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Simple Summary: Portunus trituberculatus is a very important marine economic species. The study
of its reproductive biology can provide a theoretical basis for its breeding. Dynein is a member of the
motor protein family. It plays an important role in various life activities, such as cell division and
intracellular material transport. In order to study the role of dynein in the testis of Portunus trituber-
culatus, we cloned the heavy chain of dynein and used the dynein inhibitor sodium orthovanadate to
make the dynein lose its function. By detecting the localization of dynein, as well as the detection of
various apoptosis indexes, antioxidant stress indexes and immune indexes, this study proved that
dynein is essential in testis.

Abstract: Dynein is a motor protein with multiple transport functions. However, dynein’s role in
crustacean testis is still unknown. We cloned the full-length cDNA of cytoplasmic dynein heavy
chain (Pt-dhc) gene and its structure was analyzed. Its expression level was highest in testis. We
injected the dynein inhibitor sodium orthovanadate (SOV) into the crab. The distribution of Portunus
trituberculatus dynein heavy chain (Pt-DHC) in mature sperm was detected by immunofluorescence.
The apoptosis of spermatids was detected using a TUNEL kit; gene expression in testis was detected
by fluorescence quantitative PCR (qPCR). The expression of immune-related factors in the testis were
detected by an enzyme activity kit. The results showed that the distribution of Pt-DHC was abnormal
after SOV injection, indicating that the function of dynein was successfully inhibited. Apoptosis-
related genes p53 and caspase-3, and antioxidant stress genes HSP70 and NOS were significantly
decreased, and anti-apoptosis gene bcl-2 was significantly increased. The activities of superoxide
dismutase (SOD) and alkaline phosphatase (AKP) were significantly decreased. The results showed
that there was no apoptosis in testicular cells after dynein function was inhibited, but the cell function
was disordered. This study laid a theoretical foundation for the further study of apoptosis in testis
and the function of dynein in testis and breeding of P. trituberculatus.

Keywords: dynein; dynein heavy chain; testis; apoptosis; cell dysfunction

1. Introduction

Portunus trituberculatus is an important aquatic economic animal in China. The basic
reproductive biology of P. trituberculatus is a hot research field. The testis is the site
of sperm production, and the production of crustacean sperm is often accompanied by
nuclear deformation and material transport [1,2]. In these changes, motor protein plays
an important role. Motor proteins are divided into microtubule-dependent kinesin and
dynein, microfilament-dependent myosin. Motor proteins take the cytoskeleton as the
motion orbit in the cell, and through the energy generated by the hydrolysis of ATP, and
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efficiently and accurately transports the carried goods to specific subcellular locations to
perform physiological functions. [3]. The molecular mechanisms of many kinesins (such as
KIFC1, KIF3A/3B, KIFC3, KIF-1, and KLC3) [4–8] and myosins (such as Myosin I, Myosin
II, Myosin V/Va, Myosin VI, Myosin VII, and Myosin X) [9] in spermatogenesis have been
gradually elucidated. However, the role of dynein in the male reproductive system has
rarely been reported.

Unlike kinesin and myosin, which act as monomers or dimers, dynein is a giant protein
complex consisting of heavy chains, intermediate chains, intermediate light chains, and
light chains. Among them, the dynein heavy chain (DHC) exists in the form of dimer and
has the activity of motor protein [10,11]. The dynein intermediate chain (DIC) is considered
to be connected to the adaptor protein of anchoring cargo [12]. The dynein family includes
cytoplasmic and axonemal dynein [13]. Axonemal dynein is a protein that exists in cilia
or flagella and forms the lateral arm of the outer tubulin. Cytoplasmic dynein exists
widely in cells, and its function is indispensable. In cells, cytoplasmic dynein transports
mRNAs, endosomes, peroxisomes, autophagosomes, liposomes, mitochondria, and even
viruses [14,15]. Studies have shown that the deletion of cytoplasmic dynein subunits or its
regulatory factors can lead to neurodevelopmental abnormalities or neurodegenerative
diseases [16]. In mice, deletion of the cytoplasmic dynein submit genes also leads to the
death of embryos [17].

There are few reports on the role of cytoplasmic dynein in testis. Previous studies
have proved that cytoplasmic dynein is highly expressed in the perinuclear nucleus during
spermatogenesis in rats, and can be attached to the nuclear membrane and slide along
the microtubule structure in the manchette to facilitate the formation of the fusarium
nucleus [18]. During the development of Drosophila melanogaster spermatocytes, the in-
termediate chain gene Dic61B and light chain gene tctex-1 play an important role in the
connection between spermatocyte nucleus and flagellum base, and their deletion will lead
to the loss of sperm motility and cause infertility [19,20].

The purpose of this study was to investigate the function of dynein in the testis of
P. trituberculatus. Dynein is an extraordinarily sophisticated complex; therefore, we chose to
investigate the function of dynein heavy chain (DHC, which is responsible for hydrolyzing
ATP and binding to microtubules) in this study. SOV is a dynein inhibitor, which can
inhibit dynein function by inhibiting the combination of ATP of DHC motor domain, thus
preventing dynein from transporting substances along the microtubule [21,22]. We intend
to inject dynein inhibitor SOV into P. trituberculatus to study the function of dynein in
testis. We cloned and characterized the dynein heavy chain of P. trituberculatus (Pt-dhc), and
studied its expression pattern. Immunofluorescence was used to detect the distribution
of dynein in sperm cells after dynein function inhibited; qPCR was used to detect the
expression of apoptosis-related genes, antioxidant stress genes; enzyme activity kit was
used to detect immune correlation expression in testis and its impact on the reproductive
system. This research was the first to study the effect of inhibition of dynein on testicular
function of P. trituberculatus, which laid a theoretical foundation for the study of dynein’s
function in testis and crab breeding.

2. Materials and Methods
2.1. Animals and Tissues

The P. trituberculatus in this experiment were selected from the QiXin farm of Ningbo
Zhejiang, China. Healthy male P. trituberculatus subjects with the same age and similar
growth conditions were selected for the experiment. The heart, muscle, hepatopancreas,
gill, vas deferens and testis of P. trituberculatus were dissected in the laboratory, immediately
immersed in liquid nitrogen, and then stored at −80 ◦C for subsequent experiments.

2.2. SOV Injection and Sample Collection

Forty healthy male P. trituberculatus were randomly selected, with six in each group.
The concentrations of 0, 0.5, 2, 4 and 8 µg/g SOV (Solarbio, Beijing, China) were injected,
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respectively, and cultured in an 80 L storage box for 48 h. The heart, testis, hepatopancreas,
muscle and gill tissues of P. trituberculatus at various concentrations were aseptically
dissected. Part of the testis tissue was fixed with 4% paraformaldehyde in 0.1 M PBS
(pH 7.4), embedded in O.C.T. compound (SAKURA, Torrance, CA, USA), formed in frozen
section-embedded blocks and stored at −80 ◦C.

2.3. Total RNA Extraction and Reverse Transcription of cDNA

Total RNA was extracted from heart, muscle, hepatopancreas, gill, vas deferens and
testis by RNA solv Reagent (OMEGA, Norcross, GA, USA). The cDNA used for interme-
diate fragment cloning was obtained by the PrimeScript® RT reagent Kit (Takara, Dalian,
China) and the cDNA used for rapid amplification of cDNA end (RACE) was obtained by
SMARTer RACE 5′/3′ Kit (Takara) and 3′-Full RACE Core Set with PrimeScript™ RTase
(Takara). HiFiScript gDNA Removal cDNA Synthesis Kit (Cwbio, Beijing, China) was used
to synthesize cDNA for qPCR. All the cDNA was stored at −80 ◦C.

2.4. Full-Length cDNA Cloning of Pt-dhc

First, we downloaded the dynein heavy chain 1(dhc) cDNA sequences of Homo sapiens
(NM_001376.3), Mus musculus (NM_030238.1), Danio rerio (DQ323903.1), Xenopus tropicalis
(XM_012961507.1) and Drosophila melanogaster (BC154077.1) from the National Center for
Biotechnology Information (http://www.ncbi.nlm.nih.gov/, accessed on 1 November 2016,
NCBI). Multiple sequence alignment was completed using Vector NTI 11.5 (Invitrogen,
Waltham, MA, USA), conservative region base sequences were selected, and degenerate
primers were designed with Primer Premier 5.0 software (Premier Biosoft International,
Palo Alto, CA, USA) for intermediate fragment cloning (the primer sequences used in this
study are shown in Table 1). PCR products were isolated from the 1% agarose gel (with
0.1% nucleic acid dye added), the correct nucleic acid bands were cut immediately and the
target DNA fragment was recovered using an Agarose Gel DNA Extraction Kit (Takara).
The DNA fragment was connected to the pMD-19T vector (Takara) and then transfected
into DH5α Competent Cells (Takara). The correctly connected cells were identified by PCR
using M13F/R primers. The cells identified correctly were sent to the Beijing Genomics
Institute (Shanghai, China) for sequencing. After obtaining the intermediate fragment
sequence, the specific primers (Table 1) for RACE were designed using Primer Premier
5.0 software. The PCR products were recovered by the same operation as above to obtain
5′ cDNA fragment sequences and 3′ cDNA fragment sequences. The 5′ cDNA fragment
sequences and 3′ cDNA fragment sequences were spliced with the intermediate fragment
sequence to obtain the full length of Pt-dhc.

2.5. Sequence Analysis and Structure Prediction

The primary structure of Pt-DHC protein was predicted using online tools (http:
//www.bio-soft.net/sms/, accessed on 18 April 2021). The molecular weight and iso-
electric point of Pt-DHC protein were predicted by ExPASy ProtParam tool (http://web.
expasy.org/protparam/, accessed on 18 April 2021). DHC protein sequences of Homo
sapiens (NP_001367.2), Mus musculus (NP_084514.2), Danio rerio (NP_001036210.1) and
Drosophila melanogaster (NP_001261430.1) were downloaded from NCBI, and multiple se-
quence alignment was performed using Vector NTI 11.5 (Invitrogen). The phylogenetic
tree of DHC protein amino acid sequences of different species was constructed using
mega 5.1 software; the GenBank accession numbers of DHC homologues were Penaeus
vannamei (XP_027209046.1), Athalia rosae (XP_012264199.1), Apis dorsata (XP_006622931.1),
Hyalella Azteca (XP_018024055.1), Gallus gallus (XP_015143281.1), Cryptotermes secundus
(XP_023724922.1), Pogona vitticeps (XP_020649242.1), Lonchura striata domestica (XP_021405311.1),
Sander lucioperca (XP_031166063.2) and Larimichthys crocea (XP_027130998.1).

http://www.ncbi.nlm.nih.gov/
http://www.bio-soft.net/sms/
http://www.bio-soft.net/sms/
http://web.expasy.org/protparam/
http://web.expasy.org/protparam/
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Table 1. The primer sequence used in Pt-dhc cDNA full-length cloning and qPCR.

Primer Sequence (5′–3′) Purpose

DHCF1 CGCAAGTTCCTGTCCGAYCCNCARRT PCR
DHCF2 CCAACCTGCCCGACAAYYTNAARAA PCR
DHCF3 CTTTGTCCAAGGAAGTGCGG PCR
DHCF4 GCTGATCAAGGGCTACATGAAGRTNAAYATGYT PCR
DHCF5 CGACACCGTGCTGATGGARCARCCNCC PCR
DHCF6 GGAGCAGGGAGGAGGCAG PCR
DHCF7 GACTCCGGCTTCCTGGAGMGNATGAAYAC PCR
DHCF8 GCGGCAGACATTTCCCTCA PCR
DHCF9 TGGCCGCCGAGCARAAYAMNCA PCR
DHCR1 AGCACGCTGGATGGGGTA PCR
DHCR2 CTCGACCTTCTCGCAGGTNCKYTCRTA PCR
DHCR3 CGTCCTCCTCGAACACCTTRTARTANGG PCR
DHCR4 CATAGCCAGGGAGCGGAAC PCR
DHCR5 GTGGCGTACTTCAGGTCCTGNACYTCRAACA PCR
DHCR6 CACGGGCACCTTGGGRTTDATYTCCA PCR
DHCR7 TGAGGGAAATGTCTGCCGC PCR
DHCR8 TCCTGGATGATGGCGTGRAACCANGC PCR
DHCR9 AGGACGGCCACGCCNCKYTCRTA PCR

5′DHCF1 TCACAGACTTCTCCCAGCGT 5′RACE
5′DHCF2 TTCACAGCAAGTGGCTCAGT 5′RACE
5′DHC5F3 AGAATGTAACGGTGTGGCTG 5′RACE
3′DHC3R1 CGGAGCAAAGGCATTGGCTACATA 3′RACE
3′DHC3R2 CTCCATCCCTTTCAATCTTGCCAGT 3′RACE
3′DHC3R3 AATAGGTAATGAGATGTCTGGGATGTCG 3′RACE

P53F GGGTAACGCCATGAACGAGA P53 qPCR
P53R GCTGCATCTCCGTGTGTTTC P53 qPCR

CAS3F TCACAGATTGACAAAGAGCGG Caspase-3 qPCR
CAS3R TCCTCAGGTCAGTAGTGGAAATG Caspase-3 qPCR
BCL2-F AGCTTACAACTGGATGCGCT Bcl-2 qPCR
BCL2-R TCGAGAGTGATTTAGGCGGC Bcl-2 qPCR
NOSF GGAACCCTTCTGAGCAACGA NOS qPCR
NOSR CGTGTGTGGAGGTTGTCGTA NOS qPCR

HSP70F CTCAGATGGAGGCAAGCCAA HSP70 qPCR
HSP70R CTTGACGGTAGTGCCCAAGT HSP70 qPCR

GAPDHF TGAGGTGAAGGTAGAGGAT Positive control of qPCR
GAPDHR CCAGTGAAGTGAGCAGAG Positive control of qPCR

2.6. Quantitative mRNA Analysis

The specific primers of Pt-dhc, p53 (MH155953.1), caspase-3 (KY406168.1), NOS (KU306112.1),
HSP70 (FJ830635.1) and GAPDH (EU919707.1) genes were designed using the Primer Pre-
mier 5.0 software tool (Table 1). The mRNA expressions levels of those genes were detected
by qPCR using 2 × RealStar Green Fast Mixture kits (Genstar, Beijing, China). The sample
size was 5 and the number of experimental replicates was three. The reaction system con-
tained 1 µL of cDNA template, 0.5 µL of forward and reverse primers, 10 µL of 2 × RealStar
Green Fast Mixture, 0.4 µL of ROX Reference Dye/ROX Reference Dye II***, and double-
distilled water to 20 µL. The qPCR program was completed with pre-denaturation at 95 ◦C
for 2 min and 40 cycles (denaturation at 95 ◦C for 15 s, annealing at 60 ◦C for 30 s, extension
at 72 ◦C for 30 s). With the housekeeping gene, GAPDH, as the internal reference gene, the
relative expression of Pt-dhc mRNA was compared based on the ∆∆Ct method, and the
data were analyzed by one-way analysis of variance using the SPSS v20.0 software.

2.7. Immunofluorescence and Apoptosis Detection

The frozen slicer was used to make the embedded tissue into 5 µm-thick slices, and the
polylysine-treated glass slides were used to adhere the frozen slices and stored at −80 ◦C.
The frozen slices were taken out to dry at room temperature for 10 min; then, the dried
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slices were placed in 0.3% PBST (0.3% Triton X-100 in 0.1 M PBS) and allowed to stand at
room temperature for 10 min.

For apoptosis detection, the slides were washed twice with 0.1M PBS, stained with
TUNEL staining solution (the staining solution was configured according to the instructions
using the TUNEL kit (Beyotime, Dalian, China)), washed three times with 0.1M PBS, added
to the antifade mounting medium (Beyotime), and sealed with nail polish. The reaction
was observed and photographed using a laser confocal microscope (ZEISS LSM880).

For immunofluorescence, the slides were blocked in antibody blocking buffer (1% BSA
in 0.1% PBST) for 1 h; next, slices were incubated with rabbit anti-Pt-DHC antibody (1:50
dilution; Abcam, Cambridge, UK) in antibody blocking buffer overnight at 4 ◦C, and then
washed three times in 0.1% PBST for 10 min each time. The slices were then incubated with
Alexa Fluor 488 goat anti-rabbit IgG (1:500 dilution; Beyotime) in antibody blocking buffer
for 30 min and washed three times in 0.1 M PBS for 10 min each time. A DAPI staining solu-
tion (Beyotime) was added to stain the nucleus for 5 min and Antifade Mounting Medium
was used to seal and observe (the same as the method used for apoptosis detection).

2.8. Enzyme Activity Test

The testes of P. trituberculatus were homogenized with normal saline on ice and
centrifuged at 3000 rpm at 4 ◦C for 10 min. The supernatant was extracted and the protein
concentration was measured using a BCA kit (Njjcbio, Nanjing, China). The activities of
SOD, AKP and ACP in the supernatant were analyzed according to the instructions of the
enzyme activity Kit (Njjcbio).

3. Results
3.1. Full Length of Pt-dhc cDNA Sequence and Protein Structure

We obtained the full-length cDNA sequence of Pt-dhc (GenBank: MF476875.1, see
Figure S1 of Supplementary File for more details) through RACE technology. The Pt-dhc
cDNA has a total length of 14,219 bp, encoding 4639 amino acids, an 87 bp untranslated
region at the 5′ end and a 212 bp untranslated region at the 3′ end. The calculate molecular
weight of Pt-DHC was 529.3 kDa and the theoretical pI was 6.0.

The protein structure domain of Pt-DHC shows that Pt-DHC can be divided into tail
domain and motor domain (Figure 1). The tail domain contains a dimer and linker; the
motor domain includes six AAA structures and microtubule binding domain (MTBD).
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Figure 1. The protein structure domain of Pt-DHC. Pt-DHC divided into tail domain and motor domain, consisting of
6 AAA structures, MTBD, dimer and linker.

3.2. Sequence Alignment and Phylogenetic Analysis

The protein sequence alignment results show that Pt-DHC had 90.15%, 80.56%, 76.30%
and 76.20% identity with its homologs in Penaeus vannamei, Hyalella azteca, Athalia rosae and
Apis cerana, in invertebrates, respectively, (Figure S2 of Supplementary File). We analyzed
the phylogenetic relationship of DHC using the neighbor joining method using Mega V5.0
software (Figure 2) and Pt-DHC clustered with the invertebrate. In comparison with the
DHC of various species, Pt-DHC has the closest evolutionary relationship with Penaeus
vannamei DHC (Figure 2).
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of proteins sequences using MEGA 5.0 software using neighbor-joining method.

3.3. The Expression of Pt-dhc in Different Tissues of P. trituberculatus

We also analyzed the expression of Pt-dhc mRNA in heart (H), muscle (M), hepatopan-
creas (Hep), gill (G), vas deferens (V) and testis (T) of P. trituberculatus. The qPCR results of
Pt-dhc show that Pt-dhc mRNA is widely expressed in all organizations examined and has
the highest expression level in the testis (Figure 3).
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3.4. The Expression and Distribution of Pt-DHC in the Testis of P. trituberculatus Changed after
Injection of SOV

In order to further explore how Pt-DHC influences the development of the testis and
spermatogenesis, we inhibited the activity of Pt-DHC by injecting different concentrations
of SOV, conducting immunofluorescence on the Pt-DHC of P. trituberculatus testis. The
results show that, in the control group and 0.5 µg/g group, Pt-DHC was mainly distributed
in the front end of the acrosome of mature sperm. As the concentration of the inhibitor
increased, the signal of Pt-DHC was obviously weakened and the distribution of Pt-DHC
became more dispersed (Figure 4).
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3.5. Detection of Testicular Cell Apoptosis in the Testis of P. trituberculatus after SOV Injection

We used the TUNEL kit to explore whether apoptosis occurred in testis after SOV
injection. The results showed that no obvious apoptosis signal (FITC, green fluorescence)
was detected 48 h after the injection in 0, 0.5, 4 and 8 µg/g SOV concentration groups. The
results showed that there was no apoptosis in the testis after injection of SOV (Figure 5).
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3.6. Dynein Inhibited by SOV Significantly Reduced the mRNA Expression Level of Genes Related
to Apoptosis in Testis of P. trituberculatus

To investigate whether the suppression of dynein via SOV injection would induce
changes in the level of apoptosis of the testis, we measured the expression levels of
apoptosis-related genes p53, Caspase-3 and bcl-2. The qPCR results showed that the expres-
sion levels of p53 and Caspase-3 genes decreased significantly (p < 0.01), and the expression
level of the blc-2 gene increased significantly (p < 0.01) in P. trituberculatus testis after SOV
injection (Figure 6).
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Figure 6. Apoptosis-related genes expression. The expression of p53 and Caspase-3 mRNA in the
testis decreases significantly and bcl-2 mRNA increases significantly after SOV injection (** indicates
significant compared with control group Significance. **: p < 0.01).

3.7. Dynein Inhibited by SOV Changes the Expression of Anti-Oxidative Stress Genes

The qPCR results show that the expression of anti-oxidative stress genes HSP70
and NOS changed in tissues of P. trituberculatus after SOV injection (Figure 7). The re-
sults showed that the expression level of HSP70 decreased significantly (p < 0.01) in
the testis tissue. The expression level of NOS gene decreased significantly at 0.5 µg/g
(p < 0.01) and 8 µg/g (p < 0.01), but increased significantly at 2 µg/g (p < 0.01) and 4 µg/g
(p < 0.01) (Figure 7).
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Figure 7. Anti-oxidative stress gene expression. (A) The expression of the HSP70 gene in the testis
decreased significantly. (B) The expression of the NOS gene in the testis decreased significantly in
the 0.5 µg/g and 8 µg/g SOV groups, but increased significantly in the 2 µg/g and 4 µg/g groups.
(** indicates significant compared with control group; **: p < 0.01).

3.8. Dynein Inhibited by SOV Induced the Changes in SOD and AKP Enzyme Activities of
P. trituberculatus Tissues

The results show that the SOD and AKP enzyme activities decreased significantly
after SOV injection compared with the control group (p < 0.01), while the ACP enzyme
activity of the experimental group did not change significantly compared with the control
group (Figure 8).

Animals 2021, 11, x FOR PEER REVIEW 10 of 16 
 

 

 
Figure 7. Anti-oxidative stress gene expression. (A) The expression of the HSP70 gene in the testis 
decreased significantly. (B) The expression of the NOS gene in the testis decreased significantly in 
the 0.5 μg/g and 8 μg/g SOV groups, but increased significantly in the 2 μg/g and 4 μg/g groups. (** 
indicates significant compared with control group; **: p < 0.01). 

3.8. Dynein Inhibited by SOV Induced the Changes in SOD and AKP Enzyme Activities of P. 
trituberculatus Tissues 

The results show that the SOD and AKP enzyme activities decreased significantly 
after SOV injection compared with the control group (p < 0.01), while the ACP enzyme 
activity of the experimental group did not change significantly compared with the control 
group (Figure 8). 

 
Figure 8. Enzyme activity detection of immunity-related factors. The enzyme activities of SOD and 
AKP in the testis decrease significantly, and ACP was no significant changed (** indicates significant 
compared with control group Significance. **: p < 0.01). 

4. Discussion 
4.1. Protein Structure and mRNA Expression Characteristics of Pt-dhc  

Cytoplasmic dynein is a multi-subunit motor complex with huge molecular weight, 
which performs a variety of cargo transport functions in cells. The DHC dimer is the core 

SOD ACP AKP
0.00

0.02

0.04
0.5
1.0
1.5
2.0
2.5
3.0

0 μg/g 0.5 μg/g 2 μg/g
4 μg/g 8 μg/g

**
** **

** **
**

**
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4. Discussion
4.1. Protein Structure and mRNA Expression Characteristics of Pt-dhc

Cytoplasmic dynein is a multi-subunit motor complex with huge molecular weight,
which performs a variety of cargo transport functions in cells. The DHC dimer is the core
of cytoplasmic dynein. This is a multifunctional that is not only responsible for connecting
the other components of other dynein complexes, such as intermediate chain (DIC) and
regulatory proteins such as LIS1, but also binds to microtubules via the microtubule-binding
domain (MTBD) and provides power for the negative movement of dynein complexes along
microtubules by hydrolyzing ATP by six AAA ATPase domains. The other components
of the dynein complex, such as the DIC and the light chain (DLC), are completed by
the assembly of the dynein complex or combined with “goods” such as organelles and
vesicles [23]. Moreover, DHC can change the function of dynein complex by binding with
different components [24,25]. Therefore, studying DHC can help further elucidate the
function of dynein.

In this study, we cloned the full length of Pt-dhc cDNA. Through a comparison with
other invertebrates and vertebrate DHC amino acid sequences (Figure S2), we found that
DHC is very conservative in its evolution. The structure of Pt-DHC is very similar to that
of DHC in other species. Pt-DHC divides into a tail domain and motor domain—the tail
domain contains dimer and linker, and the motion domain contains six AAA structures and
MTBD, consistent with the structures found in human and mouse DHC [24]. Studies have
shown that DHC has a conserved function, which operates in the same way in a diverse
range of organisms, from algae to humans [25]. Therefore, we speculate that Pt-DHC has
similar functions to the DHC of other species and plays an important role in testis function.

In this study, we found that Pt-dhc mRNA was widely expressed in the studied tissues,
with the highest expression in testis. DHC is widely expressed in mammalian tissues,
with the largest expression in the brain and testis [26]. In previous studies, dynein plays
an important role in the brain and is responsible for the survival of neurons in mam-
mals. Many neuronal defect diseases are related to the mutation of dynein, which proves
that dynein plays an important role in brain development and the maintenance normal
functioning [27,28]. This explains why DHC is highly expressed in the brain. In mam-
malian testis, spermatogenesis is often accompanied by cell deformation, chromosome
separation, organelle and protein transport, etc. As a member of the molecular motor,
dynein provides power for these life activities [26]. The high expression of Pt-dhc mRNA
in the testis of P. trituberculatus suggests that dynein may be related to the development of
P. trituberculatus testis or spermatogenesis. The specific role of dynein in the spermatogene-
sis of P. trituberculatus requires further exploration.

4.2. The Function of Dynein Was Inhibited after SOV Injection

In this study, we observed that in the normal mature sperm of P. trituberculatus, the Pt-
DHC signal was mainly concentrated at one end of the mature sperm (Figure 4). Previous
studies have proved that this is the location of the acrosome of the mature sperm of
P. trituberculatus [29–31]. In our previous studies, it has been proven that dynein is mainly
located on the acrosome in the mature sperm of P. trituberculatus, which may be related to
the formation of acrosome and the transport of Golgi vesicles [32]. In this study, Pt-DHC is
mainly distributed in the front end of the acrosome of material sperm in the testis section
of the control group, which is consistent with previous studies (DHC is an indispensable
component of dynein; therefore, its fluorescence signal can be regarded as the fluorescence
signal of dynein).

SOV can inhibit cytoplasmic dynein ATPase activity. SOV makes dynein lose its
movement force, inhibiting the ability of dynein to transport material [33,34]. In order to
verify whether SOV can inhibit the function of dynein in P. trituberculatus, we observed the
localization of dynein in mature sperm 48 h after the injection of different concentrations of
SOV by immunofluorescence; while after SOV injection, the intracellular localization of
Pt-DHC changed and was no longer focused on the acrosome, which means that dynein’s
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transport function is inhibited and can no longer be positioned correctly. The results showed
that injection of SOV could effectively inhibit the function of dynein in P. trituberculatus.

4.3. Dynein May Indirectly Participate in Cell Apoptosis in the Testis

Apoptosis is the main process by which programmed cell death occurs in multicellular
organisms to remove damaged and harmful cells, such as cancerous cells [35]. P53 is an
important tumor suppressor gene. When cellular stress and damage occurs, p53 will be
up regulated to induce apoptosis and other effector processes. Therefore, the expression
level of p53 is often used as an apoptosis index to reflect the degree of apoptosis [36].
The Caspase-3-mediated signaling pathway is necessary for most apoptosis processes, and
Caspase-3 is the executor of apoptosis [37]. Therefore, the expression of Caspase-3 also
can directly reflect the degree of apoptosis [37]. Bcl-2 is an important anti-apoptosis gene,
which acts on the upstream of Caspase-3. The Bcl-2 protein is the substrate of the Caspase-3
protein. These proteins regulate each other with Caspase-3. When apoptosis occurs, its
expression is inhibited [38,39]. In order to understand the role of dynein in apoptosis,
we studied the degree of apoptosis in testis after dynein function was inhibited. Theo-
retically, the inhibition of dynein function will lead to cell damage. Therefore, apoptosis
should occur in testis, and p53 and Caspase-3 genes will be significantly up regulated; the
expression of bcl-2 will be significantly down regulated. However, the results showed
that, following SOV injection, no obvious apoptosis signal (green) was detected in the
testis (Figure 5), indicating that there was no apoptosis in the testis. Furthermore, the
expression of bcl-2 significantly increased, and the expression levels of p53 and Caspase-3
significantly decreased. This outcome was the opposite of our hypothesis (Figure 6). The
results showed that when dynein function was inhibited, apoptosis did not occur. Dynein
plays an irreplaceable transport role in cells [14,15]. Its function in cells is indispensable.
If dynein is lacking, neurological diseases and even embryo death will occur [16,17]. The
following question remains: why does apoptosis not occur in testis when dynein function
is impaired? Previous studies have proven that P53 is transported by dynein [40–42] (P53
is connected to dynein light chain LC8 by HSP90, and then transported to the nucleus by
dynein to regulate the expression of related genes [41,42]), and Caspase-3 is also trans-
ported by dynein [43]. However, at present, no evidence has been found to prove that Bcl-2
is transported by dynein. To explain why Caspase-3 and p53 were down regulated and bcl-2
was up regulated after dynein inhibition, we suggest that Caspase-3 and P53 were not able
to be transported to the correct location. As Caspase-3 is the main effector of apoptosis [37]
and p53 is an important apoptosis-regulated gene, when dynein cannot function normally,
the process of apoptosis cannot proceed even if the cells are damaged. While Bcl-2 is not
transported by dynein, and since apoptosis did not occur, the expression of bcl-2 rises in
response to the tendency of apoptosis to decrease. In addition to transporting normal
substances, dynein is also related to the clearance of faulty proteins [11,23]. If dynein fails,
a large accumulation of faulty proteins occurs, affecting the function of cells. This is the
other possible reason that there was no apoptosis in testicular cells. In conclusion, the
fact that apoptosis did not occur after dynein function was inhibited means that dynein
may play an important role in the apoptosis of testis. At present, there are few studies
on the relationship between dynein and apoptosis. Some researchers found that dynein
light chain 1 (LC8) is related to apoptosis that LC8 binds to BIM of Bcl-2 family in the
regulation of the mitochondrial pathway of apoptosis. However, the function of LC8
affecting apoptosis seems to be independent of the dynein complex [44–46]. In addition,
other studies have found that LC8 and DHC are located together, localized in the nuclear
membrane inside apoptotic germ cells in C. elegans. LC8 and DHC jointly regulate germ
cell apoptosis, and germ cell apoptosis is inhibited when LC8 is absent [47]. The absence of
apoptosis in testicular cells after dynein inhibition does not mean that testis damage is not
present, but suggests that apoptosis cannot proceed normally after cell injury. Therefore,
we hypothesize that dynein may indirectly participate in cell apoptosis in the testis, and
that apoptosis is very important for spermatogenesis and the removal of faulty sperm to
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ensure reproductive ability in males. The specific mechanism of dynein in apoptosis and
the role of dynein in other tissues requires further research.

4.4. Inhibition of Dynein Function May Lead to Cell Dysfunction in Testis

HSP70 is an important member of the HSP family. It can reduce cell damage and
protect cells by increasing its expression in response to external stimuli [48]. NOS is an
important enzyme for the synthesis of NO, and NO is involved in nonspecific immunity in
addition to being a neurotransmitter. Therefore, NOS is also an important gene that protects
cell function [49,50]. To explore whether cell function is impaired when dynein function is
inhibited, we analyzed HSP70 and NOS mRNA expression in testis after dynein function
inhibited by qPCR. The mRNA expression of HSP70 and NOS can reflect the antioxidant
stress ability of organisms when stimulated. The results show that HSP70 expression was
decreased after SOV injection (Figure 7A). However, interestingly, with the increase in
SOV concentration, the mRNA expression of NOS decreased first, then increased, and
then decreased compared with the control group (Figure 7B). We speculate that when the
transport capacity of dynein is slightly reduced, the ability of cells to cope with external
stimuli decreased, resulting in a decrease in NOS expression. With the increase in the
inhibition degree of dynein, the cells were damaged. Therefore, the expression of NOS
is up regulated to protect the cells. However, when the function of dynein is almost
completely inhibited, cell function was disordered, resulting in a strong inhibition of
HSP70 and NOS expression regulation.

As an invertebrate, P. trituberculatus only has innate immunity; unlike vertebrates, it
does not have specific immunity. In order to study whether the testicular immune system is
damaged after the function of dynein is inhibited, we also detected the activities of immune-
related enzymes ACP, AKP, and SOD in the testis. ACP and AKP are enzymes with immune
function and an important detoxification system in animals. They can be used together
as an index enzyme to detect the immune function of crustaceans [51,52]. An antioxidant
system is an important system used by organisms to eliminate excess reactive oxygen
species (ROS) and avoid oxidative damage. SOD is an important antioxidant enzyme. Its
activity can reflect antioxidant capacity [53]. The results showed that the activity levels of
SOD and AKP in the testis were decreased. The levels of ACP did not change significantly
(Figure 8). The results showed that the testicular immune system was damaged after
dynein failure. At present, there is no relevant report on the relationship between dynein
and ACP, AKP and SOD. This study shows that, when the function of dynein is inhibited,
immune function will decline and dynein has a certain relationship with SOD and AKP,
which is preliminary proven by the fact that dynein plays an important role in testis health.
However, the specific role of dynein in this process requires further research.

5. Conclusions

In this study, we cloned Pt-dhc from Portunus trituberculatus. Our study proved that
Pt-DHC is very conservative in evolution, which is widely expressed in various tissues of
P. trituberculatus. The highest expression of dynein occurs in testis, suggesting that it has
an important function in spermatogenesis. By locating the cell subcellular localization of
Pt-DHC, we proved that SOV successfully inhibited the function of dynein. We found that
when dynein functioning was inhibited, apoptosis did not occur in testis. Our study proved
that dynein may indirectly participate in the apoptosis of P. trituberculatus testis. However,
the specific mechanism involved in this process requires further research. By measuring
the expression of antioxidant stress genes and immune-related enzyme activity in testis,
we found that the inhibition of dynein function may lead to testicular cell dysfunction.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ani11123582/s1, Figure S1: Nucleic acid sequence and translated protein sequence of Pt-dhc.
Figure S2: Multiple sequence alignment of protein sequences of Pt-dhc.
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Animals 2021, 11, 3582 13 of 15

Author Contributions: Q.X., C.W., C.H. and J.Z. formulated and designed the experiments, C.W.,
X.G., Y.C. and D.T. performed the experiments, Q.X., C.W., X.G. and C.H. analyzed the data and
wrote the paper, Q.X. and C.H. revised and proofread the paper. All authors have read and agreed to
the published version of the manuscript.

Funding: This project was supported by National Natural Science Foundation of China (No.
31602140), Natural Science Foundation of Zhejiang Province (No. LY20C190003), Major Agriculture
Program of Ningbo (No. 2017C110007), the K.C. Wong Magna Fund in Ningbo University, and the
Collaborative Innovation Center for Zhejiang Marine High-efficiency and Healthy Aquaculture.

Institutional Review Board Statement: The experimental animal of this study is Portunus tritubercu-
latus, a kind of crab, which is an invertebrate. In China, Crabs do not require ethical approval for
experiments. All our crabs are purchased from edible crab farms. Before dissection, we anesthetized
the crab on ice. All experiments comply with the requirements of the governing regulation for the
use of experimental animals in Zhejiang Province (Zhejiang provincial government order No. 263,
released in 17 August 2009, effective from 1 October 2010) and the animal care and use Committee of
Ningbo University.

Informed Consent Statement: Not applicable. This research does not involve humans.

Data Availability Statement: Pt-dhc nucleic acid sequence has been uploaded to NCBI (GenBank:
MF476875.1).

Conflicts of Interest: The authors declare that they have no known competing financial interest or
personal relationships that could have influenced the work reported in this paper.

References
1. Jamieson, B. A comparison of the spermatozoa of OratosquiMa stephensoni and Squilla mantis (Crustacea, Stomatopoda) with

comments on the phylogeny of the Malacostraca. Zool. Scr. 1989, 18, 509–517. [CrossRef]
2. Rorandelli, R.; Paoli, F.; Cannicci, S.; Mercati, D.; Giusti, F. Characteristics and fate of the spermatozoa of Inachus phalangium

(Decapoda, Majidae): Des.cription of novel sperm structures and evidence for an additional mechanism of sperm competition in
Brachyura. J. Morphol. 2008, 269, 259–271. [CrossRef]

3. Erickson, R.P.; Jia, Z.; Gross, S.P.; Yu, C.C. How molecular motors are arranged on a cargo is important for vesicular transport.
PLoS Comput. Biol. 2011, 7, e1002032. [CrossRef] [PubMed]

4. Yang, W.X.; Sperry, A.O. C-terminal kinesin motor KIFC1 participates in acrosome biogenesis and vesicle transport. Biol. Reprod.
2003, 69, 1719–1729. [CrossRef] [PubMed]

5. Zhang, Y.; Ou, Y.; Cheng, M.; Saadi, H.S.; Thundathil, J.C.; van der Hoorn, F.A. KLC3 is involved in sperm tail midpiece formation
and sperm function. Dev. Biol. 2012, 366, 101–110. [CrossRef]

6. Hou, C.C.; Yang, W.X. Acroframosome-dependent KIFC1 facilitates acrosome formation during spermatogenesis in the caridean
shrimp Exopalaemon modestus. PLoS ONE 2013, 8, e76065. [CrossRef] [PubMed]

7. Lehti, M.S.; Kotaja, N.; Sironen, A. KIF3A is essential for sperm tail formation and manchette function. Mol. Cell. Endocrinol. 2013,
377, 44–55. [CrossRef] [PubMed]

8. Hu, J.R.; Liu, M.; Hou, C.C.; She, Z.Y.; Wang, D.H.; Hao, S.L.; Zhang, Y.P.; Yang, W.X. Gene expression pattern of KIFC3 during
spermatogenesis of the skink Eumeces chinensis. Gene 2015, 556, 206–212. [CrossRef] [PubMed]

9. Li, Y.R.; Yang, W.X. Myosin superfamily: The multi-functional and irreplaceable factors in spermatogenesis and testicular tumors.
Gene 2016, 576, 195–207. [CrossRef]

10. Burgess, S.A.; Walker, M.L.; Sakakibara, H.; Knight, P.J.; Oiwa, K. Dynein structure and power stroke. Nature 2003, 421, 715–718.
[CrossRef] [PubMed]

11. Roberts, A.J.; Kon, T.; Knight, P.J.; Sutoh, K.; Burgess, S.A. Functions and mechanics of dynein motor proteins. Nat. Rev. Mol. Cell
Biol. 2013, 14, 713–726. [CrossRef]

12. Hirokawa, N. Kinesin and dynein superfamily proteins and the mechanism of organelle transport. Science 1998, 279, 519–526.
[CrossRef]

13. Grotjahn, D.A.; Lander, G.C. Setting the dynein motor in motion: New insights from electron tomography. J. Biol. Chem. 2019,
294, 13202–13217. [CrossRef]

14. Allan, V.J. Cytoplasmic dynein. Biochem. Soc. Trans. 2011, 39, 1169–1178. [CrossRef]
15. Xu, M.; Zhang, Q.; Li, P.L.; Nguyen, T.; Li, X.; Zhang, Y. Regulation of dynein-mediated autophagosomes trafficking by ASM in

CASMCs. Front. Biosci. (Landmark Ed.) 2016, 21, 696–706. [CrossRef]
16. Lipka, J.; Kuijpers, M.; Jaworski, J.; Hoogenraad, C.C. Mutations in cytoplasmic dynein and its regulators cause malformations of

cortical development and neurodegenerative diseases. Biochem. Soc. Trans. 2013, 41, 1605–1612. [CrossRef] [PubMed]
17. Harada, A.; Takei, Y.; Kanai, Y.; Tanaka, Y.; Nonaka, S.; Hirokawa, N. Golgi vesiculation and lysosome dispersion in cells lacking

cytoplasmic dynein. J. Cell Biol. 1998, 141, 51–59. [CrossRef]

http://doi.org/10.1111/j.1463-6409.1989.tb00144.x
http://doi.org/10.1002/jmor.10566
http://doi.org/10.1371/journal.pcbi.1002032
http://www.ncbi.nlm.nih.gov/pubmed/21573204
http://doi.org/10.1095/biolreprod.102.014878
http://www.ncbi.nlm.nih.gov/pubmed/12826589
http://doi.org/10.1016/j.ydbio.2012.04.026
http://doi.org/10.1371/journal.pone.0076065
http://www.ncbi.nlm.nih.gov/pubmed/24098763
http://doi.org/10.1016/j.mce.2013.06.030
http://www.ncbi.nlm.nih.gov/pubmed/23831641
http://doi.org/10.1016/j.gene.2014.11.058
http://www.ncbi.nlm.nih.gov/pubmed/25434495
http://doi.org/10.1016/j.gene.2015.10.022
http://doi.org/10.1038/nature01377
http://www.ncbi.nlm.nih.gov/pubmed/12610617
http://doi.org/10.1038/nrm3667
http://doi.org/10.1126/science.279.5350.519
http://doi.org/10.1074/jbc.REV119.003095
http://doi.org/10.1042/BST0391169
http://doi.org/10.2741/4415
http://doi.org/10.1042/BST20130188
http://www.ncbi.nlm.nih.gov/pubmed/24256262
http://doi.org/10.1083/jcb.141.1.51


Animals 2021, 11, 3582 14 of 15

18. Yoshida, T.; Ioshii, S.O.; Imanaka-Yoshida, K.; Izutsu, K. Association of cytoplasmic dynein with manchette microtubules and
spermatid nuclear envelope during spermiogenesis in rats. J. Cell Sci. 1994, 107 Pt 3, 625–633. [CrossRef] [PubMed]

19. Li, M.G.; Serr, M.; Newman, E.A.; Hays, T.S. The Drosophila tctex-1 light chain is dispensable for essential cytoplasmic dynein
functions but is required during spermatid differentiation. Mol. Biol. Cell 2004, 15, 3005–3014. [CrossRef] [PubMed]

20. Fatima, R. Drosophila Dynein intermediate chain gene, Dic61B, is required for spermatogenesis. PLoS ONE 2011, 6, e27822.
[CrossRef]

21. Wang, X.M.; Huang, T.H.; Xie, Q.D.; Zhang, Q.J.; Ruan, Y. Effect of dynein inhibitor on mouse oocyte in vitro maturation and its
cyclin B1 mRNA level. Biomed. Environ. Sci. 2004, 17, 341–349. [PubMed]

22. Kobayashi, T.; Martensen, T.; Nath, J.; Flavin, M. Inhibition of dynein ATPase by vanadate, and its possible use as a probe for the
role of dynein in cytoplasmic motility. Biochem. Biophys. Res. Commun. 1978, 81, 1313–1318. [CrossRef]

23. Reck-Peterson, S.L.; Redwine, W.B.; Vale, R.D.; Carter, A.P. The cytoplasmic dynein transport machinery and its many cargoes.
Nat. Rev. Mol. Cell Biol. 2018, 19, 382–398. [CrossRef]

24. Schiavo, G.; Greensmith, L.; Hafezparast, M.; Fisher, E.M. Cytoplasmic dynein heavy chain: The servant of many masters. Trends
Neurosci. 2013, 36, 641–651. [CrossRef] [PubMed]

25. Kikkawa, M. Big steps toward understanding dynein. J. Cell Biol. 2013, 202, 15–23. [CrossRef] [PubMed]
26. Wen, Q.; Tang, E.I.; Lui, W.Y.; Lee, W.M.; Wong, C.K.C.; Silvestrini, B.; Cheng, C.Y. Dynein 1 supports spermatid transport and

spermiation during spermatogenesis in the rat testis. Am. J. Physiol. Endocrinol. Metab. 2018, 315, E924–E948. [CrossRef]
27. Eschbach, J.; Dupuis, L. Cytoplasmic dynein in neurodegeneration. Pharmacol. Ther. 2011, 130, 348–363. [CrossRef] [PubMed]
28. Chen, X.J.; Xu, H.; Cooper, H.M.; Liu, Y. Cytoplasmic dynein: A key player in neurodegenerative and neurodevelopmental

diseases. Sci. China Life Sci. 2014, 57, 372–377. [CrossRef]
29. Xiang, D.F.; Zhu, J.Q.; Hou, C.C.; Yang, W.X. Identification and expression pattern analysis of Piwi genes during the spermiogene-

sis of Portunus trituberculatus. Gene 2014, 534, 240–248. [CrossRef] [PubMed]
30. Qiu, X.; Yang, H.; Ren, Z.; Han, S.; Mu, C.; Li, R.; Ye, Y.; Song, W.; Shi, C.; Liu, L.; et al. Characterization of PHB in the gonadal

development of the swimming crab Portunus trituberculatus. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 2020, 240, 110338.
[CrossRef]

31. Ma, D.D.; Pan, M.Y.; Hou, C.C.; Tan, F.Q.; Yang, W.X. KIFC1 and myosin Va: Two motors for acrosomal biogenesis and nuclear
shaping during spermiogenesis of Portunus trituberculatus. Cell Tissue Res. 2017, 369, 625–640. [CrossRef] [PubMed]

32. Wei, C.G.; Mu, D.L.; Tang, D.J.; Zhu, J.Q.; Hou, C.C. Expression and functional analysis of cytoplasmic dynein during spermato-
genesis in Portunus trituberculatus. Cell Tissue Res. 2021, 386, 191–203. [CrossRef] [PubMed]

33. Racedo, S.E.; Rawe, V.Y.; Niemann, H. Dynamic changes of the Golgi apparatus during bovine in vitro oocyte maturation.
Reproduction 2012, 143, 439–447. [CrossRef]

34. Alvarez Sedo, C.; Schatten, H.; Combelles, C.M.; Rawe, V.Y. The nuclear mitotic apparatus (NuMA) protein: Localization and
dynamics in human oocytes, fertilization and early embryos. Mol. Hum. Reprod. 2011, 17, 392–398. [CrossRef]

35. Danial, N.N.; Korsmeyer, S.J. Cell death: Critical control points. Cell 2004, 116, 205–219. [CrossRef]
36. Aubrey, B.J.; Kelly, G.L.; Janic, A.; Herold, M.J.; Strasser, A. How does p53 induce apoptosis and how does this relate to

p53-mediated tumour suppression? Cell Death Differ. 2018, 25, 104–113. [CrossRef]
37. Fan, T.J.; Han, L.H.; Cong, R.S.; Liang, J. Caspase family proteases and apoptosis. Acta Biochim. Biophys. Sin. 2005, 37, 719–727.

[CrossRef]
38. Slee, E.A.; Keogh, S.A.; Martin, S.J. Cleavage of BID during cytotoxic drug and UV radiation-induced apoptosis occurs down-

stream of the point of Bcl-2 action and is catalysed by caspase-3: A potential feedback loop for amplification of apoptosis-associated
mitochondrial cytochrome c release. Cell Death Differ. 2000, 7, 556–565. [CrossRef]

39. Kirsch, D.G.; Doseff, A.; Chau, B.N.; Lim, D.S.; de Souza-Pinto, N.C.; Hansford, R.; Kastan, M.B.; Lazebnik, Y.A.; Hardwick, J.M.
Caspase-3-dependent cleavage of Bcl-2 promotes release of cytochrome c. J. Biol. Chem. 1999, 274, 21155–21161. [CrossRef]

40. Giannakakou, P.; Sackett, D.L.; Ward, Y.; Webster, K.R.; Blagosklonny, M.V.; Fojo, T. p53 is associated with cellular microtubules
and is transported to the nucleus by dynein. Nat. Cell Biol. 2000, 2, 709–717. [CrossRef]

41. Lo, K.W.; Kan, H.M.; Chan, L.N.; Xu, W.G.; Wang, K.P.; Wu, Z.; Sheng, M.; Zhang, M. The 8-kDa dynein light chain binds
to p53-binding protein 1 and mediates DNA damage-induced p53 nuclear accumulation. J. Biol. Chem. 2005, 280, 8172–8179.
[CrossRef]

42. Galigniana, M.D.; Harrell, J.M.; O’Hagen, H.M.; Ljungman, M.; Pratt, W.B. Hsp90-binding Immunophilins Link p53 to Dynein
During p53 Transport to the Nucleus. J. Biol. Chem. 2004, 279, 22483–22489. [CrossRef] [PubMed]

43. Garcia, M.L.; Fernandez, A.; Solas, M.T. Mitochondria, motor neurons and aging. J. Neurol. Sci. 2013, 330, 18–26. [CrossRef]
[PubMed]

44. Singh, P.K.; Weber, A.; Hacker, G. The established and the predicted roles of dynein light chain in the regulation of mitochondrial
apoptosis. Cell Cycle 2018, 17, 1037–1047. [CrossRef]

45. Morthorst, T.H.; Olsen, A. Cell-nonautonomous inhibition of radiation-induced apoptosis by dynein light chain 1 in Caenorhabditis
elegans. Cell Death Dis. 2013, 4, e799. [CrossRef] [PubMed]

46. Harders, R.H.; Morthorst, T.H.; Lande, A.D.; Hesselager, M.O.; Mandrup, O.A.; Bendixen, E.; Stensballe, A.; Olsen, A. Dynein
links engulfment and execution of apoptosis via CED-4/Apaf1 in C. elegans. Cell Death Dis. 2018, 9, 1012. [CrossRef]

http://doi.org/10.1242/jcs.107.3.625
http://www.ncbi.nlm.nih.gov/pubmed/8006076
http://doi.org/10.1091/mbc.e04-01-0013
http://www.ncbi.nlm.nih.gov/pubmed/15090621
http://doi.org/10.1371/journal.pone.0027822
http://www.ncbi.nlm.nih.gov/pubmed/15602832
http://doi.org/10.1016/0006-291X(78)91279-2
http://doi.org/10.1038/s41580-018-0004-3
http://doi.org/10.1016/j.tins.2013.08.001
http://www.ncbi.nlm.nih.gov/pubmed/24035135
http://doi.org/10.1083/jcb.201304099
http://www.ncbi.nlm.nih.gov/pubmed/23836927
http://doi.org/10.1152/ajpendo.00114.2018
http://doi.org/10.1016/j.pharmthera.2011.03.004
http://www.ncbi.nlm.nih.gov/pubmed/21420428
http://doi.org/10.1007/s11427-014-4639-9
http://doi.org/10.1016/j.gene.2013.10.050
http://www.ncbi.nlm.nih.gov/pubmed/24211384
http://doi.org/10.1016/j.cbpb.2019.110338
http://doi.org/10.1007/s00441-017-2638-4
http://www.ncbi.nlm.nih.gov/pubmed/28639134
http://doi.org/10.1007/s00441-021-03519-3
http://www.ncbi.nlm.nih.gov/pubmed/34477967
http://doi.org/10.1530/REP-11-0492
http://doi.org/10.1093/molehr/gar009
http://doi.org/10.1016/S0092-8674(04)00046-7
http://doi.org/10.1038/cdd.2017.169
http://doi.org/10.1111/j.1745-7270.2005.00108.x
http://doi.org/10.1038/sj.cdd.4400689
http://doi.org/10.1074/jbc.274.30.21155
http://doi.org/10.1038/35036335
http://doi.org/10.1074/jbc.M411408200
http://doi.org/10.1074/jbc.M402223200
http://www.ncbi.nlm.nih.gov/pubmed/15004035
http://doi.org/10.1016/j.jns.2013.03.019
http://www.ncbi.nlm.nih.gov/pubmed/23628465
http://doi.org/10.1080/15384101.2018.1464851
http://doi.org/10.1038/cddis.2013.319
http://www.ncbi.nlm.nih.gov/pubmed/24030151
http://doi.org/10.1038/s41419-018-1067-y


Animals 2021, 11, 3582 15 of 15

47. Singh, P.K.; Roukounakis, A.; Frank, D.O.; Kirschnek, S.; Das, K.K.; Neumann, S.; Madl, J.; Romer, W.; Zorzin, C.; Borner, C.; et al.
Dynein light chain 1 induces assembly of large Bim complexes on mitochondria that stabilize Mcl-1 and regulate apoptosis. Genes
Dev. 2017, 31, 1754–1769. [CrossRef] [PubMed]

48. Basu, N.; Todgham, A.E.; Ackerman, P.A.; Bibeau, M.R.; Nakano, K.; Schulte, P.M.; Iwama, G.K. Heat shock protein genes and
their functional significance in fish. Gene 2002, 295, 173–183. [CrossRef]

49. Wink, D.A.; Hines, H.B.; Cheng, R.Y.; Switzer, C.H.; Flores-Santana, W.; Vitek, M.P.; Ridnour, L.A.; Colton, C.A. Nitric oxide and
redox mechanisms in the immune response. J. Leukoc. Biol. 2011, 89, 873–891. [CrossRef]

50. Bogdan, C. Nitric oxide and the immune response. Nat. Immunol. 2001, 2, 907–916. [CrossRef]
51. Liu, Z.; Yu, P.; Cai, M.; Wu, D.; Zhang, M.; Chen, M.; Zhao, Y. Effects of microplastics on the innate immunity and intestinal

microflora of juvenile Eriocheir sinensis. Sci. Total Environ. 2019, 685, 836–846. [CrossRef] [PubMed]
52. Hong, Y.; Huang, Y.; Yan, G.; Pan, C.; Zhang, J. Antioxidative status, immunological responses, and heat shock protein expression

in hepatopancreas of Chinese mitten crab, Eriocheir sinensis under the exposure of glyphosate. Fish Shellfish Immunol. 2019, 86,
840–845. [CrossRef] [PubMed]

53. Ren, Y.; Zhang, J.; Wang, Y.; Chen, J.; Liang, C.; Li, R.; Li, Q. Non-specific immune factors differences in coelomic fluid from
polian vesicle and coelom of Apostichopus japonicus, and their early response after evisceration. Fish Shellfish Immunol. 2020, 98,
160–166. [CrossRef] [PubMed]

http://doi.org/10.1101/gad.302497.117
http://www.ncbi.nlm.nih.gov/pubmed/28982759
http://doi.org/10.1016/S0378-1119(02)00687-X
http://doi.org/10.1189/jlb.1010550
http://doi.org/10.1038/ni1001-907
http://doi.org/10.1016/j.scitotenv.2019.06.265
http://www.ncbi.nlm.nih.gov/pubmed/31247433
http://doi.org/10.1016/j.fsi.2018.12.020
http://www.ncbi.nlm.nih.gov/pubmed/30572127
http://doi.org/10.1016/j.fsi.2019.12.094
http://www.ncbi.nlm.nih.gov/pubmed/31901421

	Introduction 
	Materials and Methods 
	Animals and Tissues 
	SOV Injection and Sample Collection 
	Total RNA Extraction and Reverse Transcription of cDNA 
	Full-Length cDNA Cloning of Pt-dhc 
	Sequence Analysis and Structure Prediction 
	Quantitative mRNA Analysis 
	Immunofluorescence and Apoptosis Detection 
	Enzyme Activity Test 

	Results 
	Full Length of Pt-dhc cDNA Sequence and Protein Structure 
	Sequence Alignment and Phylogenetic Analysis 
	The Expression of Pt-dhc in Different Tissues of P. trituberculatus 
	The Expression and Distribution of Pt-DHC in the Testis of P. trituberculatus Changed after Injection of SOV 
	Detection of Testicular Cell Apoptosis in the Testis of P. trituberculatus after SOV Injection 
	Dynein Inhibited by SOV Significantly Reduced the mRNA Expression Level of Genes Related to Apoptosis in Testis of P. trituberculatus 
	Dynein Inhibited by SOV Changes the Expression of Anti-Oxidative Stress Genes 
	Dynein Inhibited by SOV Induced the Changes in SOD and AKP Enzyme Activities of P. trituberculatus Tissues 

	Discussion 
	Protein Structure and mRNA Expression Characteristics of Pt-dhc 
	The Function of Dynein Was Inhibited after SOV Injection 
	Dynein May Indirectly Participate in Cell Apoptosis in the Testis 
	Inhibition of Dynein Function May Lead to Cell Dysfunction in Testis 

	Conclusions 
	References

