma membrane, suggesting its association with plant
cytoplasmic secretion, photosynthesis, respiration, and
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cell growth and development. It may also be similar to
previously reported nuclear localization proteins such as
TaFDL protein [36], involved in plant signal regulation
and transmembrane transport processes.

Gene expression patterns are closely associated with
gene function. In this study, expression analysis revealed
significant differences in tissue specificity and develop-
mental stage-dependent expression among OsEXO70
genes, indicating that their functions are tightly regulated
both spatially and temporally. The exceptionally high
expression of OsEXO70G?2 in pistils and anthers strongly
suggests its specialized role in reproductive processes,
potentially in pollen tube growth or pollen—stigma inter-
actions, consistent with the involvement of Arabidopsis
homologs AtEXO70A2, AtEXO70CI, and AtEXO70C2
in pollen germination and pollen tube growth [18, 24].
In contrast, members of the OsEXO70I subfamily gen-
erally exhibit low basal expression under normal condi-
tions, whereas specific members such as OsEXO70I7
and OsEXO70114 are markedly induced under salt stress
(Fig. 10), indicating their likely involvement in stress
adaptation rather than constitutive cellular functions.
These distinct expression patterns across subfamilies fur-
ther support functional divergence within the OsEX0O70
family, where different clades may have been recruited
to support vesicle trafficking in specific organs or under
particular physiological conditions.

Our qRT-PCR analysis revealed a subfamily-specific
transcriptional reprogramming of OsEXO70 genes under
salt stress. The sharp downregulation of OsEXO70CI
contrasted with the strong induction of OsEXO70I7,
OsEXO70I14, and OsEXO70F3, suggesting divergent
and potentially antagonistic roles in salt adaptation.
The rapid suppression of OsEXO70CI may reflect an
energy-saving strategy that reprioritizes vesicular traf-
ficking toward stress-related pathways. In contrast, the
highly induced “stress-responsive” members, particularly
those from the OsEXO70!I subfamily, likely function as
positive regulators, possibly by directing the transport
of specific stress-related cargoes such as ion transport-
ers or osmoprotectant biosynthesis enzymes. This differ-
ential response highlights the functional diversification
within the OsEXO70 protein family: while some clades
maintain constitutive housekeeping functions, others,
such as subfamily I, appear to have evolved as inducible
modules dedicated to stress adaptation. Plants may thus
reconfigure their vesicular trafficking networks under salt
stress through the regulation of OsEXO70 expression by
specific transcription factors. For instance, MpEX070.1
modulates protein transport rates under salt stress,
thereby enhancing salt tolerance [15].

Page 14 of 15

Conclusion

In this study, 38 OsEXO70 genes were identified in the
rice genome and classified into nine subfamilies. Bio-
informatics analysis was systematically performed to
characterize their chromosomal distribution, physico-
chemical properties, evolutionary relationships, subcel-
lular localization prediction, tissue-specific expression
patterns, and cis-acting elements in promoter regions.
Additionally, qRT-PCR analysis revealed that the expres-
sion of some OsEXO70 genes was significantly induced
by salt stress. These results provide a foundation for fur-
ther elucidating the function of the OsEXO70 family in
rice salt-stress responses.
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