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Abstract: [Objectivel Hippophae rhamnoides subsp. sinensis Rousi is a plant of substantial economic
value and ecological significance, attracting sustained research interest. The ACBPs gene family is inte-
gral to plant biology, playing a critical role in normal plant growth and development. This gene family
is deeply involved in cellular material and energy metabolism and plays a vital role in plants’ adapta-
tion to abiotic stress and biomembrane repair, particularly in response to heavy metal stress. Informa-
tion on the ACBPs gene family in H. rhamnoides remains scarce. This study aims to accurately and com-
prehensively identify the members of the ACBPs gene family in H. rhamnoides using bioinformatics

tools, and to investigate the expression of these genes under heavy metal (lead) stress through molecular
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biology approaches. [Methods] In this study, the ACBPs gene family in H. rhamnoides subsp. sinensis
Rousi was identified using the hidden Markov model (PF00887) and the HMMER search script. Physi-
cochemical properties and subcellular localization were analyzed via the ExPASy and WoLF PSORT
websites. Multiple sequence alignment and gene structure analyses were conducted using MEGA soft-
ware and the GSDS website. Phylogenetic and motif analyses were performed using the TBtools Fast-
Tree plugin and the MEME website. Chromosome localization and cis-acting element analyses were
conducted using Mapchart software and the PlantCARE website. Intra- and interspecific gene collineari-
ty analyses were conducted via the TBtools Advanced Circos and One Step MCScanX plugins. Protein-
protein interaction networks and three-dimensional structure prediction analyses were conducted using
the STRING database and the SWISS- MODEL website. Additionally, expression profiles of 4CBPs
gene were visualized using heatmaps based on FPKM values from RNA-Seq data, and relative gene ex-
pression levels were validated through qRT-PCR experiments. [Results] A comprehensive search of the
H. rhamnoides subsp. sinensis Rousi proteome identified eight ACBPs genes, named HrLACBPsl - Hr-
LACBPsé. Physicochemical analysis revealed that most translated protein sequences were rich in acidic
amino acids, with only one being basic, and most of the proteins were localized in the nucleus. Multiple
sequence alignments identified two main motifs, YKQA and KWDAW, responsible for acyl-CoA bind-
ing. Chromosomal mapping indicated that HrLACBPs4 and HrLACBPs5 were on chromosome 4, while
the other six genes were on chromosomes 1, 2, 3, 5, 11, and 12. Phylogenetic analysis with the ACBPs
gene families of Arabidopsis, Elaeagnus mollis Diels and Helianthus annuus divided the HrLACBPs
family into three groups: Groups 1 with three members, Group 2 with one member, and Group 3 and 4
each with two members. Gene structure and motif analysis showed conserved gene structures and mini-
mal motif differences within each group, with Group 3 containing the most exons and motif sequences.
Cis-acting element analysis, focusing on hormone regulation, meristem expression, and stress response
elements, revealed that the promoters of HrLACBPs members generally contained three or more of
these elements. Collinearity analysis demonstrated no collinearity between HrLACBPs4 and the other
seven genes, but HrLACBPs2, HrLACBPs3, and HrLACBPs5 exhibited mutual collinearity on chromo-
somes 2, 3, and 4. Nine collinearities were identified between the H. rhamnoides ACBPs gene family
and the Arabidopsis ACBPs gene family, and seventeen with the Elaeagnus mollis Diels ACBPs gene
family. Protein interaction network analysis suggested that HrTLACBPs1 in H. rhamnoides may function-
ally resemble ACBP6 in Arabidopsis. Protein 3D structure predictions revealed that Group 3 proteins
were the most complex with high model similarity; Group 1 proteins were simpler but also similar;
Group 4 proteins showed low similarity and large differences. Transcriptome analysis and gRT-PCR vali-
dation indicated that, except for HrLACBPs1, the other genes had lower expression levels at 2000 mg- kg™
lead compared to controls, while their expression increased at 5000 mg - kg'' lead. [Conclusion] In
H. rhamnoides subsp. sinensis Rousi, eight ACBPs were identified, with Group 1 and 3 members exhib-
iting conserved patterns in gene structure, motif sequences, and three-dimensional protein structures.
Group 3 contained the most exons, increasing the likelihood of alternative splicing and enhancing func-
tional diversity. The gene family’ s promoter regions contain various cis-acting elements responsive to
plant hormones, meristematic activity, and stress stimuli, suggesting that HrLACBPs have multiple bio-
logical functions. Protein interaction network analysis highlighted AtACBP6, from the Arabidopsis
ACBP family, as a core protein that enhances plant cold tolerance when overexpressed under cold
stress. Low-temperature stress response elements were also identified in HrLACBPsl, suggesting its

role in enhancing plant cold tolerance. Transcriptome analysis and qRT-PCR validation showed that
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most ACBPs genes in H. rhamnoides were significantly downregulated at 1000 mg - kg' lead, with up-

regulation occurring at 5000 mg - kg™'. This may occur because low lead concentrations cause less oxida-

tive stress, allowing plants to enhance antioxidant defenses by upregulating gene expression to mitigate

lead damage. HrLACBPs1 expression, localized in the endoplasmic reticulum, decreased at 500 mg - kg’

lead compared to controls, then gradually increased at 2000 and 5000 mg - kg''. Expression of the genes

in the endoplasmic reticulum may reduce to alleviate protein synthesis burden at low lead stress and may

increase to address protein damage and accumulation at higher stress levels. These findings provide a

solid theoretical basis for further research on H. rhamnoides’ s response to heavy metal lead stress.

Key words: Hippophae rhamnoides subsp. sinensis Rousi; Bioinformatics; ACBPs gene family; Lead
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Table 1 Tools used for bioinformatics analysis of the ACBPs gene family in H. rhamnoides subsp. sinensis Rousi

TE2% T H Online tools

[ 31 Website

FE 2R B I AL R 7 91 U 2R 5 CNSA

https://ttp.cngb.org/pub/CNSA/data2/CNP0001846/CNS0383685/CNA0022752/

JGI https://phytozome-next.jgi.doe.gov/

Pfam https://www.ebi.ac.uk/interpro/

ExPASy http://web.expasy.org/protparam/

WoOLF PSORT https://wolfpsort.hgc.jp/

GSDS http://gsds.gaolab.org/

Evolview https://evolgenius.info//evolviewv2/#login

MEGA https://meme-suite.org/meme/doc/overview.html

PlantCare https://bioinformatics.psb.ugent.be/webtools/plantcare/html/
String https://cn.string-db.org/

SWISS-MODEL
SAVES
Figshare

https://swissmodeexpasy.org/
https://saves.mbi.ucla.edu/
https://figshare.com/
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Table 2 qRT-PCR primers of the ACBPs gene family in H.rhamnoides subsp. sinensis Rousi

FE A ID Gene ID 3514 Forward primers i 514 Reversed primers
Hiprhalgenel12790 GCGGCACACGAGGCTGAATC ACTCTCCACACCTTCCCAGTCATC
Hiprhalgene06859 GAAAGAGAGAGCCAAGTGGGATGC GCTTCTTCCTGCAACTGTCTCACC
Hiprhalgene20548 ATGGCCTGTACAAGCAAGCTACTG CAGCCTTCCAAGCATCCCACTTAG
Hiprhalgenel5641 GTAGGGTTGTTTCCATGGCTCCAG ACCCACTTGGCTTCTCAGATTTGC
Hiprhalgenel7806 TCAAGCAAGCTACTGTTGGTCCAG CCTTCCACGCATCCCACTTAACTC
Hiprhalgene07485 CTGTCCGTGGTCAACTAGCATCTG TTGGAGCTTGTGCCGCAGTTC
Hiprhalgene10649 CTGCTCTCCTTCTCTACGCTTTGC GGCATTCCAGGCACTCGGTTC
Hiprhalgene01688 AAGTGGCAAGCGTGGCAGAAG TTTCACAGAGGCACCAGCAATCC
Tubulin GGAGATGTTCCGCAGAGTTAG GTGAACTCCATCTCATCCATACC

2 HR55
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FWRHEAT Y58 , 1551 8 D ACBPs LR F R 7, %
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(HrLACBPs7) ; 8 H it 73 1 Jit & 4 7995.1 Da (Hr-
LACBPs3)~74498.7 Da(HrLACBPs7) ; J: Ff £ 45 iy
A AT 4.22 (HILACBPs4) ~7.53 (HrLACBPs5) 2.
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Table 3 Physicochemical properties and subcellular localization of ACBPs proteins in H. rhamnoides subsp. sinensis Rousi

B[R Ak B 1D RS Poailit 4 RS T V4 L 5E 7

Gene name Gene ID Protein sequence length/AA  Molecular weight/Da  Isoelectric point Subcellular localization
HrLACBPs1 Hiprhalgenel12790 358 39 890.1 4.50 P45 % Endoplasmic reticulum
HrLACBPs2  Hiprhalgene06859 92 10 461.8 5.23 #H 1% Nucleus

HrLACBPs3  Hiprhalgene20548 71 7995.1 5.83 i 15T Cytoplasm
HrLACBPs4  Hiprhalgenel5641 322 36279.7 4.22 IHF4344 Chloroplast
HrLACBPs5  Hiprhalgenel7806 90 10 188.5 7.53 4i Ml 1% Nucleus
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Fig. 1 Multiple sequence alignment of ACBPs gene family proteins in H. rhamnoides subsp. sinensis Rousi
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Fig.2 Phylogenetic analysis of ACBPs proteins in H. rhamnoides subsp. sinensis Rousi, Arabidopsis thaliana, Helianthus
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Fig. 3 Analysis of the gene structure of the ACBPs gene family in H. rhamnoides subsp. sinensis Rousi
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Fig. 4 Distribution of motif sequences in the 4 CBPs gene family in H. rhamnoides subsp. sinensis Rousi
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Fig. 5 Chromosomal localization of the ACBPs gene family in H. rhamnoides subsp. sinensis Rousi
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Fig. 6 Analysis of cis-acting elements in the ACBPs gene family of H. rhamnoides subsp. sinensis Rousi
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Fig. 7 Intraspecific collinearity analysis of the ACBPs gene family in H. rhamnoides subsp. sinensis Rousi
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Fig. 8 Interspecific collinearity analysis of the H. rhamnoides subsp. sinensis Rousi ACBPs gene family and the Arabidopsis

thaliana, Elaeagnus mollis Diels ACBPs gene family
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Fig. 9 Protein-protein interaction network of H. rhamnoides subsp. sinensis Rousi ACBPs based on Arabidopsis ACBPs
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Fig. 10 Three-dimensional structure of H. rhamnoides subsp. sinensis Rousi ACBPs protein
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Fig. 11 Expression analysis of ACBPs gene family in H. rhamnoides subsp. sinensis Rousi

under different concentrations of lead stress
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