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Abstract 

After analyzing a high-quality ‘Hongyang’ genome, we identified 17 AcBAMs. Comprehensive bioinformatics were 
performed to elucidate the properties and evolutionary relationships of these genes. Our analysis revealed that most 
AcBAMs retained conserved active sites (e.g., Glu186 and Glu380) and exhibited similar structural properties. Phyloge-
netic and collinearity analyses grouped the genes into three main clusters, with segmental and tandem duplications 
contributing to their expansion. Expression profiling showed that AcBAM5 and AcBAM13 were most highly expressed 
during postharvest storage and were strongly induced by ABA signal. Silencing these genes led to a significant 
increase in starch content, suggesting their key role in starch degradation. Promoter analysis identified cis-elements 
related to ABA signal and cold response in the AcBAM family, and the expression of AcBAM genes was influenced 
by ABA and low-temperature treatments, with specific genes showing significant responsiveness.

Background Kiwifruit (Actinidia chinensis cv. Hongyang) is a perennial woody fruit tree highly valued for its rich 
nutritional profile and high vitamin C content. The postharvest ripening process, characterized by starch degradation 
into soluble sugars, significantly influences the fruit’s flavor and texture. β-amylase (BAM) has been proven to be one 
of the key enzymes catalyzing starch degradation, but which BAM genes are involved and how to participate in this 
process in kiwifruit still need to be clarified.

Conclusion In the study, we identified a total of 17 AcBAM genes. The expansion of AcBAMs in kiwifruit was mainly 
due to segmental duplication events, and some of their catalytic residues were mutated, potentially leading to a loss 
of biological activity. The expression patterns of AcBAMs, along with VIGS data, suggest that AcBAM5 and AcBAM13 
respond to ABA signals and promote starch degradation. Our findings provide valuable insights into the regulatory 
mechanisms of BAM genes in kiwifruit and highlight their importance in starch metabolism and fruit ripening.
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Introduction
Kiwifruit (Actinidia) is a perennial woody fruit tree 
belonging to the Actinidiaceae family. Known for its 
juicy, fresh, and sweet fruit, kiwifruit is highly valued 
worldwide due to its rich nutritional profile, particu-
larly its high vitamin C content. As of 2023, the global 
cultivation area for kiwifruit has exceeded 286 thou-
sand hectares, with production surpassing 4.5 million 
tons and continuing to increase annually [1]. Nowadays, 
the kiwifruit industry has become a vital economic con-
tributor in numerous countries and regions. With the 
increase in kiwifruit production, consumer demands 
for the quality of kiwifruit have intensified, prompting 
ongoing breeding efforts to develop new kiwifruit vari-
eties. ‘Hongyang’ (Actinidia chinensis cv. Hongyang) is 
a recently bred cultivar known for its red flesh trait [2]. 
It is characterized by high vitamin C content and high 
T/A ratio, and the fruit’s pulp near the core exhibits a 
light red hue [3]. ‘Hongyang’ kiwifruit usually begins to 
bear fruit in late April. During fruit development, kiwi-
fruit accumulates a diverse array of organic substances 
such as soluble sugars, organic acids, polyphenols, 
and flavonoids [4]. These organic substances are also 
key sources helping to shape kiwifruit’s unique flavor. 
Among these substances, starch assumes a critical role 
as a major organic compound amassed during kiwifruit 
development. The content of starch keeps increasing 
progressively since the fruit volume begins to expand 
and reaches its peak at the harvest period [5]. At this 
stage, the starch content of kiwifruit can reach over 
40% of the total dry matter content. Therefore, starch 
is also regarded as an important marker for measuring 
whether kiwifruit meets the harvest standard [6].

After harvest, kiwifruit will undergo a post-ripening 
process due to its respiratory climacteric characteris-
tics. During this process, kiwifruit experiences vigorous 
metabolic activity, with the fruit suddenly softening and 
the organic acid content decreasing [7]. The large amount 
of starch accumulated during the kiwifruit development 
stage also rapidly degrades and converts into small mole-
cule soluble sugars such as glucose, fructose, and sucrose 
[8, 9]. Numerous enzymes are involved in the degrada-
tion of the starch process: glucose water dikinase (GWD) 
and phospholucan water dikinase (PWD) can damage 
the starch granules, exposing starch to the cytoplasm 
[10–12]; Subsequently, phytolucan phospholipase (SEX) 
hydrolyzes the phosphate groups on the starch chain, 
which facilitates the rapid hydrolysis of starch by amyl-
ase [13–15]; Finally, by α-Amylase and β-Amylase (BAM) 
completely hydrolyzes starch into glucose and maltose, 
which are further converted into other soluble sugars, 
forming the fresh and sweet taste of kiwifruit during its 
edible period [16–18].

α-amylase and β-amylase participate in the last step 
of starch hydrolysis and are generally considered as the 
rate-limiting enzymes in the process of starch degrada-
tion. Among them, β-amylase has no ability to hydrolyze 
α-1,6-glycosidic bond, and can only hydrolyze amyl-
ose or amylopectin to β-extreme dextrin. β-amylase has 
been proven to be the key enzyme for starch degrada-
tion in fruits such as mangoes and bananas during the 
postharvest storage [19, 20]. Studies in white clover, 
wheat, and citrus have shown that, β-Amylase can posi-
tively regulate plant resistance to stress by hydrolyzing 
starch [21]; The study found that the enzyme activity of 
α-amylase is higher during the development of kiwifruit, 
while both the gene expression level and the enzyme 
activity of β-Amylase increases rapidly during the post-
harvest period, indicating that starch hydrolysis during 
the kiwifruit storage is mainly caused by β-amylase, but 
its underlying molecular mechanisms are remain to be 
cleared [22].

Previous studies have identified the BAM gene fam-
ily according to the genome of ‘Red5’; however, due to 
the incompleteness of the Red5 genome and the lack of 
gene annotation, only 12 BAM genes have been iden-
tified [23]. In this study, to further investigate how 
β-amylose is involved in starch degradation in kiwifruit 
fruit, we used a high-quality and complete ‘hongyang’ 
genome to identify a total of 17 AcBAM genes in kiwi-
fruit. A comprehensive study of AcBAM genes’ Physical 
and chemical properties, the advanced structure of pro-
tein, phylogenetic analysis, and collinearity analysis was 
done via detailed bioinformatics analysis. Then we ana-
lyzed its expression level in kiwifruit during storage by 
performing a high throughput transcriptome sequencing. 
Furthermore, we verified the gene function through the 
VIGS experiment to provide a theoretical basis for sub-
sequent research on starch metabolism in kiwifruit. This 
study will provide helpful insights for future investments 
about the mechanisms of which kiwifruit BAM gene fam-
ily members regulate starch degradation during posthar-
vest storage.

Materials and methods
Plant material and treatment
Kiwifruit (Actinidia chinensis cv. Hongyang) samples 
were collected from Fengxin County Doctor Kiwifruit 
Base, Yichun City, Jiangxi Province, China (E114°45’, 
N28°34’). Fruit with uniform size was harvested at 180 d 
after pollination and immediately transported to Jiangxi 
Academy of Science.

Fruit was divided into three groups to perform differ-
ent experiments. To analyze the expression of AcBAMs 
during storage, one group fruit was stored at 20 ℃ and 
was sampled every 4 d. Half of the fruits in another group 
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were treated with 500 ng/ul ABA solution, and the other 
half were treated with ddH2O to explore whether AcBAMs 
were induced by ABA. Then the fruit was stored at 20 ℃ 
and sampled at 0 h, 9 h, 18 h, 36 h, and 72 h, respectively. 
One-third of the fruits in the last group were stored at 
5 ℃, one-third at 15 ℃, and one-third at 25 ℃, and air 
circulation was ensured. The samples were collected at 
0 h, 24 h, 48 h, 96 h, 8 d, and 15 d after storage to study 
the effect of temperature on the expression of AcBAMs. 
All samples were rapidly frozen with liquid nitrogen and 
stored at -80 ℃ for the next analysis. Three biological 
replicates were performed for each experiment.

Identification of BAM family genes in ‘Hongyang’ kiwifruit 
genome
To identify the BAM family members in ‘Hongyang’ 
Kiwifruit, we followed a three-step process:

1.	 Prediction of conserved domains: We predicted the 
conserved domains of nine BAM family genes in 
Arabidopsis using HMMER Search (https://​www.​
ebi.​ac.​uk/​Tools/​hmmer/​search/​hmmsc​an). We con-
firmed the Pfam of Glyco_hydro_14 (PF01373) as the 
conserved domain of the glycosidase superfamily and 
downloaded the corresponding HMMER model from 
the same site. Using the newly published ‘Hong-
yang v3.0’ [24] genome (https://​kiwif​ruitg​enome.​
org/), protein sequence, and annotation data, we uti-
lized HMMER (v11.0) software (http://​hmmer.​org/​
downl​oad.​html) to identify BAM family genes. The 
‘hmmbuild’ command in HMMER was used to create 
the SEED file in Stockholm format, and ‘hmmsearch’ 
was applied to identify potential BAM genes in the 
whole-genome protein sequence file, with the e-value 
cutoff set to 0.0001 [25].

2.	 Sequence Similarity Search: We conducted a local 
BlastP search to compare the Fasta-format SEED 
file with the whole-genome protein sequence file of 
Kiwifruit. Potential BAM genes were identified based 
on sequence similarity [26].

3.	 Validation of Candidate Sequences: To verify the 
reliability of these candidate sequences, we used the 
CDD-batch tool (https://​www.​ncbi.​nlm.​nih.​gov/​cdd) 
and SMART (http://​smart.​embl-​heide​lberg.​de/) to 
confirm each candidate protein as a member of the 
BAM family. We identified a total of 17 BAM family 
genes, naming them AcBAM1 – AcBAM17 based on 
their e-values from the HMMER search process [27].

Analysis of physical and chemical properties of AcBAMs
ExPASy online resources were utilized to predict vari-
ous physical and chemical parameters of the kiwifruit 

BAM protein, including molecular weight (MW), theo-
retical isoelectric point (pI), grand average hydropathic-
ity (GRAVY), instability index, and aliphatic index. The 
SOPMA server was employed to analyze the secondary 
structure of the protein sequences for the 17 AcBAMs 
and determine the proportion of different secondary 
structures. For tertiary structure prediction, we used 
the SWISS-PROT to build the tertiary structure model 
for AcBAMs and visualized the results with Chimera X. 
The subcellular localization of AcBAMs was predicted by 
WoLF PSORT (https://​www.​gensc​ript.​com/​wolf-​psort.​
html) and further confirmed by CELLO [28].

Sequence alignment, phylogenetic, and collinearity 
analysis of AcBAMs
The protein sequences of AcBAMs were aligned by 
using the ClustalW (v1.0) software and showed by the 
DNAMAN (v5.0). The resultant alignment was used 
to compute the phylogenetic tree through the maxi-
mum-likelihood method with 1000 bootstrap replicates 
using MEGA X (v11.0.1) [29]. To get the phylogenetic 
tree between different species, the BAM genes’ amino 
sequences of Arabidopsis (TAIR v10.1), rice (AGIS v1.0), 
tomato (SLM_r2.1), citrus (Citrus sinensis v3.0), and 
apple (GDT2T_hap1) were obtained from TAIR (http://​
www.​arabi​dopsis.​org), TIGR rice databases (http://​www.​
tigr.​org/​tdb/​e2k1/​osa1), Sol Genomics Network (https://​
solge​nomics.​net/), Citrus Pan-genome to Breeding Data-
base (http://​citrus.​hzau.​edu.​cn/) and the apple genome 
database (http://​genom​ics.​resea​rch.​iasma.​it/), respec-
tively. A total of 88 BAM genes were further constructed 
in the phylogenetic in the same method as before. Then 
used the ITOL (https://​itol.​embl.​de/) to visualize the tree. 
Intraspecific collinearity analysis was conducted using 
the ‘MCScanX’ plug-in within TBtools, utilizing the kiwi-
fruit genome, GFF3 files, and amino acid sequences of 
AcBAMs [30].

Motif analysis, intron/exon distribution, and cis‑element 
prediction of AcBAMs
MEME (https://​meme-​suite.​org/​meme/) was employed 
to identify conserved motifs, with a maximum number 
of motifs of 10 with default parameters. Gene structure 
information was extracted from the ‘Hongyang’genome 
annotation file by using TBtools (v2.119). Cis-elements in 
the promoter region of AcBAMs were predicted by Plant-
care [31]. All results were visualized by using TBtools 
[30].

Expression profiling of AcBAMs
The extraction of total RNA from plants uses a kit (Aid-
lab, RN33, China) [32]. Refer to the instructions for spe-
cific operation methods. The purity and concentration of 
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RNA were detected by a nanodrop 2000 spectrophotom-
eter (Thermo Fisher Scientific, Waltham, MA, USA). The 
cDNA libraries construction and the high throughput 
transcriptome sequencing were performed by BioMarker 
Technology Co., Ltd (Shanghai, China) using a Qseq400 
System (Invision, Shanghai, China). After sequencing, 
the raw reads were filtered, and clean data were obtained 
by removing low-quality reads and adapter sequences. 
High-quality clean data were aligned to the reference 
genome sequence of kiwifruit with HISAT2 v. 2.0.1 
(http://​daehw​ankim​lab.​github.​io/​hisat2/​downl​oad/). The 
transcript abundance of AcBAMs was calculated as frag-
ments per kilobase of exon model per million mapped 
reads (FPKM) [33].

The RNA used in qPCR comes from RNA extracted 
during RNA sequencing. The cDNA was synthesized 
using a one-step kit (Vazyme, R423-01, China), and the 
quality and concentration of the synthesized cDNA were 
determined using nanodrop 2000 spectrophotometer 
Quantitative real-time PCR (qPCR) was conducted uti-
lizing the ChemQ SYBR Master Mix (Vazyme, Q311-02, 
China) on an ABI7500 system (Applied Biosystems, Fos-
ter City, USA). The amplification protocol involved an ini-
tial denaturation at 95 °C for 5 min, followed by 40 cycles 
of denaturation at 95  °C for 10 s, annealing at 58  °C for 
30 s, and extension at 95 °C for 15 s. Reactions were car-
ried out in a total volume of 20 μL, consisting of 10 μL of 
2 × SYBR PCR Master Mix, 0.8 μL of primers, and 200 ng 
of cDNA. Three technical replicates were performed for 
each sample. Actin served as the internal control to nor-
malize gene expression data, with relative expression lev-
els calculated using the 2(− ΔΔCT) method. The primers 
used in the qPCR were shown in Table S1.

VIGs of AcBAMs in kiwifruit
A specific primer was designed to amplify the noncon-
servative region of the CDS of 402 BP (AcBAM5) and 
414 BP (AcBAM13). Trelief Sosoo cloning Kit (Qingke, 
China) was inserted into the pTRV2 vector between 
BamH I site and SMA I site by the one-step method. The 
constructed vector was sequenced and transferred into 
GV3101 competent cells. Agrobacterium tumefaciens 
containing pTRV1 and pTRV2 were inoculated into LB 
liquid medium, and cultured for 24–48 h. After 4000 r/
min centrifugation, the bacteria were collected and sus-
pended in MES buffer, then pTRV1 and pTRV2 were 
mixed in a ratio of 1:1. When infecting kiwifruit, gently 
scraped the back of kiwifruit leaves with a syringe needle, 
injected Agrobacterium into the leaves from the wound, 
and cultivated plants at room temperature for 15  days; 
the control plants were injected with Agrobacterium 
carrying the empty pTRV2 vector and the pTRV1 vec-
tor [34]. Each treatment involved injecting the leaves of 

three kiwifruit seedlings as biological replicates. After-
ward, the injected leaves were collected, quickly frozen in 
liquid nitrogen, and stored at -80 °C for further analysis. 
The starch content was determined using kits for starch 
(Solarbio, BC0700, China) according to the manufactur-
er’s instructions.

Statistical analysis
All experiment data were presented means ± standard 
deviation (SD). Statistical analysis was performed via 
one-way ANOVA. Significant differences were evaluated 
by Duncan’s tests using SPSS 17.0 software (SPSS Inc., 
Chicago, USA), which are indicated by ‘*’ or lowercase 
(P < 0.05). ‘**’ represent P < 0.01.

Result
Identification of AcBAM gene family in ‘Hongyang’ genome
The new version of the complete ‘Hongyang’ genome 
(V3.0) including genome sequences, coding sequences, 
and protein sequences was downloaded from Kiwifruit 
Genome Database (https://​kiwif​ruitg​enome.​org/). Then 
used the conserved domain PF01373 to identify the 
candidate BAM genes in kiwifruit by performing a hid-
den Markov model (HMM) search, only sequences with 
E-values smaller than 1e−5 were retained. SMART, Pfam 
search and NCBI CD-search were used to ensure the 
candidate BAM genes contain the β-amylase domain. 
After the above steps, a total of 17 BAM genes were iden-
tified in the kiwifruit genome, which is larger than the 
amount of BAM genes in other species such as Arabi-
dopsis, rice, and apple. These genes were named AcBAM1 
to AcBAM17 respectively according to their E-value 
(Table 1).

The molecular properties of AcBAMs were calculated 
by the Batch Protein Parameters Calc (https://​www.​unipr​
ot.​org). According to the analysis results, the molecu-
lar weight of AcBAMs was between 34.0–78.4  kDa, 
and the isoelectric point was between 5.65–8.93; all 
AcBAMs were hydrophobic (GRAVY < 0); the structure 
of AcBAM3-4, AcBAM11 and AcBAM14-16 were unsta-
ble (Instability index > 40); eight AcBAMs were located at 
chloroplast and four AcBAMs were located at Cytoplasm 
based on the subcellular localization prediction (Table 1).

SOPMA contained several independent algorithms 
and was used to predict the secondary structure of 
AcBAMs to enhance the accuracy of calculation results. 
The content of four secondary structures in AcBAMs 
was ranked as random coil > α-helix > extended strand 
(β-sheet) > β-turn except AcBAM14 and AcBAM17, and 
the proportions of secondary structure in most AcBAMs 
were almost the same (Fig. S1). Tertiary structure predic-
tions of AcBAMs were also performed by constructing 
SWISS-PROT models. The GMQE values of AcBAMs 
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were higher than 0.75 which meant all models were 
highly reliable. Different color represents the position 
of peptide chains, shows AcBAMs have similar tertiary 
structures and may have the same biological function 
(Fig. S1).

The multiple sequence alignment, cluster analysis, gene 
structure, and motif analysis of AcBAMs
The AcBAM family consists of 17 genes. For ease of 
presentation, we selected 10 genes that have conserved 
domains and have not undergone mutations in the active 
site of Glu186 for multiple sequence alignment. The mul-
tiple sequence alignment showed that the CDS length of 
AcBAMs ranged from 921 to 2138  bp, and all AcBAMs 
had a β-amylase domain, and the active site of this 
domain was conserved in these genes (Fig. 1). The clus-
ter analysis divided 17 AcBAMs into 3 groups, the result 
was shown by the phylogenetic tree (Fig. 2a). AcBAM15, 
AcBAM11, AcBAM13, AcBAM17 and AcBAM14 were 
clustered into Group I; AcBAM10, AcBAM16, AcBAM12, 
AcBAM6, AcBAM9 and AcBAM8 were clustered into 
Group II, AcBAM7, AcBAM3, AcBAM5, AcBAM4, 
AcBAM2 and AcBAM1 were clustered into Group III. A 
total of 10 motifs were identified by performing a MEME 
search. Motif 4 and motif 5 appeared in all genes, and 
these amino acid residues were located in the active 

center of the Glyco_hydro_14 conserved domain in mul-
tiple sequence alignment; Other motifs are also con-
served in most AcBAMs. The NCBI CDD-Search results 
also showed that all AcBAM proteins had PLN02803 
conserved domain, which encoded a β-amylase (Fig. 2b). 
It is worth noting that although AcBAM17 has the 
shortest length, only 307 amino acids, it has a complete 
β-amylase domain and contains multiple motifs includ-
ing the active center of PLN02803, so it is considered that 
AcBAM17 also belongs to β-amylase family.

To get further insights into the evolution of the 
β-amylase family in kiwifruit, we analyzed the gene struc-
ture of AcBAMs. AcBAM1-5 and AcBAM7 belonged 
to group III, and their gene length was shorter, neither 
exceeding 4000 bp, with 4–5 exons per gene; The length 
of six genes in group II was much longer than that in 
group III, and these genes contained 8–10 exons; In 
group I, AcBAM11, AcBAM15 and AcBAM17 had 8–10 
exons, while AcBAM13 and AcBAM14 only had 3 and 
4 exons, respectively (Fig.  2c). The result shows genes 
within the same group exhibited more similar gene 
structures.

Multi‑species phylogenetic analysis of BAM genes
Phylogenetic analysis plays a vital role in understanding 
the evolutionary relationships of genes among different 

Table 1  Characteristics of AcBAM proteins
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Fig. 1  Multiple sequence alignment of the AcBAM proteins. deep color shading indicates highly conservative substitutions. Red box represents 
the two catalytic sites Glu-186 and Glu-380
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species. To gain insights into the evolutionary processes 
of AcBAMs, the phylogenetic tree of BAM genes in six 
species including Kiwifruit was constructed by MEGA 
X. A total of 88 BAM genes from different species were 
clustered into 3 groups. Group 1, group 2, and group 3 
contain 14, 28, and 46 genes respectively, and Group 3 
was further divided into three subgroups. The cluster-
ing results of BAM genes among different species were 
basically consistent with those in kiwifruit, except that 
AcBAM17 and AcBAM14 were clustered into group 
2 (Fig.  3). The genetic distance of AcBAM1, AcBAM2, 
AcBAM4 and AcBAM5 was less than 0.1, and these genes 
can be clustered with Os10g0565200 (OsBAM3), show-
ing that these genes have similar evolutionary paths and 
biological functions. Both kiwifruit and tomato belong 
to burries, the phylogenetic tree showed that AcBAM8 
and AcBAM9 in group 3A could be clustered with seven 
BAM genes from tomato and AcBAM12 and AcBAM16 
in group 3B could be clustered with other six tomato 
BAM genes, indicating that the protein sequence of these 
genes may perform similar biological functions and con-
served in tomato and kiwifruit. Other AcBAMs were also 
clustered with BAM genes from different species (Fig. 3).

Cis‑element prediction of AcBAMs promoter
A 1500 bp promoter sequence upstream of AcBAMs was 
used to analyze the cis-elements based on the PlantCARE 
database. As the result shows, a total of 1175 cis-elements 
can be divided into four categories: Core cis-element, 
hormone responsiveness related cis-elements, biotic/
abiotic stress responsiveness related cis-elements, plant 
growth and developmental related cis-elements (Fig.  4). 
The core cis-elements including CAAT-Box, TATA-
Box, and AT ~ TATA-Box, were widely distributed in 

the promoter region of AcBAMs. ABRE was a classic cis-
element related to ABA responsiveness and was found 
in the promoter region of AcBAM1-10 and AcBAM13. 
It is worth noting that the promoter region of AcBAM3 
and AcBAM7 contain 16 and 13 ABRE elements respec-
tively (Table  S2), indicating that these two genes may 
be significantly induced by ABA signal. Other hormone 
responsiveness-related elements were rare in the pro-
moter region of AcBAMs. As for biotic/abiotic stress, all 
AcBAMs except AcBAM5/14 contained DRE, W-Box, or 
LTR elements related to low-temperature responsiveness 
(Fig. 4). Other elements related to stress responsiveness 
such as drought-induced TF binding site MBS were also 
found in the promoter region of AcBAMs. The growth 
and development related cis-elements including I-Box, 
G-Box, TCCC-Motif, TCT-Motif, GATA-Motif, and AE-
Motif contained in 17 AcBAMs promoter regions are 
basically related to light responsiveness, indicating that 
the expression of AcBAMs may be affected by circadian 
rhythm.

Intragenomic and intergenomic collinearity analysis 
of AcBAMs
MCScan X was used to perform the intragenomic and 
intergenomic collinearity analysis to understand gene 
duplication events, genome evolution, and the functional 
implications of genomic rearrangements. As the result 
shows, 10283 collinear gene pairs were identified in the 
intrachromosomal and interchromosomal regions, 6 of 
which were related to the AcBAM family (Fig.  5a). Two 
pairs of genes, AcBAM6 and AcBAM9, AcBAM14 and 
AcBAM16, were defined as tandem duplication events. 
Both segmental duplication events and tandem dupli-
cation events related to AcBAMs can be found in the 

Fig. 2  Bioinformatics analyzes of AcBAM genes family. a Phylogenetic analysis of AcBAMs in kiwifruit. b Conserved domain and conserved motif 
analysis of the AcBAMs family. c Gene structure analysis of AcBAMs family
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kiwifruit genome, indicating that both two duplication 
forms contributed to the expansion and evolution of the 
AcBAM family.

The intergenomic collinearity analysis was performed 
to investigate the evolutionary mechanisms between 
kiwifruit and the other 5 species. 10, 13, 11, 10, and 
4 AcBAMs showed collinearity to BAM genes from 

Fig. 3  Phylogenetic analysis of AcBAMs proteins from kiwifruit (Actinidia chinensis), Arabidopsis thaliana, tomato (Solanum lycopersicum), apple 
(Malus domestica), rice (Oryza sativa), and citurs (Citrus sinensis)
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Arabidopsis, apple, citrus, tomato, and rice respec-
tively. The collinearity between AcBAMs and BAM 
genes in other species reflects their phylogenetic rela-
tionship. Twenty-one colinear gene pairs between 
kiwifruit and apple were identified which is the most 
amount compared to other species, followed by col-
inear gene pairs between Arabidopsis and between 
citrus with 12 pairs each, colinear gene pairs between 
tomato with 10 pairs, and colinear gene pairs between 
rice with the least, with only 5 pairs, indicate that the 
homology of BAM genes between kiwifruit and apple 
is closer, while that between kiwifruit and rice is much 
further (Fig.  5b). AcBAMs of colinear gene pairs were 
mostly located at chr.25, which is also the location of 
AcBAM14 and AcBAM16, suggesting that these two 

genes played an important role in the evolution of BAM 
family in kiwifruit.

The expression patterns of AcBAMs 
during the post‑harvest stage and the expression level 
of AcBAMs after ABA treatment
To further investigate the expression profile of AcBAMs 
during the storage of ‘Hongyang’ kiwifruit, we ana-
lyzed the RNA-seq database from our laboratory. The 
FPKM value is used to measure the expression level of 
AcBAM. We also labeled genes in the figure where the 
FPKM values were greater than 10 and the maximum 
absolute value of Log2FC between different samples of 
the same gene exceeded 0.5, to provide a more intui-
tive comparison of gene expression differences between 

Fig. 4  Cis-elements analysis of the promoter region of AcBAMs 
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Fig. 5  Collinearity analysis of AcBAMs, red lines indicate the collinear relationship between the two BAM genes connected. a Intergenomic 
collinearity analysis of kiwifruit. b, c, d Intragenomic collinearity analysis of AcBAMs among kiwifruit (Actinidia chinensis), Arabidopsis thaliana, tomato 
(Solanum lycopersicum), apple (Malus domestica), rice (Oryza sativa), and citrus (Citrus sinensis)
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samples. All genes’ expression can be detected during 
storage except AcBAM10 (Fig.  6a). The expression of 
AcBAM1, AcBAM4, AcBAM5, AcBAM13, and AcBAM17 
increased gradually during kiwifruit postharvest stor-
age, reached the highest level at 8–12 days after harvest. 
The FPKM values of AcBAM5 and AcBAM13 were 4337 
and 2786 respectively on the 8th day after harvest, which 
was much higher than other AcBAMs at this period. To 
further confirm the accuracy of the transcriptome data, 
we also conducted qPCR experiments. The results were 
generally consistent with the transcriptome data, show-
ing that the expression levels of AcBAM5 and AcBAM13 
increased during fruit storage; and after 12 days of stor-
age, their expression levels were significantly higher 
than those of other genes (Fig.  6b) The expression of 
another two genes, AcBAM3 and AcBAM7, were differ-
ent from AcBAM1, AcBAM4, AcBAM5, AcBAM13, and 
AcBAM17. The expression levels of the rest nine AcBAMs 
during storage were much lower than those of the seven 
genes mentioned before (FPKM < 10), which may not 
be related to the starch degradation process of kiwifruit 
after harvest.

As the result of promoter sequence analysis shows, 
ABRE was the most frequent motif related to hormone 
responsiveness in the AcBAMs promoter region and 
could be found in the promoter of AcBAM1-10 and 
AcBAM13 (Fig.  4). To ensure whether the ABA sig-
nal could influence the expression of AcBAMs during 
the post-harvest stage, we analyzed the RNAseq data of 
kiwifruit after ABA treatment, and four genes (AcBAM1, 
AcBAM4, AcBAM5 and AcBAM13) were found to be 
upregulated. The difference in FPKM values of AcBAM1, 
AcBAM4, and AcBAM5 increased 9 h after treatment and 
reached the peak at 72 h after treatment, indicating that 
ABA affected these three genes’ expression very quickly 
and this influence would last for a comparatively long 
time (Fig. 6c). The expression level of AcBAM13 showed 
significant difference at 18 h after treatment, which was 
slower than AcBAM1, AcBAM4 and AcBAM5. Moreo-
ver, AcBAM5 and AcBAM13 are strongly induced by 
ABA signaling, with their expression levels significantly 
higher than all other genes after 36 h of treatment; Other 
AcBAMs were not induced by ABA treatment, and their 
expression level was much lower compared to AcBAM1, 
AcBAM4, AcBAM5, and AcBAM13(Fig. 6d).

The RNAseq database of low-temperature treated kiwi-
fruit was also analyzed to ensure AcBAMs were induced 
by low-temperature treatment. It was evident that the 
expression of AcBAM1, AcBAM2, and AcBAM5 was 
strongly induced after 5 ℃ storage, and the expression 
of AcBAM7 was inhabited by low temperature (Fig.  6e, 
f ). AcBAM2 seems not to play a role in the postharvest 
storage in room temperature, but the expression of it was 
dramatically increased after low-temperature treatment, 
showing this gene may function in the pathway relying on 
cold signal(Fig. 6e, f ).

TRV‑mediated gene silencing of AcBAM5 and AcBAM13
Both AcBAM5 and AcBAM13 had the complete glyco_
hydro_14 conserved domain, and the expression of these 
two genes was strongly induced during the fruit storage 
and after ABA treatment. To further investigate the func-
tion of AcBAM5 and AcBAM13, we used the VIGs sys-
tem to silence them in kiwifruit. The results of RT-qPCR 
showed that the expression of AcBAM5 and AcBAM13 
was significantly decreased to different extents, indicat-
ing the VIGS system worked (Fig. 7a). In contrast to the 
expression trend, the starch content in leaves increased 
significantly after silencing AcBAM5 and AcBAM13, 
indicating that these two genes play an important role in 
the degradation of starch in kiwifruit (Fig. 7b).

Discussion
Starch serves as the primary organic component accu-
mulated during kiwifruit development. At harvest time, 
the starch content in kiwifruit can reach 15%—30% of 
its fresh weight. The degradation process of starch dur-
ing postharvest storage is crucial for kiwifruit to develop 
its unique flavor. β-amylase is the key enzyme related to 
starch degradation, which can efficiently degrade amylose 
into single maltose molecules [35]. In this study, a total of 
17 BAM genes were identified in the genome of ‘Hong-
yang’ kiwifruit, which was distributed across 13 chromo-
somes, a significantly higher number compared to BAM 
genes in Arabidopsis, rice, tomato, apple, and citrus [36–
40]. Recent studies have proved that three genome-wide 
duplication events occurred during kiwifruit evolution, 
two of which occurred after the Cretaceous—Palaeogene 
[41, 42]. These events likely contributed to the expansion 
of kiwifruit chromosomes to 29 pairs, and the number 

Fig. 6  Expression analysis of AcBAMs. a The expression of AcBAMs during the post-harvest storage, different colored blocks representing different 
levels of FPKM value. b qPCR analysis of AcBAMs during the post-harvest storage. c The expression of AcBAMs after ABA treatment, different 
colored blocks representing different levels of FPKM value. d qPCR analysis of of AcBAMs after ABA treatment. e The expression of AcBAMs 
during low-temperature storage, different colored blocks representing different levels of FPKM value; T5, T15, and T25 represent kiwifruit stored 
in environments of 5 ℃, 15 ℃, and 25 ℃, respectively. f qPCR analysis of of AcBAMs during low-temperature storage

(See figure on next page.)
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Fig. 6  (See legend on previous page.)
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of BAM genes increased to 17. In the collinearity analy-
sis, the evidence of WGD events, such as a large num-
ber of collinearity between some fragments of chr.13 and 
chr.23 (Fig.  5A), could also be found easily. Segmental 
duplication events have been the primary driver for gene 
expansion in plant genomes. Notably, in the collinearity 
analysis of jujube, no collinearity was found among BAM 
genes, and only 9 BAM genes were found [43]; However, 
there were a large number of BAM collinear gene pairs 
in upland cotton genome, and the number of BAM genes 
reached 27 correspondingly [44]. That difference in the 
number of BAM genes between jujube and upland cot-
ton is possibly attributed to a segment duplication event. 
In the kiwifruit genome, six segmental duplication events 
among 9 AcBAMs were observed. Although AcBAM1, 
AcBAM2, and AcBAM4 were located on different chro-
mosomes respectively, the collinearity relationships were 
still identified between them. The collinearity analysis 
between kiwifruit and apple genomes shows that both 
these three genes were collinear with MaBAM4, indicat-
ing that they had a similar evolution pathway, and it was 
likely that one of them was expanded to three BAM genes 
due to the chromosome segment replication event, and 
the replication event should occur later than the differen-
tiation between apple and kiwifruit, which also explains 
the reason for the increase in the number of BAM genes 

in kiwifruit. Additionally, a pair of tandem repeat genes, 
AcBAM14 and AcBAM16, located in chr.25, showed col-
linearity with multiple BAM genes in other species, sug-
gesting their significant role in the evolution of BAM 
genes. To gain insight into the evolutionary relationships 
of genes or species, we constructed a phylogenetic tree of 
BAM genes. Phylogenetic analysis involving AcBAMs and 
BAM genes from other species revealed that AcBAMs 
were found to be distributed across all groups, and the 
genetic distance of AcBAMs between different groups 
was greater, indicating that the replication events had 
occurred at earlier stages (Fig. 3); AcBAMs can be clus-
tered with BAM genes in other species, which also shows 
that these genes may have similar structure and biologi-
cal functions.

Typical BAM genes all have a glyco_hydro_14 con-
served domain, which is crucial for the BAM gene to 
perform biological functions [45]. The active center of 
BAM contains a flexible loop (96-103aa) and an inner 
loop (340—346aa) [46]. When BAM starts to degrade 
starch, two molecules of maltose in the starch chain will 
combine in these two loops respectively. Then Glu186 
and Glu380 are used as catalytic residues to catalyze the 
hydrolysis of starch [47]. In the multiple sequence align-
ment of AcBAMs, the catalytic site of Glu186 was con-
served in all AcBAMs, and the tertiary structure of the 

Fig. 7  The TRV-mediated silencing of AcBAMs. a The expression of AcBAMs after treatment. b The starch content of kiwifruit leaves after treatment. ‘*’ 
and ‘**’ represent P < 0.05 and P < 0.01, respectively
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protein was similar; However, Glu380 was deleted or 
mutated in AcBAM7, AcBAM10, AcBAM11, AcBAM12, 
AcBAM15, and AcBAM16, with substitutions predomi-
nantly from glutamate (E) to glutamine (Q). This pattern 
mirrors observations in Arabidopsis [48] and rice BAM1 
[49], where analogous mutations abolished catalytic 
activity, suggesting convergent evolution of non-func-
tional BAM paralogs across divergent species.

BAM is a multigene family in plants, but certain BAM 
genes may not function during different development 
stages or organs in plants. Many plant genomes in nature 
contain multiple BAM genes. Except for those genes 
whose biological activity is lost due to mutations in cat-
alytic sites or other reasons, the remaining functional 
BAM genes exhibit spatiotemporal expression specific-
ity, and thus play roles in different tissues or physiological 
processes [50–52]. For example, Research on tomatoes 
indicates that SlBAM2 is predominantly active in leaves, 
whereas SlBAM5 is the major contributor to starch accu-
mulation in fruits [39]. To elucidate which genes play a 
key role in starch degradation during the postharvest 
ripening process of kiwifruit, we analyzed the expres-
sion patterns of the AcBAM gene family in kiwifruit after 
harvest. Through transcriptome sequencing analysis and 
qPCR analysis of ‘Hongyang’ kiwifruit at the post-harvest 
stage, it was found that the expression of AcBAM5 and 
AcBAM13 gradually increased with fruit storage, reach-
ing 4508 and 2786, respectively, which were significantly 
higher than those of other BAM genes. After silencing 
AcBAM5 and AcBAM13 in kiwifruit, the starch content 
in leaves increased significantly, suggesting that these two 
genes played an important role in the accumulation of 
soluble sugar during the post-harvest ripening process of 
kiwifruit.

Abscisic acid (ABA) is a plant hormone that plays a 
vital role in various physiological processes within plants. 
Previous studies were more focused on the regulation of 
BAM genes expression by ABA in response to drought 
and ion stress in the aboveground parts of plants, and 
limited studies had discussed the influence of ABA on 
the degression of starch in postharvest fruits [53]. In our 
study, we found the presence of ABRE (ABA-responsive 
elements) that respond to ABA signals in the promoter 
regions of AcBAM5, and AcBAM13, and the expression 
of these four genes were strongly induced by ABA treat-
ment. This suggests that these two genes may not only 
be involved in the natural starch degradation process 
during kiwifruit ripening but also play a key role in the 
ABA-induced starch degradation process (Fig. 6d). Nota-
bly, in climacteric fruits like strawberry, exogenous ABA 
accelerates starch-to-sugar conversion by upregulating 
amylase genes, suggesting the possibility of utilizing ABA 
or ABA analogues in postharvest kiwifruit treatments to 

facilitate rapid ripening [54, 55]. AcBAM3 and AcBAM7 
also contain multiple ABRE elements in their promoter 
regions, but their expression is not significantly induced 
by ABA. It is speculated that the response of AcBAM3 
and AcBAM7 to ABA is not simply mediated by ABF 
(ABRE-binding transcription factor), and further inves-
tigation is required to unravel the specific molecular 
mechanisms underlying this phenomenon.

The expression of BAM family genes has also been 
proven to be influenced by abiotic stress. For instance, 
In arabidopsis, BAM genes’ expression in leaves can be 
induced by light and soluble sugars, and participate in 
the subsequent reaction of plant photosynthesis, but its 
expression will be inhibited by gibberellic acid (GA) [56]; 
Similar studies conducted in vitis amurensis and pear 
also showed that VaBAM1 and PtrBAM3 were strongly 
induced by low temperature, and the cold resistance of 
plants was improved by degrading starch to improve the 
cytoplasmic osmotic potential [40, 57]. Upon analyz-
ing the promoter elements of AcBAMs, it was observed 
that the promoter regions of these genes contain numer-
ous low-temperature response elements such as LTR, 
CRT, and DRE. Transcriptome analysis demonstrated 
that AcBAM1, AcBAM2, and AcBAM5 were genuinely 
induced by low-temperature treatment, especially the 
expression of AcBAM2, which was up-regulated over 
1,000 times, and the Log2FC of stage-S1 reached 12.27 
which meant the expression of AcBAM2 showed signifi-
cantly different compared to room temperature treat-
ment. Generally, it is believed that the low-temperature 
storage of fruit leads to a reduction in the activities of 
various enzymes in the fruit and prolongs the stor-
age period [58, 59]. However, recent studies in kiwifruit 
have revealed that a low-temperature environment rang-
ing from 5—10  °C can promote the ripening process of 
kiwifruit, leading to an increase in soluble solids content 
and a decrease in organic acids, and this responsiveness 
to cold signal did not depend on the participation of eth-
ylene [60]. AcBAM1, AcBAM2, and AcBAM5 are also 
involved in the ripening process of kiwifruit under low-
temperature storage in this manner.

Conclusion
In conclusion, our study identified 17 BAM genes in the 
genome of ’Hongyang’ kiwifruit, which is significantly 
higher compared to other plant species. Multiple dupli-
cation and segmental duplication events contributed to 
the expansion of the BAM gene family in kiwifruit. The 
conserved glyco_hydro_14 domain and catalytic resi-
dues in BAM proteins indicated that not all AcBAMs 
have catalytic activity. Phylogenetic analysis revealed 
the evolutionary relationships among BAM genes in 
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different species, highlighting their structural and func-
tional similarities. Transcriptome analysis identified 
AcBAM5 and AcBAM13 as highly expressed during 
kiwifruit ripening. Silencing AcBAM5 and AcBAM13 
resulted in a significant increase in starch content in 
leaves, indicating their roles in soluble sugar accumu-
lation. Additionally, the expression of BAM genes in 
kiwifruit was influenced by abiotic factors, such as low 
temperature and ABA treatment. Our study provides 
insights into the regulation of the BAM gene family in 
postharvest kiwifruit, advancing the understanding of 
starch degradation and fruit ripening processes.
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