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Abstract  The microtubule (MT)-associated proteins KIF3A and KIF3B are ubiquitously expressed in a wide range of taxa. This 
study investigated the functions of these proteins in spermiogenesis, which involves various MT-dependent processes, in Phasco- 
losoma esculenta. We cloned the complete cDNA of Pe-KIF3A/3B. Structural predictions showed that Pe-KIF3A/3B are composed 
of a highly conserved motor domain, a coiled-coil domain, and a tail domain. Real-time quantitative PCR showed that Pe-kif3a/3b 
are expressed in all tissues evaluated, with the highest levels in sperm masses. Fluorescence in situ hybridization and immunofluo- 
rescence were employed to analyze the dynamic expression patterns of KIF3A/3B during spermiogenesis. Pe-KIF3A/3B consistently 
co-localized with MTs at all stages of spermiogenesis, indicating their potential functions in cargo trafficking. Pe-KIF3A/3B co- 
localized with mitochondria, suggesting that they may mediate mitochondrial movement. In late-stage spermatids and mature sperm, 
co-localization was detected in the midpiece, suggesting that Pe-KIF3A/3B could facilitate midpiece formation. The co-localization 
of Pe-KIF3A and Pe-KIF3B at all stages of spermiogenesis suggests their function as the heterodimeric KIF3AB. Basing on the ob- 
served temporal and spatial expression patterns of Pe-KIF3A/3B, MTs, and mitochondria in our study, we suggest that heterodimer 
KIF3AB has a potential role in acrosome biogenesis, sperm head remodeling, enflagellation, and mitochondrial migration during 
spermiogenesis in P. esculenta. In addition, our study on the morphological characteristics of spermatogenic cells provided fundamental 
data on the reproductive biology of P. esculenta. 
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1 Introduction 
In general, spermatogenesis can be divided into three 

phases: a mitotic phase in which spermatogonia produce sper- 
matocytes, a meiotic phase in which spermatocytes produce 
haploid round spermatids, and a haploid phase (Rupik et al., 
2011; O’Donnell and O’Bryan, 2014). During these phases, 
biochemical and morphological changes in germ cells vary 
considerably among species, especially among invertebrates. 
Invertebrate sperms can be divided into several groups ac- 
cording to their differences in the head, flagellum, and acro- 
some. For example, most invertebrate sperms, such as the 
sperms of mollusks Octopus tankankeei (Dang et al., 2012) 
and Saccostrea forskali (Nuurai et al., 2016), contain an 
acrosome and a long flagellum. However, the amoeboid- 
shaped sperms of the nematode Caenorhabditis elegans lack 
the acrosome and flagellum (Singson 2001). The none-flage- 
llate sperms of the crustaceans Palaemon carinicauda and 
Eriocheir sinensis have spiked heads (Lu et al., 2014; Zhao 
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et al., 2017). For flagellate sperms, the integrity of the sperm 
tail is essential for sperm motility and fertilization (Lehti 
and Sironen, 2016). The midpiece is a conserved structure 
of sperm tails. It consists of the intermediate axoneme and 
peripheral mitochondria, which provide energy for sperm 
motility (Ramalhosantos et al., 2009; Amaral et al., 2013). 
The acrosome is a landmark for spermatid polarity, and it is 
formed by secretory vesicles from the Golgi apparatus. The 
acrosome has important functions in fertilization (Yang and 
Sperry, 2003). The acrosome biogenesis, head deformation, 
and tail formation of sperm are clearly microtubule (MT)- 
dependent processes (Moreno et al., 2006; O’Donnell and 
O’Bryan, 2014). 

MTs serve as the rails for intracellular transport, ena- 
bling motor proteins to ‘walk along’. Enflagellation and 
spermatid nuclear reshaping rely on MTs and MT-asso- 
ciated motor proteins (Fawcett et al., 1971; O’Donnell and 
O’Bryan, 2014; Zhao et al., 2017). The Kinesin superfa- 
mily is a group of MT-dependent proteins involved in in- 
tracellular transport (Hirokawa and Noda, 2008). Among 
KIFs, Kinesin II controls anterograde trafficking (Funa- 
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bashi et al., 2018). In mammals, Kinesin II genes include 
KIF3A, KIF3B, KIF3C, and KIF17 (Gilbert et al., 2018). 
This subfamily is ubiquitously expressed at high levels in 
organisms (Henson et al., 1997; Marszalek and Goldstein, 
2000). As members of Kinesin II, KIF3A and KIF3B are 
expressed in various tissues and are highly expressed in 
the testis and nervous system (Hall et al., 1992; Henson 
et al., 1997; Dang et al., 2012; Lehti et al., 2013). KIF3C 
and KIF17 are only highly expressed in the nervous sys- 
tem (Yang et al., 2001). KIF3A/3B serve important func- 
tions in the anterograde transport of membrane-bound or- 
ganelles (Marszalek and Goldstein, 2000; Zhao et al., 2017) 
and newly synthesized proteins from the endoplasmic re- 
ticulum (Stauber et al., 2006). KIF3A/3B are also involved 
in intraflagellar transport (IFT). They can transport large 
protein complexes from the base to the tip of the cilia and 
flagella (Pan et al., 2006; Scholey, 2012). They also par- 
ticipate in cell division (Fan and Beck, 2004; Haraguchi 
et al., 2006; Kodani et al., 2013; Shen et al., 2017). The 
functions of KIF3A and KIF3B in spermiogenesis have be- 
come a major focus of research. In the reptile Cynops ori- 
entalis, kif3a is highly expressed in the testis and sperma- 
tids (Hu et al., 2012). In the cephalopod Octopus tankah- 
keei, KIF3A/3B play potential roles in nuclear deformation 
and enflagellation (Wang et al., 2010; Dang et al., 2012). 
In the crustaceans Palaemon carinicauda and E. sinensis, 
KIF3A/3B are involved in acrosome formation and nuclear 
reshaping (Lu et al., 2014; Zhao et al., 2017). In sand dol- 
lar sperm, KIF3A/3B are located in the midpiece and fla- 
gellum (Henson et al., 1997). In Boleophthalmus pectini- 
rostris, KIF3A/3B may transport mitochondria during mid- 
piece formation (Zhao et al., 2018). In murine testes, KIF3A/ 
3B are involved in sperm tail formation and head shaping 
(Miller et al., 1999b; Lehti et al., 2013). In brief, KIF3A/ 
3B are essential for spermiogenesis in various animals, 
especially in the sperm head deformation and tail forma- 
tion. However, the functions of KIF3A/3B in Sipuncula have 
not been determined. Moreover, species belonging to Si- 
puncula developed specialized reproductive strategies. Du- 
ring spermatogenesis, the ribbonlike testis releases sper- 
matocytes into the coelomic fluid, where germ cells gather 
into cell masses and grow into mature spermatozoa. Af- 
ter storage in the nephridia for a brief period, fertilization 
in sipunculids is completed in vitro (Staton, 1994). The 
unique aspects of this process emphasize the importance 
of Sipuncula research, particularly the studies of spermio- 
genesis. Phascolosoma esculenta is an economically valu- 
able endemic Chinese species belonging to Sipuncula (Li, 
1992). Aspects of its reproductive and developmental bio- 
logy have been described (Zhu et al., 2007; Long et al., 
2015). P. esculenta has a typical flagellate sperm. Tail for-
mation and head remodeling can be observed during the 
spermiogenesis of P. esculenta. Thus, we selected this spe- 
cies as a model to explore the functions of KIF3A/3B in 
spermatogenesis. 

In this study, 1) full-length KIF3A and KIF3B cDNA 
were cloned, 2) the expression patterns of Pe-kif3a/3b 
mRNA in various tissue types were evaluated, and 3) FISH 
and immunofluorescence were performed to examine the 

functions of Pe-KIF3A/3B in sperm head remodeling and 
tail formation. In addition, detailed descriptions of spermio- 
genesis in P. esculenta were obtained. Our results provide 
fundamental data for studying the reproductive biology of 
P. esculenta.  

2 Materials and Methods 
2.1 Preparation of Animals and Sampling 

Adult male Phascolosoma esculenta used in this expe- 
riment was obtained from Xiangshan county of Ningbo 
(Zhejiang, China). Experimental animals were selected by 
observing the germ cells in coelomic fluid. The coelomic 
fluid was stratified with a centrifuge (3000×, 3 min) to pu- 
rify the spermatid masses. Then, the sperm masses were 
collected from the top of the liquid. The living individuals 
were dissected to collect coelomic fluid, the purified sper- 
matid masses, intestine, nephridium, retractor muscle, and 
body wall. Tissues were stored at −80℃ for RNA extrac- 
tion. For observation of HE staining, transmission electron 
microscopy, FISH, and IF, spermatid masses were fixed as 
detailed in our previous study (Gao et al., 2019). 

2.2 Light Microscopy (LM) Analyses 

Spermatid masses were slightly centrifuged and fixed 
in Bouin’s solution for 24 h at 4℃ and then embedded in 
paraffin. The paraffin was cut into 7 µm serial sections. The 
sections were counterstained with hematoxylin and eosin 
and examined under a light microscope (Olympus BX51). 

2.3 Transmission Electron Microscopy (TEM) Analyses 

The spermatid masses were fixed in 2.5% glutaralde- 
hyde in cacodylate buffer (pH 7.4) at 4℃ for 2 h and then 
post-fixed for 1 – 2 h in 1% osmium tetroxide. After dehy- 
drating in a graded ethanol series and acetone (30%, 50%, 
70%, and 90%), cell masses were embedded in epoxy resin. 
Sections were cut using an ultramicrotome (LKB-α), stain- 
ed with uranyl acetate for 40 min, and then counterstained 
with lead citrate (1 min). A transmission electron micro- 
scope (JEM-1200EX) was employed to detect the morpho- 
logical characteristics of the sperm. 

2.4 Cloning and Sequencing  

Total RNA was extracted from the coelomic cells using 
Trizol reagent following the instruction of the manufac- 
turer (Takara, Tokyo, Japan). Thereafter, RNA quality was 
evaluated. The first-strand cDNA was obtained using the 
PrimerScriptTM RT reagent kit (Takara, Japan). To clone 
the intermediate fragments of Pe-kif3a/3b, we analyzed the 
amino acid sequences downloaded from the National Cen- 
ter for Biotechnology Information (http://www.ncbi.nlm. 
nih.gov/, NCBI) and designed degenerate primers by us- 
ing an online tool (http://blocks.fhcrc.org/blocks/make_ 
blocks.html) Intermediate fragments were cloned under 
the following PCR conditions: 94℃ for 5 min; 8 cycles of 
a touch-down program at 94℃ for 30 s, 62℃ for 40 s (0.5 
℃ reduction per cycle), and 72℃ for 40 s; 30 cycles of 94 
℃ for 30 s, 58℃ for 40 s, and 72℃ for 40 s; then 72℃ for 
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10 min. The amplification products were disposed of fol- 
lowing the procedures described by Zhao et al. (2017). 
Specific primers for 3’ and 5’ RACE were designed using 
Primer Premier 5.0 software (Premier Biosoft, CA, USA) 

on the basis of the intermediate chain of Pe-kif3a/3b. RACE 
was performed using the SMARTerTM RACE cDNA Am- 
plification Kit (Clontech, CA, USA) in accordance with 
the manufacturer’s instructions (Primers see Table 1). 

Table 1 Primers used in this study 

Primer name Primer sequence (5’–3’) Length Purpose 

KIF3A-F1 GCCCGGACTCCAAGCARHTNGAYGT 25 Cloning 
KIF3A-F2 CCAGGATCAACGAGGACCCNAARGAYGC 28 Cloning 
KIF3A-F3 CACCGGCAAGACCTTCACNATGGARGG 27 Cloning 
KIF3A-F4 GAGCAGCTCAGACATGCGATT 21 Cloning 
KIF3A-R1 CAGGTCCTTGATGTACACGCCNACRTCNGG 30 Cloning 
KIF3A-R2 GCCATCAGCATGGTCCANACYTTYTT 26 Cloning 
KIF3A-R3 ACTGCCCCTTGTGTGCCTT 19 Cloning 
KIF3A-R4 GTGTAGGCCACGCACTTCARYTGCCAYTC 29 Cloning 
KIF3B-F1 GTGGTGCGGTGCCGNCCNATGAAYG 25 Cloning 
KIF3B-F2 CACGCACATCCCCAACAGA 19 Cloning 
KIF3B-F3 AGGCACAACTTAGCCAGAGGG 21 Cloning 
KIF3B-R1 CACTCGATGGTGATGACGAADATNGCRTG 29 Cloning 
KIF3B-R2 CCTCCTCCTCCTCCTCCTCNCCNTCYTC 28 Cloning 
KIF3B-R3 CGGACTGCAGCTTGGAGAANARYTTYTT 28 Cloning 
3-KIF3A-outer CTGAGCGAGTGGACATTGAA 20 3’ RACE 
3-KIF3A-inner CAAGTCAGAGATGGCAGATA 20 3’ RACE 
3-KIF3B-outer TAAACAACAAGTCCCTCATCGC 22 3’ RACE 
3-KIF3B-inner GAGCAAAAGAAACGGGAGCG 20 3’ RACE 
5-KIF3A-outer CCAGGGTGGACAGGGACAGGTTTA 24 5’ RACE 
5-KIF3A-inner CTTCACATACACACCCACATCAGGC 25 5’ RACE 
5-KIF3B-outer CAAATACTGTTGGCTTTCTGAGCGGGC 27 5’ RACE 
5-KIF3B-inner TTTGCCAGTTCCCGTCTGACCATAGG 26 5’ RACE 
KIF3A-Real-F AAGAGCAGCCACATCCCCT 19 Quantitative real-time PCR 
KIF3A-Real-R GGGCATCCTTCGGGTCTT 18 Quantitative real-time PCR 
KIF3B-Real-F TGCCTATGGTCAGACGGGA 19 Quantitative real-time PCR 
KIF3B-Real-R GGTATGATGCTCGCACCAAA 20 Quantitative real-time PCR 
GAPDH-F CCAGAACATCATCCCAGCA 19 Quantitative real-time PCR 
GAPDH-R ACGAACAGGGACACGGAAG 20 Quantitative real-time PCR 
KIF3A-probe GCTTCCGCCTCCCTACATTTC 21 Fluorescence in situ hybridization
KIF3B-probe TCCTTCCTCTTGGTTTTGACTCCC 24 Fluorescence in situ hybridization

 

2.5 Sequence and Phylogenetic Analysis 

The information in NCBI (http://www.ncbi.nlm.nih.gov/) 
was used for sequence analysis. Subcellular localization 
was predicted on the website http://www.psort.org/. Pro- 
tein sequences were analyzed and aligned using the Vec- 
tor NT110 software (Invitrogen, California, USA). A phy- 
logenetic tree was constructed on Mega 5.4. The sequences 
of KIF3A from human beings and different animals were 
used in protein alignment and phylogenetic analysis, in- 
cluding Aplysia californica [XP_005105009.1], E. sinen- 
sis [AFP33455.1], Danio rerio [NP_001017604.2], Homo 
sapiens [CAJ45482.1], Xenopus laevis [NP_001084268.1], 
Pteropus Alecto [ELK03105.1], Rousettus aegyptiacus [XP_ 
015973953.1], Saccoglossus kowalevskii [XP_006820259.1], 
Crassostrea gigas [EKC19840.1], Lingula anatine [XP_ 
013384616.1], Limulus polyphemus [XP_013781360.1], and 
Drosophila [NP_523934.1]. Sequences of KIF3B from hu- 
man beings and different animals were also employed in 
protein alignment and phylogenetic analysis, including O. 
tankahkeei [AEL16465.1], D. rerio [NP_001093615.1], Mus 
musculus [NP_032470.3], X. laevis [NP_001081489.1], A. 
californica [XP_005108306.1], Rattus norvegicus [NP_ 
001099999.1], H. sapiens [NP_004789.1], E. sinensis [AIN 

36848.1], and Drosophila [NP_001261726.1]. Protein do- 
mains and 3D structure were processed by PROSITE (http:// 
prosite.expasy.org/) and I-TASSER (http://zhanglab.ccmb. 
med.umich.edu/I-TASSER), respectively.  

2.6 Real-Time Quantitative PCR  

Specific primers were designed to analyze the expres- 
sion of Pe-kif3a/3b in different tissues. GAPDH served as 
a positive control (Su et al., 2010). The primers used are 
listed in Table 1. Pe-kif3a/3b expression levels in different 
tissues were detected by qPCR as described by Zhao et al. 
(2017). The PCR process was 95℃ for 30 s and 40 cycles 
at 95℃ for 20 s, 60℃ for 20 s, and 72℃ for 20 s. All sam- 
ples were examined in quintuplicate on the sane plate (n 

= 5). Data processing and analysis were performed using 
SPSS 11.0.  

2.7 Fluorescence in Situ Hybridization 

Dual-color FISH was performed to identify the localiza- 
tion of kif3a/3b mRNA during P. esculenta spermiogene- 
sis. The probes were designed by Primer 5.0 and synthe- 
sized by Invitrogen (Shanghai, China). The kif3a antisense 
probe was a FITC-labeled 21bp-nucleotide sequence, and 
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the kif3b antisense probe was a Cy3-labeled 24bp-nucleo- 
tide sequence (Primers are in Table 1).  

Frozen sections of the experimental group and negative 
control group were incubated with probes (Gao et al., 2019). 
Then, the sections were observed via confocal laser-scan- 
ning microscopy (LSM710/780; Carl Zeiss, Germany). 

2.8 Antibodies  

Polyclonal rabbit anti-KIF3A and polyclonal rat anti- 
KIF3B were obtained as follows. The fragments in the tail 
domains of KIF3A (Ala-515 to Glu-687) and KIF3B (Ala- 
503 to Arg-742) were cloned and ligated into the PEASY- 
Blunt E1 expression vector (TransGen, Beijing, China), 
transformed into Trans-T1 competent cells (Fig.1D), and 
sequenced by Beijing Genomics Institute (Beijing, China). 
Correct plasmids were extracted using the AxyPre Plas- 
mid Miniprep Kit (Axygen; Beijing, China) and transform- 
ed into Transetta (DE3) competent cells to produce the 
KIF3A-His6 and KIF3B-His6 fusion protein, induced by 
1 µmol L−1 isopropylthio-β-d-galactoside (Fig.1A). The His- 
tag Protein Purification Kit was used to purify the fusion 
protein (Beyotime, Shanghai, China). Protein renaturation  

 

was performed similarly to our previous study (Gao et al., 
2019) (Fig.1B). Finally, the recombination proteins were 
sent to Hangzhou Hua’an Biotechnology Co. Ltd. (China) 
for animal immunization. The specificity of antibodies was 
detected using Western blot (WB) as previously described 
(Zhao et al., 2017). The results agreed with the predicted 
molecular weights (Fig.1C). 

The mouse anti-tubulin antibody was purchased from Be- 
yotime Biotechnology to detect the MT (Shanghai, Chi- 
na), and its specificity was analyzed by using WB (data 
not shown). Horseradish peroxidase (HRP)-conjugated goat 
anti-rabbit IgG and HRP-conjugated goat anti-rat IgG were 
purchased from Sangon Biotech (Shanghai, China). Alexa 
Fluor 488-labeled goat anti-mouse IgG (H + L), Alexa Fluor 
488-labeled goat anti-rabbit IgG (H + L), Alexa Fluor 555- 
labeled goat anti-rabbit IgG (H + L), and Alexa Fluor Cy3- 
labeled goat anti-rat IgG (H + L) were purchased from Be- 
yotime Biotechnology. The Mito-Tracker Green FM was 
purchased from Invitrogen (California, USA). 

2.9 Immunofluorescence (IF) Analyses  

Frozen sections were cut and blocked as in our previ- 

 
Fig.1 Preparation and validation of antibodies. (A) Expressions of recombinant proteins. The red boxes in Lines 1 and 4 
show the expressions of recombinant Pe-KIF3A/3B, respectively. The other lines show the control groups. (B) Purifica-
tion of recombinant proteins. Lines 3 and 4 show the purified recombination Pe-KIF3A, Lines 5 and 6 showed the control 
groups, Lines 9 and 10 show the purified recombination Pe-KIF3B. (C) Validation of antibodies. WB was employed to 
detect the specificity of two polyclonal antibodies. Only a single band appeared in each experimental group and coincided 
with the predicted molecular weight. (D) Immunogens of Pe-KIF3A/3B. 
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ous work (Zhao et al., 2017). Then the frozen sections were 
incubated with primary antibodies overnight (4℃) and 
washed with 1 × PBS containing 0.1% Triton X-100 (0.1% 
PBST) in the concentrator (3 times, 15 min per times). Af- 
ter incubation with secondary antibodies for 1 h at room 
temperature, the sections were washed six times with 0.1% 
PBST. Finally, the nuclei were stained with DAPI for 5 

min. The immunostained tissue sections were observed us- 
ing a confocal laser-scanning microscope (LSM710/780; 
Carl Zeiss, Germany). In the negative control, no primary 
antibody was added.  

3 Results 
3.1 Morphological Characteristics of Spermatogenic 

Cells in P. esculenta 
By observing histological sections, we analyzed the mi- 

crostructures of spermatogenic cells of P. esculenta (Fig.2). 
According to the size, location, and shapes of the chroma- 
tin, germinal cells were divided into four groups: sperma- 
togonium, primary spermatocyte, secondary spermatocyte, 
and spermatid. Irregular-shaped spermatogonia were lo- 
cated at the near end of the testis with large cell bodies. 
Their nucleoli were close to the nuclear envelope (Fig.2A). 
The primary spermatocytes were located at the far-end of 
the testis with an ovoid-shaped nucleus (Fig.2B). At this 
stage, small particle-shaped chromatin was randomly dis- 
tributed in the nucleus. Secondary spermatocytes were most- 
ly located at the far end of the testis, with some floating 
spermatocytes in the coelomic fluid. Compared with pri- 
mary spermatocytes, secondary spermatocytes were small- 
er in size and more regular in shape. In addition, their nu- 
clei were approximately circular, and the chromatin was 
dispersed into small granules (Fig.2C). Finally, few sper- 
matids were located at the edge of the far-end of the testis, 
and most cells were free-floating in the coelomic fluid in 
the form of cell masses (Fig.2D).  

 

The spermiogenesis and spermatid structure in P. escu- 
lenta were characterized using TEM. In the early stage of 
spermiogenesis, the newly formed spermatids had round 
nuclei, the chromatin was not condensed (Figs.2E and 3A), 
and mitochondria were distributed around the nuclei (Fig.3A). 
Subsequently, visible proacrosomal vesicles formed by the 
Golgi apparatus were scattered in the cytoplasm. The ini- 
tial segment of the flagellum could be observed at this 
stage (Fig.3B). At the middle stage, the amount of cyto- 
plasm was reduced, as was the cell body size (Fig.2F). Chro- 
matin appeared in patches, and mitochondria began to move 
to one cell pole. Some proacrosomal vesicles fused into 
short-flattened acrosomal vesicles (Fig.3C). In the late- 
stage spermatids, most of the cytoplasm was lost, the kar- 
yotheca appeared in irregular shapes, and the chromatin 
was distributed in the nucleus in the form of compact fine 
particles (Fig.2G). A mitochondria-rich region appeared. The 
flagellum and Golgi-centriolar complexes were clearly vi- 
sible (Fig.3D). The mature spermatid can be divided into 
two groups, spermatid with mature structure (stored in the 
coelomic fluid) and physically mature spermatid (stored in 
the nephridium) (Zhu et al., 2007). In the coelomic fluid, 
the mature spermatids were irregular in shape, the chroma- 
tin was highly concentrated, and the cytoplasm could be ob- 
served at one cell pole (Figs.2H and 2E). In the nephridium 
lumen, the sperm exhibited a substantial shape change; a 
cap-shaped acrosome appeared, and the nucleus exhibited 
a pear shape. A short midpiece and a slender flagellum with 
a typical ‘9 + 2’ structure could be observed (Figs.3I and 3F).  

3.2 cDNA Sequence and Structural Analysis of 
Pe-kif3a and Pe-kif3b  

The Pe-kif3a (GenBanK number: KY411164) cDNA se- 
quence was 2500 bp, with a 293 bp 3’ UTR (untranslated re- 
gion), a 137 bp 5’ UTR, and a 2070 bp open reading frame 
(ORF). The polypeptide had a predicted molecular mass 
of 78.1 kDa and a theoretical isoelectric point of 6.38. Pe- 

 
Fig.2 Microstructural characteristics of spermatogenesis in P. esculenta. Microstructures of spermatogenetic cells were 
analyzed by observing histological sections with HE staining: (A) spermatogonium, (B) primary spermatocyte, (C) sec-
ondary spermatocyte, (D) spermatid, (E) early spermatid, (F) middle spermatid, (G) late spermatid, (H) sperm in coelomic 
fluid, and (I) sperm in nephridium lumen. The arrows indicate spermatids in the corresponding stage. 
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Fig.3 Ultrastructural characteristics of spermiogenesis in P. esculenta. TEM was employed to analyze the ultrastructures 
of spermiogenesis: (A) newly formed spermatid, (B) early spermatid, (C) middle spermatids, (D) late spermatids, (E) sperm 
in coelomic fluid, and (F) sperm in nephridium lumen. N, nucleus; M, mitochondrion; F, flagellum; G, Golgi apparatus. The 
dotted circles indicate the proacrosomal vesicles. The triangle indicates the abandoned cytoplasm. The arrows (black and 
white) indicate the mitochondria. 

 
Fig.4a Pe-Kif3a full-length cDNA and amino acid sequence. The initiation codon (ATG) and termination codon (TGA) 
are set to yellow and blue, respectively. The red circles show the ATP bind sites, and the black boxes show the MT- 
binding sites. The blue line shows the neck linker.  
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Fig.4b Same as Fig.4a but for Pe-Kif3b full-length cDNA and amino acid sequence. 

KIF3A had a conserved central catalytic motor domain (8 – 

341 aa) containing eight ATP-binding sites (17-Arg, 96-Gly, 
99-Gly, 101-Gly, 102-Lys, 103-Thr, 104-Phe, and 246-Asp) 
and three MT-binding sites (294-Arg, 297-Lys, and 300- 
Arg). The neck linker (KNIKNKPRINEDPKDAL) could 
connect the head domain and the coiled–coil domain; it 
was located between residues 339 and 355. Moreover, we 
detected bipartite NLS motifs (KRHRRKKK, PKTGKKK) 
and bipartite site RRKLEQQKDMEEEEKRRV (Fig.4a).  

The full-length Pe-kif3b was 3259 bp (GenBanK num- 
ber: KY411165), consisting of an 841-bp 3’ UTR, a 174 bp 
5’ UTR, and a 2244 bp ORF. The polypeptide had a pre- 
dicted molecular mass of 84.7 kDa and a theoretical iso- 
electric point of 7.64. It also had ATP-binding sites (21-Arg, 

100-Gly, 103-Gly, 105-Gly, 106-Lys, 107-Thr, 108-Phe, and 
249-Asp) and MT-binding sites (297-Arg, 300-Lys, and 303- 
Arg) in the motor domain (11 – 344 aa). The neck linker was 
located between residues 342 and 357. Pe-KIF3B may be 
located in the nucleus, nucleolus, cytoplasm, and mito- 
chondria. In addition, we detected an NLS motif (PGKK 
KKKKRR) (Fig.4b).  

The predicted secondary structure revealed that Pe- 
KIF3A and Pe-KIF3B could be divided into three do- 
mains (Fig.5A). Pe-KIF3A was composed of a head at the 
N-terminal end, a helical stalk (342 – 583 aa) and a tail 
(584 – 689 aa) at the C-terminal end. Pe-KIF3B was also 
composed of a head (1–344 aa), a helical stalk (345 – 583 

aa), and a tail (584 – 747 aa). The head was the catalytic 
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core responsible for ATP-hydrolysis and MT binding. The 
3D structural predictions for Pe-KIF3A and Pe-KIF3B were 

similar, including a globular head, a coiled-coil neck, and a 
globular tail (Fig.5B). 

 

 

Fig.5 Structural prediction of Pe-KIF3A/3B proteins. A, Putative diagram of Pe-KIF3A/3B secondary structure; B, Puta-
tive diagram of Pe-KIF3A/3B tertiary structure; C, Phylogenetic analysis of Pe-KIF3A/3B. To construct the phylogenetic 
tree (NJ method), Mega 5.1 software was employed. Scale bar: 0.1 of the branch length value. 
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3.3 Sequence Alignment and Phylogenetic Analysis 

The sequence of Pe-KIF3A shared 77%, 57.3%, 66.6%, 
71.8%, 69.2%, and 71.2% identity with the homologous 
proteins in A. californica, Drosophila melanogaster, E. si- 
nensis, D. rerio, H. sapiens, and X. laevis, respectively. Pe- 
KIF3A had high homology with sequences in other spe- 
cies, especially in its putative motor domain. In addition, 
the MT-binding sequence (YNEEVRDLL) and ATP-bind- 
ing sequence (AYGQTGTGKT, SSRSH, and LAGSE) 
(Fig.6A) were shared among species. The identities of 
KIF3B between P. esculenta and O. tankahkeei, D. rerio, 
M. musculus, X. laevis, and A. californica were 70.3%, 
66.0%, 69.1%, 66.9%, and 73.5%, respectively. The se- 
quence of Pe-KIF3B also shared the MT-binding sequence 
(HLPYRDSKLTRLL) and ATP-binding sequence (VVV 
RCRP, NGTIFA, GQTGTGKT and DGENHIRVGKLNL 
VDLAGSERQ) with those of other species (Fig.6B). Pe- 
KIF3A/3B showed low conservation in non-motor do- 
mains. 

We generated a phylogenetic tree by the neighbor- 
joining (NJ) method to evaluate Pe-KIF3A and Pe-KIF3B 
in an evolutionary framework. Pe-KIF3A shared the high-  

 

est similarity with homologs in the mollusks C. gigas and 
L. anatine, and Pe-KIF3B shared the highest similarity 
with homologs in the mollusks A. californica and O. tan- 
kahkeei (Fig.5C). 

3.4 Relative Abundance of Pe-kif3a/3b mRNA 

The purified spermatid mass, intestine, nephridium, re- 
tractor muscle, and body wall were obtained from adult 
worms and quantified by real-time quantitative PCR to 
examine the relative abundances of kif3a and kif3b tran- 
scripts in P. esculenta. Pe-kif3a/3b mRNAs were detected 
in all tissues assayed (Fig.7). The sperm masses had the 
highest abundances of Pe-kif3a/3b, suggesting that these 
loci play crucial roles in P. esculenta, especially in sper- 
miogenesis.  

3.5 Dynamic Expression Patterns of Pe-kif3a/3b 
mRNA During Spermiogenesis  

FISH was employed to precisely determine the tempo- 
ral and spatial expression patterns of Pe-kif3a/3b during 
spermiogenesis in P. esculenta. Negative controls with sense 
probes were used to detect the specificity of fluorescence 

 
Fig.6A Multiple sequence alignment of KIF3A homologous proteins. The blue boxes indicate the putative ATP-binding 
sites (AYGQTGTGKT, SSRSH, and LAGSE). The red boxes indicate the putative microtubule binding sites (YNEE 
VRDLL). 
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Fig.6B Multiple sequence alignment of KIF3B homologous proteins. The blue boxes indicate the putative ATP-binding 
sites (VVVRCRP, NGTIFA, GQTGTGKT, and DGENHIRVGKLNLVDLAGSERQ). The red boxes indicate the putative 
microtubule binding sites (HLPYRDSKLTRLL). 

 
Fig.7 Relative abundance of Pe-kif3a/3b mRNA in different tissues. Relative abundance levels of Pe-kif3a (black bars) and 
Pe-kif3b (gray bars) in different tissues were detected by qPCR. Pe-kif3a and Pe-kif3b show the highest expression levels in 
spermatid mass. S, spermatid mass; I, intestine; N, nephridium; Rm, retractor muscle; Bw, body wall. All samples were ex- 
amined in quintuplicate on the same plate (n = 5). 
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signals (data not shown). The expression patterns of the 
two genes were similar. In the early stage of spermatids, 
Pe-kif3a and Pe-kif3b exhibited low expression levels, and 
signals were sporadically distributed in the cytoplasm 
(Figs.8A1 – A4). In the middle stage of spermatids, Pe- 
kif3a and Pe-kif3b exhibited remarkably elevated expres- 
sion levels distributed evenly throughout the cytoplasm 
(Figs.8B1 – B4). In the late stage of spermatids, the expres- 
sion patterns of Pe-kif3a and Pe-kif3b were restricted, with 
dense signals at one cell (Figs.8C1 – C4) pole. In mature 
sperm, kif3a and kif3b signals were intense in the subacro- 
somal space and tail midpiece (Figs.8D1 – D4).  

3.6 Co-Localization of Pe-KIF3A/3B with MTs 
During P. esculenta Spermiogenesis  

Using immunofluorescence, we analyzed the protein 
expression characteristics of Pe-KIF3A, Pe-KIF3B, and 
MTs (Figs.9, 10). In early spermatids, each of the three 
proteins exhibited weak expression in the cytoplasm, and 
Pe-KIF3A/3B co-localized with MTs (Figs.9, 10A1 – A4). 
In intermediate spermatids, the signals of MTs and Pe- 
KIF3A/3B were enhanced and co-localized in the cyto- 
plasm (Figs.9, 10B1 – B4). In late spermatids, the MTs sig- 
nals were dense and were tightly packed in the nucleus, 
whereas Pe-KIF3A/3B were detected in the karyotheca at 
one pole (Figs.9, 10C1 – C4). In the sperm, the expression 
levels of both proteins were remarkably reduced. Pe-KIF3A/ 
3B signals were detected in the midpiece and flagellum, 
and the MT signals were co-localized with KIF3A/B in the 
flagellum (Figs.9, 10D1 – D4). 

3.7 Pe-KIF3A/3B Mediated the Migration of Mito- 
chondria During P. esculenta Spermiogenesis 

Immunofluorescence was performed to detect whether 
KIF3A/3B serve mitochondria-related functions during P. 
esculenta spermiogenesis. Notably, Pe-KIF3A and Pe-KIF3B 
co-localized with mitochondria. The co-localized signals 
could be observed during spermiogenesis (Figs.11, 12). In 
early spermatids, few mitochondria and Pe-KIF3A/3B were 
evenly distributed in the cytoplasm. (Figs.11, 12A1–A4). 
In the middle spermatids, the co-localization increased 
(Figs.11, 12B1–B4). The migration of mitochondria was 
initially detected in the middle spermatids, and the signals 
were located in the postnuclear cytoplasm (Figs.11, 12 C1– 
C4). In addition, co-localization was detected in the mid- 
piece of the sperm tail (Figs.11, 12D1–D4).  

3.8 Co-Localization of Pe-KIF3A with Pe-KIF3B 
During Spermiogenesis 

Immunofluorescence showed that Pe-KIF3A co-localiz- 
ed with Pe-KIF3B at all stages of P. esculenta spermio- 
genesis (Fig.13). In the early and middle stages, Pe-KIF3A 
and Pe-KIF3B were both localized around the nucleus. In 
the late spermatids, both proteins were localized along one 
side of the nucleus. In the mature sperm, the co-localized 
signals were observed at the midpiece of the tails. The 
co-localization of Pe-KIF3A and Pe-KIF3B implied the 
heterodimerization of the two proteins as well as their po- 

tential functions in spermiogenesis. These results provide 
a basis for a model of the distribution of KIF3A and KIF3B 
during spermiogenesis in P. esculenta (Fig.14a). 

4 Discussion  
In this study, we observed several noteworthy morpho- 

logical changes during P. esculenta spermiogenesis. 1) We 
observed a decrease in cell size. In our previous study, we 
found that the cytoplasm forms a pseudopod-like protu- 
berance in middle-stage spermatids, which is later lost by 
exocytosis, leading to a decrease in cell size (Long et al., 
2015; Gao et al., 2019). In mammals, exocytosis is regu- 
lated by MT-dependent IFT via Kinesin II (Finetti et al., 
2009). However, whether Pe-KIF3A/3B functions in a si- 
milar manner during P. esculenta spermiogenesis is un- 
clear. 2) With respect to sperm head deformation, we ob- 
served acrosome biogenesis and nuclear reshaping. MTs 
likely facilitate sperm head deformation in mice (O’ Don- 
nell and O’ Bryan, 2014). We found that MTs surrounded 
the nuclei during these processes (Figs.9, 10). 3) The en- 
flagellation and migration of mitochondria were observed. 
Overall, several significant morphological changes were 
observed during spermiogenesis in P. esculenta, and these 
changes were associated with MTs and Kinesin3A/3B. 
These findings are discussed in detail below. 

4.1 Bioinformatics and Expression Analyses 
of Pe-kif3a/3b 

KIF3A and KIF3B can be divided into the N-terminal 
motor domain, coiled-coil domain, and C-terminal tail do- 
main (De Cuevas et al., 1992). Using online prediction 
tools, we found that Pe-KIF3A/3B had these structures, in- 
cluding highly conserved motor domains containing AT- 
Pase and MT-binding sites. The tail domain can interact 
with other subunits of holoenzymes and cargoes (Miki et al., 
2005; Ma et al., 2017). Coiled-coil domains act as bridges 
for interactions between KIF3A and KIF3B (Yamazaki 
et al., 1994; Yamazaki et al., 1996; Chana et al., 2005; Gu- 
zik-Lendrum et al., 2015; Mu et al., 2019), enabling he- 
tero-dimerization (Rashid et al., 1995). In the present study, 
the coiled-coil domains in Pe-KIF3A/3B were relatively 
conserved, suggesting that Pe-KIF3A/3B is also hetero- 
dimerized in P. esculenta.  

mRNA expression patterns are usually associated with 
functions of the proteins. Kif3a/3b mRNAs are found in 
various tissues and organs among species (Henson et al., 
1997; Wang et al., 2010; Hu et al., 2012; Lu et al., 2014; 
Zhao et al., 2017). In our study, Pe-kif3a/3b mRNAs were 
detected in all tissues assayed (Fig.7). The highest tran- 
script abundances were found in sperm masses, suggest- 
ing their crucial roles in P. esculenta, especially in sper- 
miogenesis. Using FISH, we observed Pe-kif3a/3b signals 
at all stages of spermiogenesis but at low levels in the new- 
ly formed spermatid (Fig.8). In middle-stage spermatid, 
Pe-kif3a/3b expression levels reached a peak, and various 
morphological changes were observed by TEM (as shown 
in Fig.2), including chromatin condensation, enflagella- 
tion, mitochondria migration, and increased proacrosomal  
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Fig.8 Dynamic expression pattern of Pe-kif3a/3b during spermiogenesis. FISH was employed to analyze the expression 
pattern of Pe-kif3a (green) and Pe-kif3b (Red). DAPI shows the nuclei (blue). A1 – A4 show the early spermatids. Pe- 
kif3a/3b were weakly expressed in the perinuclear cytoplasm. B1 – B4 show the middle spermatids. The expression level 
of Pe-kif3a/3b reached a peak. C1 – C4 show the late spermatids. The white arrow shows the signals, which were con- 
centrated and located at one side of the cell. D1 – D4 show the mature sperm. The signals could be detected in the mid- 
piece and subacrosomal space. The scale bar is 10 μm. 

 
Fig.9 Localization of Pe-KIF3A and tubulin during P. esculenta spermiogenesis. IF assay shows the localization of Pe- 
KIF3A and tubulin. The tubulin signals (green) were co-localized with Pe-KIF3A (red) during all stages of spermiogene- 
sis. DAPI (blue) shows the nucleus. The arrows and dotted circles show the signals. A1 – A4 show the early spermatids. 
Pe-KIF3A co-localized with tubulin in the perinuclear cytoplasm at a low level. B1 – B4 show the middle spermatids. C1 – 

C4 show the late spermatids. Co-localization of Pe-KIF3A and tubulin could be observed in the cytoplasm near the nu-
clear membrane. D1 – D4 show the mature sperm. Signals co-localized at the midpiece. The scale bar is 10 μm. 
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Fig.10 Localization of Pe-KIF3B and tubulin during P. esculenta spermiogenesis. IF assay shows the localization of Pe- 
KIF3B (red) and tubulin (green). DAPI (blue) shows the nucleus. The arrows and dotted circles show the signals. A1 – A4 
show the early spermatids. B1 – B4 show the middle spermatids. C1 – C4 show the late spermatids. D1 – D4 show the mature 
sperm. The scale bar is 10 μm. The co-localization of Pe-KIF3B and tubulin shares the same pattern as Pe-KIF3A and tu- 
bulin. 

 
Fig.11 Localization of Pe-KIF3A and Mito-tracker during P. esculenta spermiogenesis. IF was employed to analyze the 
co-localization of Pe-KIF3A and mitochondria. DAPI (blue) shows the nucleus. Mito-tracker signals (green) were co-lo- 
calized with Pe-KIF3A (red) during all stages. A1 – A4 show the early spermatids. Pe-KIF3A co-localized with mitochon- 
dria in the perinuclear cytoplasm. B1–B4 show the middle spermatids. The co-localized signals were detected in the cy- 
toplasm. C1 – C4 show the late spermatids. Co-localization of Pe-KIF3A and mitochondria could be observed on one side of 
the spermatid. D1 – D4 show the mature sperm. Notably, they were co-localized at the midpiece. The scale bar is 10 μm. 
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Fig.12 Localization of Pe-KIF3B and Mito-tracker during P. esculenta spermiogenesis. DAPI (blue) shows the nucleus. 
Mito-tracker signals (green) were co-localized with Pe-KIF3B (red). A1 – A4 show the early spermatids. B1 – B4 show the 
middle spermatids. C1 – C4 show the late spermatids. D1 – D4 show the mature sperm. The scale bar is 10 μm.  

 
Fig.13 Co-localization of Pe-KIF3A with Pe-KIF3B during P. esculenta spermiogenesis. IF assay shows the co-localization 
of Pe-KIF3A (green) and Pe-KIF3B (red). A1 – A4 show the early spermatids. B1 – B4 show the middle spermatids. C1 – 

C4 show the late spermatids. D1 – D4 show the mature sperm. Pe-KIF3A always co-localized with Pe-KIF3B. Co-local- 
ization indicates the heterodimerization of the two proteins. The scale bar is 10 μm.  
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Fig.14 A, Model of the dynamic distribution of Pe-KIF3A/3B during spermiogenesis in P. esculenta. M, mitochondria; N, 
nucleus; F, flagellum. (a), in the early stage, Pe-KIF3A/3B were sporadically distributed in the cytoplasm; (b), in the middle 
stage, Pe-KIF3A/3B exhibited remarkably elevated expression levels; (c), in the late stage, the expression patterns of Pe- 
KIF3A/3B were restricted; (d), in mature sperm, Pe-KIF3A/3B signals were intense in the tail midpiece. The scale bar is 
10 μm. B, Model of Pe-KIF3A/3B putative functions in P. esculenta spermiogenesis. Based on our results, we suggested 
that (a) Pe-KIF3A/3B participate in enflagellation and flagellar maintenance through IFT; (b) Pe-KIF3A/3B may transport 
the acrosomal vesicles from the Golgi apparatus during acrosome biogenesis; (c) Pe-KIF3A/3B might participate in sperm 
head remodeling; (d) in addition, the two proteins are involved in mediating mitochondrial behavior during midpiece for- 
mation. 

vesicles (Long et al., 2015). These results implied that the 
two genes might be involved in acrosome biogenesis, nu- 
clear deformation, and tail formation. In mature sperm, the 
signals were highly condensed and co-localized in the sub- 
acrosomal space and midpiece with high intensity. In ge- 
neral, kif3a/3b mRNA is minimally or not expressed in ma- 
ture sperm (Miller et al., 1999a; Wang et al., 2010; Dang 
et al., 2012; Hu et al., 2012). Considering that kif3a/3b 
could be detected in early embryos (Marszalek et al., 1999), 
we predict that the residual transcripts may enter eggs and 
thereby contribute to P. esculenta embryonic development.  

4.2 Pe-KIF3A/B and Sperm Head Remodeling  

MTs are highly dynamic filaments with pivotal roles in 
many fundamental cellular processes, including division, 
motility, intracellular transport, and cell shaping (Jordan 
and Wilson, 2004; Conde and Caceres, 2009; Helmke et al., 
2013). During spermiogenesis, MTs are involved in sperm 
head remodeling, including nuclear deformation and acro- 
some biogenesis (Fawcett et al., 1971; Moreno et al., 2006; 
Zhao et al., 2017). In this study, MT signals could be de- 
tected in P. esculenta spermatids at all stages (Figs.9 and 
10).  

4.2.1 Nucleus reshaping 

MTs are essential for sperm head remodeling (Russell 

et al., 1991; Mendoza-Lujambio et al., 2002; Lehti and 
Sironen, 2016; Dunleavy et al., 2017). Perinuclear MTs 
can interact with the nuclear envelope and karyoskeleton, 
thereby deforming spermatid nuclei by mechanical force 
(MacKinnon and Abraham, 1972; Rattner and Brinkley, 
1972). As MT-dependent proteins, kinesins contribute to 
this process. In mice, KIF5C and KIFC1 interact with the 
manchette and promote nuclear deformation (Navolanic 
and Sperry, 2000; Kotaja et al., 2004; Saade et al., 2007). 
The depletion of KIF3A leads to abnormalities in the sperm 
head (Lehti et al., 2013). In addition to mammals, the 
functions of KIF3A/3B in nuclear deformation have been 
evaluated in many species, including Larimichthys crocea, 
Larimichthys polyactis, and P. carinicauda (Zhao et al., 
2017; Mu et al., 2019; Wang et al., 2019). Our immuno- 
fluorescence analysis showed that Pe-KIF3A/3B co-loca- 
lized with MTs throughout spermiogenesis, and their ex- 
pression levels were positively correlated with the degree of 
nuclear deformation (Figs.9 and 10). Notably, Pe-KIF3A/3B 
signals reached a peak and were co-localized with peri- 
nuclear MTs in late-stage spermatids, along with substan- 
tial deformations, including chromatin condensation and nu- 
clear shrinkage. Therefore, our results suggest that Pe-KIF3A/ 
3B and MTs participate in the nuclear reshaping of P. es- 
culenta sperm. 
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4.2.2 Pe-KIF3A/B participating in the 
loss of cytoplasm 

Cytoplasm abandonment decreases spermatid size. In P. 
esculenta, the pseudopodia-like cytoplasmic protrusions 
were associated with this process. With the decline of pro- 
trusions in late spermatids, redundant cytoplasmic compo- 
nents and unnecessary organelles would be removed by 
autophagy and exocytosis. Gao et al. (2019) reported that 
MTs and KIFC1 are involved in the generation and main- 
tenance of pseudopodia-like cytoplasmic protrusions in P. 
esculenta spermatids, indicating that cytoplasm removal 
relies on MTs and motor proteins. 

Recent research has shown that KIF3A/3B play roles in 
the removal of redundant cytoplasm. As the core organelle 
in autophagy, lysosomes could be transported by KIF3A/ 
3B (Brown et al., 2005). As a cargo of KIF3A/3B, IFT20 
directs autophagy (Pampliega et al., 2013). Finally, Kine- 
sin II could regulate exocytosis (Finetti et al., 2009). With 
respect to the sperm, Zhang et al. (2019) reported that 
IFT20 participates in the removal of cytoplasmic compo- 
nents by autophagy. Basing on the co-localization of MTs 
and Pe-KIF3A/3B observed in our study, we suggest that 
Pe-KIF3A/3B participates in cytoplasm abandonment du- 
ring spermiogenesis in P. esculenta. 

4.2.3 Acrosome biogenesis 

The acrosome is an important organelle for fertilization 
and is formed by Golgi-secreted proacrosomal vesicles (No- 
lan and Hammerstedt, 1997). The proacrosomal vesicles 
are transported to the acroplaxome and fused to form an 
acrosome vesicle, finally resulting in the acrosome. Dur- 
ing acrosome biogenesis, Kinesin II transports these vesi- 
cles along MTs (Moreno et al., 2006; Abraham et al., 2011). 
In P. carinicauda, KIF3A and tubulin are co-localized in 
the lamellar complex, indicating their role in acrosome for- 
mation (Zhao et al., 2017). In the crustacean E. sinensis, 
KIF3A and KIF3B play crucial roles in acrosome bioge- 
nesis (Yu et al., 2009; Lu et al., 2014). In mammals, Ki- 
nesin II participates in acrosome biogenesis by transport- 
ing the Golgi apparatus, endoplasmic reticulum, and ly- 
sosomes (Stauber et al., 2006; Brown et al., 2010). We 
observed the subcellular localization of Pe-KIF3A/3B and 
tubulin by immunofluorescence, consistent with the TEM 
results for the localization of proacrosomal vesicles. This 
observation implied that KIF3A/3B might transport the pro- 
acrosomal vesicle along MTs to form the acrosome.  

4.3 Pe-KIF3A/3B Facilitating Sperm Tail Formation 

Tails of P. esculenta sperm can be divided into the end- 
piece and the midpiece. Enflagellation is initiated in early 
spermatids. As is typical of ciliogenesis, enflagellation oc- 
curs in an IFT-dependent manner (Dunleavy et al., 2019). 
Several kinesins participate in sperm tail formation, in- 
cluding KIFC1, KIFC5, KIF17b, KLC3, and KIF3AB (Ce- 
sario and Bartles, 1994; Navolanic and Sperry, 2000; Yang 
and Sperry, 2003), with functions in IFT and mitochon- 
drial transport. We focus on the roles of KIF3A/3B in tail 

formation in P. esculenta, especially in enflagellation and 
midpiece organization. 

4.3.1 Pe-KIF3A/3B facilitating enflagellation 

The elongation of the axoneme is the first step in en- 
flagellation, followed by the transport of other materials 
along axonemal MTs to assemble the flagellum. Consi- 
dering the dynamic instability of MTs, the material-traf- 
ficking cycles are needed to maintain the flagellum. Thus 
IFT is essential for sperm tail development and mainte- 
nance (Kozminski et al., 1993; Cole et al., 1998; Rosenbaum 
and Witman, 2002; Scholey, 2012). As an important an- 
terograde motor in IFT, Kinesin II controls enflagellation 
(Prevo et al., 2017). By the transport of the IFT-B com- 
plex, kinesin-2 and KIF3A/3B are responsible for ciliary 
assembly (Prevo et al., 2017; Funabashi et al., 2018). Re- 
cent research on the trafficking of the IFT38–IFT52–IFT57– 
IFT88 complex by KIF3A/3B supports this conclusion (Fu- 
nabashi et al., 2018). In addition, in kif3-KO mice, ciliary 
morphogenesis exhibits defects (Nonaka et al., 1998; Mars- 
zalek et al., 1999), and the depletion of KIF3A affects the 
elongation of the axoneme (Lehti et al., 2013). Moreover, 
IFT20, an essential subunit for enflagellation, moves in a 
KIF3A3/B-dependent manner (Zhang et al., 2019). In ear- 
ly spermatids, the flagellum is difficult to recognize, and 
the co-localized signals of KIF3A/3B and MTs are distri- 
buted evenly in the cytoplasm. With the elongation of the 
flagellum, the MT signals become dense in the postnu- 
clear cytoplasm, where the flagellum forms. Axonemal MTs 
can also be observed. Thus, the co-localization of KIF3A/ 
3B and MTs (especially axonemal MTs) supports the roles 
of Pe-KIF3A/3B in sperm enflagellation. Notably, Pe- 
KIF3A/3B and MTs co-localized in the flagellum of ma- 
ture sperm, suggesting that Pe-KIF3A/3B participate in 
the maintenance of the flagellum. Overall, Pe-KIF3A/3B 
promote flagellum formation during spermiogenesis and 
facilitate the maintenance of the flagellum via IFT. 

4.3.2 Pe-KIF3A/3B mediating mitochondrial 
behaviors during midpiece formation 

The midpiece of P. esculenta consists of two centrioles 
and a helical mitochondrial sheath (Zhu et al., 2007). TEM 
showed the migration and fusion of mitochondria during 
spermiogenesis, which were initially evenly distributed in 
the cytoplasm and eventually fused into the midpiece (Fig.3). 
Immunofluorescence showed a similar distribution of mi- 
tochondria, and Pe-KIF3A/3B co-localized with mitochon- 
dria at all time points (Figs.11 and 12). These results in- 
dicate that Pe-KIF3A/3B participate in midpiece formation 
in P. esculenta. Some studies have suggested that KIF3A/ 
3B are involved in mitochondrial trafficking (Zhao et al., 
2017; Wang et al., 2019), and the co-localization of Pe- 
KIF3A/3B and MTs supports this hypothesis. Interesting- 
ly, heterotrimeric kinesin-2 could bind to dynactin (Muel- 
ler et al., 2005; Berezuk and Schroer, 2007), which can 
link dynein to the mitochondrial membrane surface and 
regulate mitochondrial transport (Deacon et al., 2003; Dre- 
rup et al., 2017). This result supports the hypothesis from 
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a different perspective. However, compared with Kinesin- 
1 and cytoplasmic dynein (Melkov and Abdu, 2017), evi- 
dence on the role of KIF3A/3B in mitochondrial transport 
is lacking. Notably, KIF3A/3B and dynein can bind to the 
same cargoes in bidirectional IFT (Andreasson et al., 2015). 
Thus, we postulated that in addition to the direct transport 
of mitochondria, KIF3A/3B might influence mitochondrial 
behaviors by mediating the functions of related proteins, 
such as dynein. In conclusion, we proposed that Pe-KIF3A/ 
3B influence mitochondrial behaviors during midpiece for- 
mation by direct effects on transport and indirect effects 
on other functions. 

4.4 Heterodimeric KIF3AB Participating in 
Spermiogenesis of P. esculenta 

Although KIF3A/3B could act in the monomeric form, 
our results suggest that the heterodimeric KIF3AB has cri- 
tical functions in P. esculenta. Compared with monomeric 
motors, dimeric motors have several advantages. First, in 
the ‘step-by-step’ model, two motor domains improve the 
coordination (Clancy et al., 2011; Mickolajczyk and Han- 
cock, 2017). Second, dimeric motors are efficient transpor- 
ters, especially under high-load conditions. Finally, dimers 
could work effectively at low concentrations (Schimert 
et al., 2019). In mammals, KIF3A and KIF3B could form 
heterodimeric KIF3AB in a preferential and spontaneous 
way (Chana et al., 2005). For example, the IFT-B complex 
could be transported by heterotrimeric kinesin-2. By con- 
trast, other than the KIF3AB heterodimer, the monomeric 
KIF3A/3B and dimers of KIF3A/3B could not complete 
these normal functions. Our immunofluorescence analysis 
showed that Pe-KIF3A co-localized with Pe-KIF3B at all 
stages of spermiogenesis, indicating the direct interaction 
between the two proteins. These findings suggest that Pe- 
KIF3A/3B participate in spermiogenesis of P. esculenta in 
the form of Pe-KIF3AB. 

5 Conclusions 
This is the first study of KIF3A/3B proteins in P. escu- 

lenta. We provide a detailed description of spermiogene- 
sis in the species through HE staining and TEM. We de- 
tected the mRNA expression patterns of Pe-kif3a/3b, which 
are ubiquitously expressed with particularly high levels in 
sperm masses. Immunofluorescence showed the consistent 
co-localization of MTs and Pe-KIF3A/3B, indicating their 
potential functions in sperm head remodeling and tail fo- 
rmation. The co-localization of Pe-KIF3A/3B and mito- 
chondria suggests that they function in midpiece forma- 
tion because the functions of KIF3A/3B are conservative. 
Therefore, a creditable model of protein functions was pro- 
posed (Fig.14b). In addition, our findings suggest that he- 
terodimeric Pe-KIF3AB participates in sperm head re- 
modeling, including nuclear reshaping, cytoplasm aban- 
donment, and acrosome biogenesis. Pe-KIF3AB also has 
potential functions in sperm tail formation by facilitating 
sperm enflagellation and mediating mitochondrial beha- 
vior during midpiece formation. 
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