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Abstract
The actin (ACT ) family genes are essential for plant growth and development. However, the evolution and function of the 
ACT  family within the Rosaceae species, particularly in pear, remain poorly understood. Here, we identified 41 ACT  genes 
across five Rosaceae species based on phylogenetic and structural features that can be categorized into two primary groups: 
subfamily I (reproductive) and II (vegetative). Evolutionary analysis suggests that purifying selection played a crucial role 
in the evolution of the ACT  family in Rosaceae, and whole genome duplication (WGD) and dispersed duplication led to the 
expansion of ACT  genes. The pear genome contains twelve ACT  genes, which can be classified into two groups based on 
their phylogeny and expression patterns: reproductive (PbrACT1-5) and vegetative (PbrACT6-12), further validating the 
reliability of the ACT  family classification in Rosaceae. Expression analysis of twelve PbrACT  genes across various pear 
tissues indicated that five genes from subfamily I (PbrACT1-5) were predominantly expressed in pollen tubes, with PbrACT1 
exhibiting the highest level of expression. Knockdown of PbrACT1 expression in pear pollen tubes significantly diminished 
F-actin levels, triggered F-actin depolymerization, and resulted in pollen tube growth inhibition, indicating that PbrACT1 is 
essential for the formation of the microfilament skeleton during pear pollen tube growth. Overall, this study offers significant 
insights into the evolution and function of ACT  genes in Rosaceae and enhances our understanding of PbrACT in microfila-
ment formation in pear pollen tubes.
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Introduction

The actin cytoskeleton, also known as microfilament (MF) 
or F-actin, is a filamentous polymer built from globular 
monomers called G-actin. F-actin plays a critical role in 
plant growth and development. For instance, Arabidopsis 
seedlings treated with the latrunculin (an inhibitor of actin 
polymerization) caused a significant reduction in cell expan-
sion, resulting in short plants with distorted velvet hairs and 
smaller than normal lengths of leaves, roots, embryonic 

axes, and pollen tubes (Mathur and Hulskamp 2002). 
Besides, F-actin is also known to be involved in the response 
to abiotic stresses in plants. For example, treatment of Arabi-
dopsis seedlings with 150 mM NaCl induced F-actin polym-
erization, whereas exposure to 250 mM NaCl led to F-actin 
degradation. Concurrently, the salt tolerance of seedlings 
was significantly diminished by treatment with latrunculin 
A, whereas treatment with phalloidin clearly increased this 
salinity tolerance (Wang et al. 2010). Similarly, heat stress 
has been demonstrated to trigger F-actin depolymerization in 
tobacco BY-2 cells (Malerba et al. 2010). Further, the actin 
cytoskeleton has been reported to play a vital role in plant 
immunity (Li and Staiger 2018). The plant microfilament 
skeleton can resist fungal invasion through dynamic rear-
rangement (Opalski et al. 2005). In contrast, the penetration 
efficiency of the fungus is significantly increased when the 
plants are treated with cytochalasin E, a drug known to dis-
rupt microfilament rearrangements (Kobayashi and Hakuno 
2003; Miklis et al. 2007). Moreover, the F-actin plays a criti-
cal function in pollen germination, cytoplasmic circulation, 
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and polar growth (Justus et al. 2004; Li et al. 2001; Gibbon 
et al. 1999; Qu et al. 2014).

Actin is highly conserved and widespread in eukaryotic 
cells (McElroy et al. 1990; Chang and Huang 2015). In 
plants, the actin protein is encoded by multiple genes. For 
example, the ACT  family of Arabidopsis contains eight func-
tionally expressed genes that can be classified into two sub-
families based on their phylogenetic and expression profile: 
vegetative actins (ACT2, 7, and 8) are strongly expressed 
mainly in vegetative organs, and reproductive actins (ACT1, 
3, 4, 11, and 12) are highly expressed in reproductive tissues 
(Meagher et al. 1999). The vegetative and reproductive actin 
are considered functionally redundant due to their strongly 
conserved amino acid sequences and high identity, such as 
ACT1 or ACT7 driven by the ACT2 promoter can backfill 
the act2-1 mutants (Gilliland et al. 2002). Notably, in Arabi-
dopsis, the overexpression of ACT1, which is abundantly 
expressed in vegetative tissues, caused severe alterations in 
actin cytoskeletal structure and abnormality in plant tissues 
and cell types, ultimately leading to severe plant dwarfism. 
However, overexpression of ACT2 reached similar levels, 
producing non-significant phenotypic changes (Kandasamy 
et al. 2007, 2002). The above findings indicated that ACT  
genes of the same type were partially functionally redun-
dant; however, different types of ACT  genes, besides differ-
ing in expression patterns, were not functionally equivalent.

Actin, a key component of the cytoskeleton, is highly 
abundant in pollen, constituting approximately 2–20% of the 
total soluble proteins in pollen grains (Xu and Huang 2020). 
Pollen germination and subsequent growth of pollen tubes 
are critically dependent on the dynamic actin cytoskeleton 
(Chang and Huang 2015). For example, pharmacological 
disruption of F-actin organization and dynamics inhibits 
both pollen germination and pollen tube growth (Justus 
et al. 2004; Fang et al. 2018; Gibbon et al. 1999). Addition-
ally, numerous actin-binding proteins (ABPs) participate in 
the modulation of microfilament dynamics (Ren and Xiang 
2007; Zhang et al. 2023). For instance, Arabidopsis ADF7 
and ADF10 are pollen-specific actin-depolymerizing fac-
tors, and their functional loss results in the inhibition of pol-
len tube growth (Zheng et al. 2013; Jiang et al. 2017). The 
Arabidopsis actin-interacting protein 1 (AIP1) modulates the 
dynamics and spatial organization of apical microfilaments 
within pollen tubes, thereby regulating pollen tube growth 
(Diao et al. 2020). Furthermore, alterations in actin dynam-
ics induce apoptosis or programmed cell death in multiple 
organisms (Franklin-Tong and Gourlay 2008; Poulter et al. 
2010; Thomas et al. 2006). For instance, S-RNase directly 
interacts with PbrActin1 in pear, leading to the depolymeri-
zation of the actin cytoskeleton and facilitating programmed 
cell death in self-incompatible pollen tubes (Liu et al. 2007; 
Chen et al. 2018). Similarly, S-RNase interacts with PavAct1 
in sweet cherry pollen to disrupt coordinated actin dynamics 

in pollen tubes (Matsumoto and Tao 2012). Actin is essential 
for pollen tube growth; however, the investigation of actin 
function in Rosaceae is limited.

In this study, we characterized ACT  genes across five 
Rosaceae genomes: Pear (Pyrus bretschneideri), peach 
(Prunus persica), strawberry (Fragaria vesca), apple (Malus 
domestica), and plum (Prunus mume). Our analysis encom-
passed their phylogeny, gene structure, motif identification, 
and the inference of their expansion history. Additionally, 
we examined the expression profiles of PbrACTs in vari-
ous tissues and throughout pollen development. Using anti-
sense oligodeoxynucleotides (as-ODN) to knock down 
the PbrACT1 expression, we found that PbrACT1 may be 
required for microfilament skeleton formation and growth 
in pear pollen tubes. In this work, we conducted a detailed 
study of ACT  genes in five Rosaceae species and provided 
valuable insights for functional studies of ACT proteins in 
Rosaceae.

Materials and methods

Identification and physicochemical analysis of ACT 
proteins

Two methods were employed to identify ACT  family genes 
across five Rosaceae genomes and obtain their sequences. 
Firstly, a conserved domain (Pfam: PF00022) search was 
conducted using the Hidden Markov Model with E-val-
ues <  1e−5 to detect candidate ACT  members. Subsequently, 
Arabidopsis ACT protein sequences served as queries for 
BLASTP searches against the genome databases of the 
five Rosaceae species. Potential ACT  genes were further 
validated by consulting the Pfam (http:// pfam. xfam. org) 
and SMART (http:// smart. embl- heide lberg. de/) databases. 
Finally, 41 ACT  genes were characterized across the five 
Rosaceae genomes. The pear genome (v1.0) sequences were 
sourced from the Pear Genome Project (Wu et al. 2013), 
while the genome sequences for apple (v1.1), plum (v1.0), 
peach (v2.1), and strawberry (v4.0) were downloaded from 
the GDR (http:// www. Rosac eae. org/). The ExPASy (http:// 
web. expasy. org/ protp aram/) website was utilized to predict 
the physicochemical properties of ACT proteins (Artimo 
et al. 2012).

Phylogenetic, gene structure, and motif 
identification analysis

Phylogenetic trees were constructed using MEGA7.0 with 
the neighbor-joining method, and their reliability was con-
firmed through 1000 replicates of bootstrap analysis (Kumar 
et al. 2016). The gene structure and conserved motifs of ACT  
genes were identified using the GSDS (http:// gsds. gao- lab. 

http://pfam.xfam.org
http://smart.embl-heidelberg.de/
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org/) and MEME (http:// meme- suite. org/ tools/ meme) web-
sites, respectively (Hu et al. 2015; Bailey et al. 2006). Mul-
tiple sequence alignments between ACTs from Arabidopsis 
and Rosaceae were performed using DNAMAN 6.0 with 
default settings to elucidate sequence features. Consensus 
sequence logos were generated with WebLogo (https:// weblo 
go. berke ley. edu/ logo. cgi) (Crooks et al. 2004). Identity of 
CDS sequences of ACT  genes was analyzed by the Clustal 
Omega tool (https:// www. ebi. ac. uk/ Tools/ msa/ clust alo/) 
(Madeira et al. 2022).

Gene duplication modes, syntenic, and Ka/Ks 
analysis

Initially, syntenic genes were analyzed with methods devel-
oped by PGGD (http:// chibba. agtec. uga. edu/ dupli cation/) 
(Lee et al. 2013). Subsequently, various duplication modes 
within the ACT  family of five Rosaceae genomes were char-
acterized with MCScanX (Wang et al. 2012). Ultimately, all 
identified duplication types and syntenic genes were visual-
ized using Circos (Krzywinski et al. 2009). The calculate_
Ka_Ks_pipeline was used to generate Ka and Ks values and 
Ka/Ks ratio (Qiao et al. 2019).

Expression analysis of ACTs in various pear tissues

Different pear tissues (fruits, leaves, stems, roots, styles, 
and mature pollen) were collected at the fruit experimental 
field of Nanjing Agricultural University, China. Total RNA 
was extracted from these tissues using the RNA isolation 
Kit (Vazyme, China). The RNA samples were then reverse 
transcribed following the protocol provided with the HiS-
cript® III RT SuperMix for qPCR kits (Vazyme, China). 
The PbrACTs-specific primers were designed by Primer 5.0, 
and their specificity was verified in the pear genome website 
(Table S1). Due to the 100% sequence identity in the CDS 
among PbrACT9, 10, 11, and 12, and the 99.21% identity 
between PbrACT6 and 7, which precluded the design of 
specific primers, co-primers were employed (Table S2). 
Quantitative real-time PCR (qRT-PCR) was conducted on a 
LightCycler® 480 II (Roche, Germany) using SYBR qPCR 
Master Mix (Vazyme, China), with PbrUBQ genes as inter-
nal control. Expression data were analyzed using the  2–ΔΔCt 
method.

The antisense oligodeoxynucleotide (as‑ODN) 
assays

The as-ODN assays were conducted as previously described 
(Chen et al. 2018; Zhang et al. 2024). RNAfold (https:// rna. 
tbi. univie. ac. at/ cgi- bin/ RNAWe bSuite/ RNAfo ld. cgi) was 
utilized to design ODN primers for PbrACT1 (Table S1). 
The pollen medium was composed of 0.5 mM Ca(NO3)2, 5 

mM 1.5 mM  H3BO3, 2-(N-morpholino) ethanesulfonic acid 
hydrate, and 450 mM sucrose, with the pH adjusted to 6.2 
using Tris. Primers with a final concentration of 50 µM ODN 
were mixed with Lipofectamine 2000 (Thermo Fisher Scien-
tific, USA) and incubated for 15 min. The mixture was then 
added to the pollen medium that had been pre-incubated 
for 45 min, followed by further incubation for 2 h. Pollen 
samples were imaged with a Nikon Eclipse E100 microscope 
(Tokyo, Japan), and the lengths of at least 50 pollen tubes 
were measured with Image ProPlus 6.0 software (Media 
Cybernetics, USA).

F‑actin visualization and relative content assay 
in pollen tubes

F-actin imaging and relative content assays in pear pollen 
tubes were performed as previously described (Chen et al. 
2018). Method for microfilament imaging is summarized 
as follows: Firstly, pollen tubes were fixed in 4% paraform-
aldehyde for 1 h following 10 min treatment with 200 µM 
MES-buffered saline. Subsequently, samples were washed 
three times with PBS (pH = 6.8). Samples were then stained 
with 5 µM FITC-phalloidin overnight, followed by three 
washed with PBS. Finally, samples were anti-fluorescently 
sealed and observed by LSM800. For F-actin relative con-
tent assays, the procedure is as follows: pollen samples were 
fixed for 1 h and washed three times with PBS. Samples 
were then stained with 5 µM FITC-phalloidin and 5 µM 
ethidium bromide (EB) after overnight incubation. Follow-
ing three washes with PBS, the excess fluorescence was 
eliminated with methanol. The fluorescence intensity was 
measured by fluorescence spectrometry. F-actin content was 
calculated as the ratio of FITC-phalloidin fluorescence (exci-
tation wavelength: 492 nm; emission wavelengths: 514 nm) 
to EB fluorescence (excitation wavelength: 513 nm; emis-
sion wavelengths: 615 nm).

Statistical analysis

Experiments were conducted with at least three replicates, 
and data were analyzed using GraphPad Prism 6.01. Statisti-
cal differences between the two groups were calculated using 
Student’s t-test.

Results

Identification and phylogenetic analysis of ACTs

A total of 41 ACTs were characterized in five Rosaceae 
species (Fig.  1 and Table  S3). Specifically, 12 ACTs 
were identified in pear (PbrACTs), 6 in strawberry (Fve-
ACTs), 6 in peach (PpeACTs), 11 in apple (MdoACTs), 

http://gsds.gao-lab.org/
http://meme-suite.org/tools/meme
https://weblogo.berkeley.edu/logo.cgi
https://weblogo.berkeley.edu/logo.cgi
https://www.ebi.ac.uk/Tools/msa/clustalo/
http://chibba.agtec.uga.edu/duplication/
https://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
https://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
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and 6 in plum (PmuACTs). Notably, the PbrACTs 
exhibited uneven distribution across the pear chromo-
some, with five genes located on chromosome 15. Addi-
tionally, PbrACT9 (Chr15: 33,484,562–33,486,017), 
PbrACT10 (Chr15: 33,428,764–33,430,219), PbrACT11 
(Chr15: 33,284,053–33285508), and PbrACT12 (Chr15: 
33,340,016–33341471) were found to comprise 377 amino 
acids (aa), possess an isoelectric point (PI) of 5.31, and a 
molecular weight (MW) of 41.74 kDa (Table 1, S3). It was 
further determined that these four genes are identical and 
are located in neighboring regions of the same chromosome.

Based on the neighbor-joining evolutionary tree, the ACT  
family members were classified into two subfamilies (sub-
family I and II). Notably, subfamily I contains the largest 
number of ACT  genes, with only five ACTs in pear (Fig. 1). 
Conversely, subfamily II formed a smaller clade, compris-
ing 16 members, including seven ACTs from pear (Fig. 1).

Conserved motif and exon/intron analysis

To investigate the structural diversity of ACT  genes in 
Rosaceae, an exon/intron analysis of the gene sequences 
was performed. The results indicated that most ACT  genes 
possess four exons, with the exception of nine apple genes 
(MdoACT1/3/5–11), which contain three exons (Fig. 2a). 

MEME website was utilized to characterize conserved 
motifs within ACT proteins. The analysis predicted 
five motifs for all ACT proteins, except for MdoACT1, 
MdoACT3, and MdoACT5-11, which exhibited four 
motifs (Fig. 2b, Table S4), underscoring the relative con-
servation of ACT proteins during evolution.

To understand the structural characteristics of ACT pro-
teins, we conducted an identity analysis on the amino acid 
sequence of ACT proteins in Arabidopsis and Rosaceae. 
Our findings revealed a high degree of conservation in 
ACT protein sequences, with identity percentages rang-
ing from 91.25 to 100% compared to the amino acid 
sequence of Arabidopsis (Table S5). Similarly, the amino 
acid sequence identity of ACT proteins within pear, apple, 
peach, plum, and strawberry exhibited high conservation, 
with identity percentages ranging from 94.96 to 100%, 
94.72 to 100%, 96.02 to 99.2%, 95.76 to 99.2%, and 95.76 
to 99.47%, respectively (Table S5). Furthermore, we per-
formed multiple sequence alignments for all ACT pro-
teins under investigation. The alignments demonstrated a 
striking consistency in the amino acid sites between ACT 
proteins in Rosaceae and Arabidopsis, with the notable 
exception of the N-terminal region in nine apple proteins 
(MdoACT1, 3, 5–11), which exhibited a deletion of 17 
amino acids (Fig. S1).

Fig. 1  Phylogenetic analysis 
of the ACT  family proteins in 
Rosaceae and Arabidopsis. 
The phylogenetic tree was 
constructed based on full-
length protein sequences using 
the neighbor-joining method 
in MEGA 7.0, with bootstrap 
analysis assessed through 1000 
replicates. The red and blue 
backgrounds denote the two 
subfamilies (I and II) of ACT 
proteins. The species abbrevia-
tions and their corresponding 
colors are as follows: At for 
Arabidopsis thaliana (black), 
Pbr for Pyrus bretschneideri 
(red), Mdo for Malus domestica 
(green), Ppe for Prunus persica 
(yellow), Fve for Fragaria vesca 
(blue), and Pmu for Prunus 
mume (pink)
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Physicochemical analysis of ACT proteins

To investigate the function of ACT proteins in Rosaceae, 
a comprehensive analysis of their physicochemical proper-
ties was performed (Table 1). We found that the sequence 
length of ACT proteins varied from 360 to 377 aa, and most 

ACTs contain 377 aa. The PI of all ACT proteins are acidic, 
suggesting that ACT proteins from the Rosaceae family 
are rich in acidic amino acids. Additionally, the MW of all 
ACT proteins ranges from 39.92 to 41.81 kDa (Table 1). The 
negative and positive scores of the grand average of hydro-
pathicity (GRAVY) score correspond to hydrophilicity and 

Table 1  Physicochemical analysis of ACT proteins from five Rosaceae species

Gene name Protein 
length (aa)

Molecular 
weight (Da)

Isoelectric 
points (PI)

GRAVY Formula Instability index Aliphatic index

PbrACT1 377 41,686.73 5.31  − 0.175 C1850H2917N491O561S21 34.87 84.62
PbrACT2 377 41,702.73 5.31  − 0.181 C1850H2917N491O562S21 35.89 84.35
PbrACT3 377 41,684.71 5.31  − 0.169 C1849H2915N493O560S21 36.12 84.88
PbrACT4 377 41,684.75 5.31  − 0.167 C1851H2919N491O560S21 36.85 85.15
PbrACT5 377 41,750.78 5.31  − 0.193 C1850H2917N491O563S22 35.61 83.05
PbrACT6 377 41,786.77 5.31  − 0.189 C1859H2925N491O564S19 39.97 85.09
PbrACT7 377 41,786.77 5.31  − 0.189 C1859H2925N491O564S19 39.97 85.09
PbrACT8 377 41,756.68 5.31  − 0.190 C1858H2923N491O565S18 40.55 85.60
PbrACT9 377 41,739.79 5.31  − 0.172 C1852H2920N494O560S21 37.88 85.62
PbrACT10 377 41,739.79 5.31  − 0.172 C1852H2920N494O560S21 37.88 85.62
PbrACT11 377 41,739.79 5.31  − 0.172 C1852H2920N494O560S21 37.88 85.62
PbrACT12 377 41,739.79 5.31  − 0.172 C1852H2920N494O560S21 37.88 85.62
MdoACT1 360 39,955.84 5.67  − 0.173 C1780H2806N472O533S19 35.22 85.08
MdoACT2 377 41,700.75 5.31  − 0.175 C1851H2919N491O561S21 35.09 84.62
MdoACT3 360 39,955.84 5.67  − 0.173 C1780H2806N472O533S19 35.22 85.08
MdoACT4 377 41,656.70 5.31  − 0.168 C1849H2915N491O560S21 35.61 84.88
MdoACT5 360 39,939.84 5.67  − 0.165 C1780H2806N472O532S19 35.99 85.64
MdoACT6 360 39,923.85 5.67  − 0.158 C1780H2806N472O531S19 35.99 85.92
MdoACT7 360 40,039.94 5.67  − 0.192 C1782H2806N474O533S20 34.69 83.72
MdoACT8 360 40,005.88 5.67  − 0.193 C1779H2804N472O535S20 35.76 83.44
MdoACT9 360 40,025.86 5.67  − 0.181 C1788H2812N472O535S17 40.44 85.86
MdoACT10 360 39,995.77 5.67  − 0.182 C1787H2810N472O536S16 40.81 86.11
MdoACT11 360 39,992.91 5.67  − 0.163 C1782H2809N475O531S19 37.84 86.42
PpeACT1 377 41,716.75 5.31  − 0.181 C1851H2919N491O562S21 36.12 84.35
PpeACT2 377 41,702.73 5.31  − 0.181 C1850H2917N491O562S21 35.38 84.35
PpeACT3 377 41,640.70 5.31  − 0.166 C1849H2915N491O559S21 34.87 85.15
PpeACT4 377 41,704.76 5.31  − 0.180 C1849H2915N491O561S22 35.38 83.58
PpeACT5 377 41,752.73 5.31  − 0.175 C1860H2927N491O563S18 38.87 86.13
PpeACT6 377 41,725.81 5.31  − 0.170 C1853H2922N492O560S21 36.97 85.62
FveACT1 377 41,730.78 5.31  − 0.181 C1852H2921N491O562S21 35.61 84.35
FveACT2 377 41,702.73 5.31  − 0.187 C1850H2917N491O562S21 35.61 84.08
FveACT3 377 41,698.78 5.31  − 0.167 C1852H2921N491O560S21 36.34 85.15
FveACT4 377 41,684.75 5.31  − 0.169 C1851H2919N491O560S21 35.09 84.88
FveACT5 377 41,651.60 5.23  − 0.165 C1851H2916N490O563S19 38.62 86.39
FveACT6 377 41,757.80 5.31  − 0.184 C1853H2922N492O562S21 37.48 85.09
PmuACT1 377 41,776.87 5.31  − 0.181 C1853H2923N491O562S22 35.33 84.08
PmuACT2 377 41,762.84 5.31  − 0.181 C1852H2921N491O562S22 34.59 84.08
PmuACT3 377 41,730.84 5.31  − 0.167 C1852H2921N491O560S22 34.82 84.88
PmuACT4 377 41,764.87 5.31  − 0.179 C1851H2919N491O561S23 34.59 83.32
PmuACT5 377 41,812.85 5.31  − 0.175 C1862H2931N491O563S19 37.69 85.86
PmuACT6 377 41,755.89 5.31  − 0.163 C1854H2924N492O559S22 36.07 85.62
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hydrophobicity, respectively. The findings revealed that all 
ACT proteins exhibited negative GRAVY score, suggesting 
that these proteins possess hydrophilic characteristics. Fur-
thermore, the aliphatic indexes of all ACT proteins ranged 
from 83.05 to 86.42, which indicates that they are thermally 
stable (Table 1).

Evolutionary pattern analysis of ACT  genes

Several types of gene duplication contribute to the expansion 
of gene families (Qiao et al. 2019). Our analysis revealed 
that five duplication types drive the expansion of the ACT  
family: 59% WGD, 20% dispersal, 12% transposition, 7% 
proximal, and 2% tandem (Fig. 3a). Notably, WGD was 
identified in five Rosaceae species. Specifically, 90.9% of 
ACT  genes in apple, 80% in pear, 50% in peach, and 50% in 
plum were replicated and retained from WGD, while only 

33.3% in strawberry (Fig. 3b, Table S6). Furthermore, the 
percentage of dispersed duplication (DSD) in pear (8.3%), 
strawberry (50%), peach (33.3%), and plum (33.3%) was 
assessed (Fig. 3b, Table S6). Transposed duplication was 
identified at rates of 16.7% in peach, 16.7% in strawberry, 
16.7% in plum, and 8.3% in pear (Fig. 3b, Table S6). These 
findings indicate that WGD significantly affects the expan-
sion of the ACT  family in apple, pear, peach, and plum, 
while DSD plays a key role in the expansion of the straw-
berry ACT  family.

In this study, collinearity maps were generated for each 
Rosaceae species to investigate the evolution of the ACT  
genes. The analysis revealed that PbrACTs are distributed 
across seven chromosomes in pear, with eleven syntenic 
pairs identified (Fig. 4). Among them, eight, six, and seven 
homozygous gene pairs were detected in PpeACT , Fve-
ACT , and PmuACT , respectively (Fig. 4). Furthermore, the 

Fig. 2  Exon–intron (a) and conserved motifs (b) analysis of ACT 
proteins in five Rosaceae species and Arabidopsis according to phy-
logenetic relationships. Neighbor-joining tree was constructed using 
MEGA 7.0, with bootstrap analysis performed on 1000 replicates and 
a scale bar representing 0.01 substitutions per site. Exons, introns, 

and untranslated regions are represented by red boxes, black lines, 
and blue boxes, respectively. Five conserved motifs were identified 
by MEME, with boxes of different colors representing distinct motifs. 
The red and blue backgrounds denote the two subfamilies (I and II) of 
ACT proteins in Arabidopsis and Rosaceae, respectively.
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distribution of eleven MdoACTs was mapped onto eight 
chromosomes in apple, with twelve syntenic pairs identi-
fied (Fig. 4).

To elucidate the selective pressures shaping the evolution 
of the ACT  family, we computed Ks values and Ka/Ks ratios 
for ACT  gene pairs. The results show that all Ka/Ks ratios 
are less than 1 (Fig. 5a, Table S7), indicating that the ACT  
family has undergone purifying selection during evolution. 
Furthermore, Ks values were utilized to infer the evolution-
ary history of duplication events. The results show that Ks 
values for all duplicated gene pairs range from 0.0343 to 
4.1280 (Table S7). As shown in Fig. 5b and Table S7, the Ks 
values for gene pairs in pear and apple predominantly corre-
sponded to recent (Ks ~ 0.15–0.3) and ancient (Ks ~ 1.5–1.8) 
WGD events, whereas peach, plum, and strawberry are 
mainly associated with ancient WGD. The findings align 
with previous studies that pear and apple have also experi-
enced recent WGD events compared to strawberry, peach, 
and plum. Notably, gene pairs with higher Ks values, such as 
PbrACT5-PbrACT3 (Ks = 3.96689), MdoACT2-MdoACT8 
(Ks = 3.91788), and MdoACT7-MdoACT2 (Ks = 3.9353), 
suggest that they may have originated from more ancient 
duplication event (Fig. 5b, Table S7).

Expression patterns of PbrACT  genes

The qRT-PCR method was performed to assess the expres-
sion profiles of PbrACTs in six pear tissues. The findings 
revealed that five PbrACT  genes (PbrACT1-5) were strongly 
expressed in pollen tubes (Fig. 6a). Additionally, the tran-
scriptome data and qRT-PCR results indicated that PbrACT1 
exhibited the highest expression level in pollen tubes com-
pared to other PbrACT  genes (Fig. 6b, c). Based on previ-
ous studies, Arabidopsis ACT1 and ACT3 exhibit a preferen-
tial accumulation at high levels in mature pollen (An et al. 
1996). In this study, the significant expression of PbrACT1 

in pollen underscores its pivotal role in pear reproductive 
development.

PbrACT1 controlling pollen tube growth

F-actin is crucial for pollen tube growth (Qu et al. 2014; 
Zhang et al. 2018; Susaki et al. 2023). To elucidate the role 
of PbrACT1, we utilized the as-ODN assay, a gene knock-
down technique, to silence the expression of PbrACT1 in 
pear pollen tubes. When the expression of PbrACT1 was 
dramatically reduced after as-ODN treatment, pollen tube 
growth was markedly inhibited (Fig. 7a–c), indicating that 
PbrACT1 contributes to pollen tube growth. Subsequently, 
we observed a significant increase in the rate of F-actin 
depolymerization in pollen tubes after as-ODN treatment 
(Fig. 7d, e), along with a significant decrease in F-actin 
levels (Fig. 7f). These results indicate that the knockdown 
of PbrACT1 expression reduces the F-actin content within 
pollen tubes, thereby inhibiting pollen tube growth. In con-
clusion, the microfilament skeleton plays a critical role in 
the growth of pear pollen tubes, and PbrACT1 contributes 
importantly to the formation of the microfilament skeleton.

Discussion

F-actin is an important component of the cytoskeleton 
and plays critical roles in various aspects of plant growth, 
including root growth, pollen germination and growth, and 
immune responses (Nishimura et al. 2003; Justus et al. 
2004; Li et al. 2001; Li and Staiger 2018; Zepeda et al. 
2014; Zhang et al. 2023). ACT is essential for F-actin 
formation, and the ACT  gene family members have been 
characterized and analyzed in many species (Meagher 
et al. 1999; Zhang et al. 2010; Li et al. 2005; McElroy 
et al. 1990). However, the characterization and functional 

Fig. 3  Statistical analysis 
of duplication types within 
the ACT  family members in 
Rosaceae species. a Statistics 
of ACT  genes from different 
duplication types in Rosaceae 
genomes. b Statistics of ACT  
genes from different duplica-
tion types in each Rosaceae 
genomes. The MCScanX 
software was utilized to analyze 
the various duplication patterns 
within the ACT  family
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analysis of the ACT  family in Rosaceae remain limited. 
In this study, we characterized 41 ACT  genes within five 
Rosaceae species (Fig. 1 and Table S3) and investigated 
that PbrACT1 affects the growth of pear pollen tubes by 
regulating F-actin levels.

Phylogenetic relationships provided new insights into 
the evolution and genetic diversity of different gene family 
members (Smith et al. 2008; Kou et al. 2020). Phyloge-
netic analysis revealed that ACT  genes in Rosaceae can be 
divided into two subgroups (Fig. 1), which classification is 

Fig. 4  Intragenic collinearity and duplication type analysis of the 
ACT  family in Rosaceae species. a Chromosomal localization and 
intra-genomic collinearity of ACT  genes in each Rosaceae genome. 
Gene pairs connected by lines of different colors represent different 
duplication types (WGD, whole genome duplication; TD, tandem 
duplication; TRD, transposed duplication; PD, proximal duplication; 

DSD, dispersed duplication). b Statistical analysis of various duplica-
tion types in five species, including P. bretschneideri, M. domestica, 
P. persica, P. mume, and F. vesca. The five colored rectangles rep-
resent different types of gene duplication: WGD (red), DSD (black), 
PD (yellow), TD (blue), and TRD (green). The Y-axis indicates the 
number of duplicated gene pairs
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consistent with that reported on Arabidopsis (Kandasamy 
et  al. 2007, 2009). Phylogenetic analysis also demon-
strated that ACTs with similar gene structures and con-
served motifs cluster together (Fig. 2). Furthermore, amino 
acid sequence alignment and identity analysis indicated 

that the Rosaceae ACT protein sequences are highly con-
served (Fig. S1), with identity ranging from 94.72 to 100% 
(Table S5). Similarly, the divergence between vegetative 
and reproductive actins at the amino acid sequence level in 
Arabidopsis ranged from 4 to 7% (Kandasamy et al. 2007). 

Fig. 5  Ka/Ks ratios (a) and Ks 
values (b) for duplicated gene 
pairs within the ACT  family in 
five Rosaceae species, including 
P. bretschneideri (PbrACTs), 
M. domestica (MdoACTs), P. 
persica (PpeACTs), P. mume 
(PmuACTs), and F. vesca (Fve-
ACTs). The X-axis represents 
five different species, while the 
Y-axis denotes the Ka/Ks ratio 
or Ks values

Fig. 6  Expression patterns of twelve PbrACT  genes. a Expression 
analysis of PbrACTs in different pear tissues by qRT-PCR. b Expres-
sion heatmap of PbrACT  genes during pollen growth. Red and blue 
indicate high and low expression, respectively. The three stages of 

pear pollen growth include mature pollen grains (MP), hydrated 
pollen (HP), and pollen tubes growing 6 h after hydration (PT). c 
Expression of five PbrACTs in pollen tubes analyzed by qRT-PCR
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The findings suggest that the ACT proteins exhibit a high 
degree of conservation.

Different patterns of gene duplication within plant 
genomes play distinct roles in the expansion of gene families 
(Qiao et al. 2019). Duplication pattern analysis indicates that 
the expansion of the ACT  family in apple, peach, pear, and 
plum is primarily attributed to WGD, whereas DSD mainly 
contributes to the expansion of the ACT  family in straw-
berry (Fig. 3 and Table S6). In summary, the expansion of 
the ACT  family in Rosaceae has undergone various duplica-
tion types, with WGD and DSD collectively accounting for 

approximately 79% of the ACT  family genes and serving 
as the predominant forces in its expansion (Fig. 3a). Pre-
vious studies have demonstrated that pear and apple have 
experienced both recent WGD (30–45 MYA, Ks ~ 0.15–0.3) 
and ancient WGD (~ 140 MYA, Ks ~ 1.5–1.8) events (Wu 
et al. 2013; Velasco et al. 2010). However, peach, plum, 
and strawberry have not undergone a recent WGD event. 
Ks value analysis revealed that most Ks values in pear and 
apple are predominantly associated with the two peaks cor-
responding to WGD events, while the Ks values for peach, 
plum, and strawberry are mainly distributed around the Ks 

Fig. 7  PbrACT1 promotes pear pollen tube growth. a Pollen tube 
growth was inhibited by as-ODN-PbrACT1 treatment. Bar = 100 µm. 
b Expression level of PbrACT1 was decreased by as-ODN treatment. 
c Measurement of pollen tube length. d Phenotypes of FITC-phalloi-

din staining in pollen tubes under as-ODN treatment. Bars = 10 μm. e 
Statistics of F-actin depolymerization rate. f Measurement of relative 
F-actin levels. Significant differences (p < 0.01) by Student’s t-test 
indicated as “**”
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values of ancient WGD events (Fig. 5b and Table S7). Con-
sequently, the recent WGD events have contributed to the 
expansion of the ACT  family in pear and apple. These find-
ings elucidate why the number of ACT  genes in pear (12) 
or apple (11) is nearly double that observed in peach (6), 
strawberry (6), and plum (6).

Gene expression patterns are often correlated with 
gene function (Kou et al. 2020). For instance, Arabidopsis 
ACT1 and ACT3 are strongly expressed mainly in pollen, 
with evidence indicating their distinct and crucial roles in 
the plant cytoskeleton (An et al. 1996; Vitale et al. 2003). 
The PtrACT1 gene is mainly expressed in mature xylem 
fiber cells, suggesting that it may regulate the formation of 
mature xylem in the trunk (Zhang et al. 2010). Similarly, the 
GhACT1 gene is mainly expressed in fibroblasts and played 
an essential function in fiber elongation (Li et al. 2005). 
In this study, the pear genome contains twelve ACT  genes, 
which were categorized into two main groups based on their 
expression patterns: reproductive (PbrACT1-5) and vegeta-
tive (PbrACT6-12) (Fig. 6). Phylogenetic and expression 
analyses of PbrACT  genes have further validated the clas-
sification of the ACT  family in Rosaceae (Fig. 1). This study 
focused on PbrACT  genes that are pivotal in pear reproduc-
tion. Transcriptome data and qRT-PCR results indicated that 
five PbrACTs (PbrACT1-5) exhibit low expression levels in 
various tissues but demonstrate strong expression in pol-
len tubes, with PbrACT1 showing the highest expression 
level (Fig. 6). These findings suggest that PbrACT1 plays 
an essential role in pear pollen tube growth.

F-actin plays an essential function in plant polar growth 
(Qu et al. 2020, 2014; Zhang et al. 2018; Kandasamy et al. 
2009; Numata et al. 2022; Zhou et al. 2010). For instance, 
the Arabidopsis mutant act2-1 exhibits reduced root hair 
length and markedly enlarged root hair bases compared to 
the wild type (Gilliland et al. 2002). Similarly, the mutant 
der1, which is associated with the microfilament backbone, 
has been found to display an abnormally enlarged midsec-
tion of the root hairs (Ringli et al. 2002). Besides, much 
pharmacological evidence indicates that disruption of actin 
structure inhibits pollen germination and pollen tube growth, 
underscoring the necessity of an intact and dynamic actin 
cytoskeleton for proper pollen development (Gibbon et al. 
1999; Xu and Huang 2020; Gossot and Geitmann 2007). For 
example, treatment with cytochalasin B, an inhibitor of actin 
polymerization, inhibits apple and pear pollen germination 
and pollen tube growth (Fang et al. 2018; Liu et al. 2008). 
Further, genetic evidence indicates that individual knock-
down of the four ACT  genes (ACT1, 3, 4, and 12) did not 
result in any apparent sterility phenotypes, but simultaneous 
silencing of these four ACTs through RNA interference led 
to significant reproductive defects (Pawloski et al. 2006). 
Surprisingly, the loss of ACT11 function promotes pollen 
tube growth, possibly as a compensatory response to reduced 

F-actin levels (Chang and Huang 2015). Consequently, the 
F-actin is essential for pollen tube growth. In this study, our 
findings indicate that PbrACT1 exerts a promotional influ-
ence on the growth of pollen tubes. When the expression 
of PbrACT1 in pollen tubes was reduced by as-ODN treat-
ment, the growth of pollen tubes was inhibited (Fig. 7a–c). 
Furthermore, the knockdown of PbrACT1 expression led to 
a significant enhancement of F-actin depolymerization and 
a decrease in F-actin levels in pear pollen tubes (Fig. 7d–f). 
Consequently, PbrACT1 is critical for F-actin formation dur-
ing pear pollen tube growth. Overall, our results contrib-
ute to a comprehensive understanding of the ACT  family in 
Rosaceae, elucidating the pivotal role of PbrACT1 in pollen 
tube growth and offering a valuable foundation for future 
research on the functions of other actin proteins within the 
Rosaceae.

Conclusion

In this study, we characterized 41 ACT  genes in five 
Rosaceae genomes, which were divided into two subfami-
lies. Subsequent evolutionary analyses revealed that purify-
ing selection played a crucial role in the evolution of the 
ACT  family in Rosaceae, with whole genome duplication 
and dispersed duplication leading to the expansion of ACT  
genes. Furthermore, PbrACT  genes were classified into 
two major groups based on phylogenetic relationships and 
expression patterns: reproductive (PbrACT1-5) and veg-
etative (PbrACT6-12). Notably, PbrACT1 exhibits strong 
expression in pollen tubes and confirms its essential role in 
F-actin formation during pear pollen tube growth. In sum-
mary, these findings contribute to a comprehensive under-
standing of the Rosaceae ACT  gene family and offer valu-
able insights for the functional studies of ACT proteins in 
Rosaceae.
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