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ABSTRACT  Micropterus salmoides rhabdovirus (MSRV) is an important fish pathogen
that infects largemouth bass. To date, the entry process for MSRV remains obscure. Here,
the dynamic process of MSRV entry and internalization was analyzed using biochemical
inhibitors, RNA interference, and single-virus tracking technology. Accordingly, DiD was
used as a fluorescent label for sensitive, long-term tracking of MSRV entry in living cells.
The motion analysis suggested that MSRV initially experiences slow movement in the
cell periphery, while it undergoes relatively faster and directed motion toward the cell
interior, dependent on the microtubule. Besides, our data demonstrated that the MSRV
enters epithelioma papulosum cyprinid (EPC) cells via clathrin-mediated endocytosis in
a low pH-, dynamin-, and clathrin-dependent manner. Furthermore, after endocytosing
into EPC cells, MSRV moves along the classical endosome/lysosome trajectory. This study
reveals the entry pathway and intracellular dynamics of MSRV in EPC cells, providing new
insights into the infection mechanism of rhabdoviruses.

IMPORTANCE  Although Micropterus salmoides rhabdovirus (MSRV) causes serious fish
epidemics worldwide, the detailed mechanism of MSRV entry into host cells remains
unknown. Here, we comprehensively investigated the mechanism of MSRV entry into
epithelioma papulosum cyprinid (EPC) cells. This study demonstrated that MSRV enters
EPC cells via a low pH, dynamin-dependent, microtubule-dependent, and clathrin-
mediated endocytosis. Subsequently, MSRV transports from early endosomes to late
endosomes and further into lysosomes in a microtubule-dependent manner. The
characterization of MSRV entry will further advance the understanding of rhabdovirus
cellular entry pathways and provide novel targets for antiviral drug against MSRV
infection.

KEYWORDS endocytosis, Micropterus salmoides rhabdovirus, single-virus tracking,
clathrin-mediated endocytic, endosome trafficking

Viral infection is initiated by the specific adsorption of viral envelope protein to a
receptor, followed by the transportation of virus into target cells and the subsequent
uncoating of the virion to release viral genomes (1, 2). Endocytosis is a biological process
mediating cellular internalization events, which can be utilized by viruses for their entry
into host cells. Knowledge of the endocytosis pathway is necessary to enhance our
understanding of the interaction between virus and host cell (3, 4).

Most rhabdovirus hijack host endocytic pathways to overcome the membrane
barriers of target cell. There are several endocytic pathways, including clathrin-medi-
ated endocytosis (CME), micropinocytosis, caveola-mediated endocytosis, and clathrin
or caveola-independent endocytosis (5, 6). Some viruses can use multiple pathways
to internalize, while others can even use different endocytic pathways when entering
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cells from different tissues (7, 8). Clathrin-mediated endocytosis is a classical endocytic
pathway used by viruses as the primary means of internalization. In this pathway, viruses
are internalized via clathrin-coated pits (CCP) after the viral particle binds to receptors
on the plasma membrane. The intracellular clathrin-coated vesicle (CCV) is formed after
the CCP invagination and is being pinched off from the cell membrane. After that,
the CCV sheds its clathrin-coat subunits, followed by the process of acidification and
transportation (9).

In classical clathrin-mediated endocytosis, the step from early to late endosomes is
essential for the selective trafficking of cargo and membrane complex to lysosomes
for degradation (10). The dynamics of endocytic trafficking are finely regulated by Rab
proteins, which are small GTPases of the Ras superfamily (11). Numerous reports have
shown that viruses hijack Rab proteins during the invasion, including viral entry by
endocytosis, assembly, and egress (12). Ras-related protein 5 (Rab5) has been reported
to be localized in the early endosomes, which is involved in the formation of CCV and
regulated the transport of newly endocytosed vesicles from the plasma membrane to
early endosomes (13, 14). Ras-related protein 7 (Rab7) is a late endosome-/lysosome-
associated small GTPase involved in the transport to late endosomes and lysosomes (15,
16).

Rhabdoviruses, members of the order Mononegavirales, have been isolated from a
wide variety of hosts, including mammals, birds, reptiles, teleosts, mollusks, insects, and
plants (17). Micropterus salmoides rhabdovirus (MSRV), a highly pathogenic member of
the genus Perhabdovirus in the family Rhabdoviridae, causes acute mass mortality in
populations of largemouth bass (18, 19). The first report of MSRV epidemic occurred at
a largemouth bass hatchery in China in 2014. Nowadays, the increasing expansion of
diseases caused by MSRV infection has led to serious economic losses to the aquaculture
industry (20, 21). There are many studies on the mechanism of host cell invasion by the
family Rhabdoviridae (5, 22-24), but only a few of them focus on the genus Perhabdovi-
rus. Persistent MSRV infection has been demonstrated in epithelioma papulosum cyprinid
(EPC) cells, and numerous studies of MSRV have been conducted in EPC cells (20, 25).
However, little is known about the early events of MSRV infections and their mechanisms
for MSRV internalization into host cells.

Here, the single-virus tracking, molecular, and pharmacological methods have been
combined to investigate the internalization mechanism of MSRV entry into EPC cells.
Our results indicated that MSRV entry into EPC cells is dependent on clathrin-medi-
ated endocytosis, low pH, microtubule, early/late endosomes, and lysosomes, but not
caveola-mediated endocytosis or macropinocytosis. Together, the results improve our
understanding of the mechanisms of MSRV internalization into EPC cells.

RESULTS
Characterization of labeled MSRV and real-time tracking of MSRV

In order to visualize the cell entry process of MSRV, we labeled MSRV with 1,1"-diocta-
decyl-3,3,3",3"-tetramethylindodicarbocyanine,4-chlorobenzenesulfonate salt (DiD). The
results of transmission electron microscope (TEM) showed that the purified DiD-MSRV
particles also kept intact structure compared with unlabeled MSRV (Fig. 1A), indicating
that the labeling approach does not interfere with viral biological structure. Meanwhile,
MSRV viral RNA of unlabeled MSRV and DiD-MSRV were determined by real-time
quantitative PCR (RT-gPCR). There was no significant difference between unlabeled
and labeled MSRV (Fig. 1B) at different time points, suggesting the viral infectivity of
DiD-MSRYV is not affected by the DiD conjunction.

Single-virus tracking in real-time allows us to explore the dynamic process of viruses
in the cytoplasm (26, 27). Here, MSRV transport in EPC cells was tracked by real-time
imaging at the single virus level. Snapshots showed that a single particle of DiD-MSRV
attached to the cell membrane and was immediately internalized into the cell cytoplasm
(Fig. 1C; Video S1). The initial motion of virus attachment was slow (blue curve,
0.018 um/s). After entering the cell, the virus underwent a relatively rapid (red curve,
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FIG 1 Characterization of labeled MSRV and real-time tracking of MSRV. (A) Transmission electron
microscope images of unlabeled MSRV (left) and DiD (1,1"-dioctadecyl-3,3,3",3"-tetramethylindodicar-
bocyanine,4-chlorobenzenesulfonate salt) labeled MSRV (right). Scale bars represent 50 nm. (B) Viral
infection of DiD-MSRYV in epithelioma papulosum cyprinid (EPC) cells. Cells were infected with MSRV at a
multiplicity of infection (MOI) of 0.1. Viral RNA copy number was determined by RT-qPCR at 4, 6, 8, 12,
24, 48, and 72 hpi. (C) Confocal images of DiD-MSRV in MSRV infected EPC cells. White circles indicate
the position of the virus. Dashed lines represent the plasma membrane. Red lines indicate the typical
trajectories of virus. Scale bar = 2 um. (D) Instantaneous velocity of the virus. Blue and red lines separately
represent the slow and rapid movement of virus. (E) Mean-squared displacement (MSD)-time plots of viral

movement.

0.048 pm/s) and directed movement in the cytoplasm (Fig. 1D and E). The results
demonstrated that DiD-MSRV underwent directed movement toward the cell interior,
and the movement was a slow-fast process. The results indicated that DiD-MSRV could
be used for real-time tracking virus in live EPC cells.

MSRYV entry into EPC cells is low pH-dependent

To initiate efficient infection, many viruses utilize the acidic environment of the
endosomal system to enter cells (22, 27, 28). In order to assess whether MSRV entry
is pH-dependent, EPC cells were first pretreated with the weakly basic amines NH4Cl
or the acidification of endosomal vesicles inhibitor chloroquine (CQ), then cells were
infected with MSRV. The results showed that NH4Cl did not impact cell viability at
concentrations of 20 mM or lower, whereas the working concentrations of CQ ranged
from 0 to 20 uM (Fig. 2A). Both inhibitors reduced MSRV infection in a dose-dependent
manner compared with the level in control cells. A concentration of 20 mM NH,4Cl or
20 uM CQ led to 99.99% or 98.78% reduction of the viral RNA, respectively (Fig. 2A).
Similarly, both inhibitors reduced viral protein synthesis in a dose-dependent manner
(Fig. 1Band Q).
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FIG 2 MSRV entry into EPC cells depends on low-pH. (A, B, and C) NH4Cl and chloroquine (CQ) inhibited MSRV infection.
Cells were pretreated with indicated concentrations of NH4Cl and CQ at 25°C for 2 h and then infected with MSRV (MOI
of 0.1) at 25°C for 2 h. At 24 hpi, cells were lysed to detect viral RNA by RT-qPCR and N protein by western blotting (WB).
The cell viability of the indicated inhibitors was determined individually using cell counting Kit 8 (CCK-8). The expression
of MSRV N protein was quantified by normalizing to 3-actin and relative to the control-treated group. (D) NH4Cl and CQ
attenuated the internalization of MSRV. Cells were pretreated with NH4Cl (20 mM) or CQ (20 pM) for 2 h, then incubated with
DiD-MSRV (MOI of 50) for 0.5 h in the presence of inhibitor, and the fluorescence was determined by confocal fluorescence
microscopy. Images were analyzed with ImageJ, and internalization of MSRV was calculated by measuring the percentage
of intracellular fluorescence intensity to whole-cell fluorescence intensity. Thirty cells were depicted in each experiment and

three independent experiments were carried out. Error bars represent standard deviations. *, P < 0.05; **, P < 0.01.

Furthermore, we investigated the effect of pH on the internalization of MSRV. In EPC
cells infected with DiD-MSRV (pretreated with NH4Cl or CQ) a pattern of fluorescence
signal remained on the cell membrane but failed to reach the cytoplasm (Fig. 2D).
Further statistical analyses were performed to calculate the internalization rate of DiD-
MSRV. In the presence of endosome acidification inhibitors, the internalization rate was
apparently reduced, with a rate of 50.11% for NH4Cl and 63.76% for CQ, respectively (Fig.
2D). This result indicated that internalization of the DiD-MSRV is effectively suppressed
by NH4Cl or CQ.

MSRV entry depends on dynamin

Dynamin is a GTPase that is responsible for endocytosis, especially in cellular membrane
fission during vesicle formation. Dynamin has been demonstrated to be required in the
internalization of numerous viruses (29). Thus, we explored the role of dynamin in MSRV
entry. Dynasore, a cell-permeable non-competitive dynamin GTPase activity inhibitor
(30), was used in this study. EPC cells were treated with increasing concentrations of
dynasore, and the cytotoxicity test showed that dynasore did not impact cell viability at
concentrations of 100 uM or lower (Fig. 3A). Next, EPC cells were treated with dynasore
and infected with MSRYV, followed by detecting viral RNA with RT-qPCR and protein with
western blotting (WB). As shown in Fig. 3A and B, a dose-dependent reduction of viral
RNA and protein levels was observed in dynasore-treated groups.
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FIG 3 MSRV entry depends on dynamin. (A and B) Dynasore inhibited MSRV infection. Cells were
pretreated with indicated concentrations of dynasore for 2 h and then infected with MSRV (MOI of 0.1)
for 2 h at 25°C. At 24 hpi, cells were lysed to detect viral RNA copy by RT-qPCR and N protein by WB. The
cell viability of the dynasore was determined using CCK-8. (C) Dynasore attenuated the internalization
of MSRV. Cells were pretreated with dynasore (100 uM) for 2 h, then incubated with DiD-MSRV (MOI
of 50) for 0.5 h, and the fluorescence was determined by confocal fluorescence microscopy. (D, E, and
F) Dynamin knockdown restrained MSRV infection. siDyn or siCtrl-transfected cells were infected with
MSRV (MOI of 0.1) for 24 h. Cells were lysed to determine viral RNA by RT-qPCR and N protein by WB.
The presented results represent the means and standard deviations of data from three independent
experiments. *, P < 0.05; **, P < 0.01. (G) The colocalization of MSRV with dynamin. Cells were transfected
with pEGFP-Dyn and incubated with DiD-MSRV for 30 min at 25°C before imaging.

In the internalization assay, the fluorescence signal of DiD-MSRV transferred to the
cytoplasm in control cells, while the fluorescence signal of DiD-MSRV distributed at the
cell periphery in dynasore-treated cells. The internalization rate in dynasore-treated cells
was 37.46% in comparison with the control group (Fig. 3C). Moreover, we evaluated the
role of dynamin in MSRV infection. RT-gPCR demonstrated the validity of siRNA-
mediated knockdown of dynamin (Fig. 3D). Compared with siCtrl, siDyn-1 significantly
decreased MSRV infection, as evidenced by the notably reduced viral RNA and protein
expression (Fig. 3E and F). The localization of MSRV with dynamin was analyzed by
confocal microscopy. As shown in Fig. 3G, the colocalization of DiD-MSRV and GFP-Dyn
was observed. These results indicated that MSRV entry into EPC cells is dynamin-
dependent.
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MSRYV enters EPC cells via clathrin-mediated endocytosis

We further investigated whether MSRV enters EPC cells via clathrin-mediated endocyto-
sis. This is because dynamin has been reported to participate in both clathrin- and
caveolin-mediated endocytosis, and some rhabdovirus have been established to infect
through clathrin-mediated endocytosis (31, 32). First of all, cell viability upon chlorpro-
mazine (CPZ) or sucrose (specificity inhibitor of clathrin-mediated endocytosis) treatment
was determined to exclude cytotoxic effects. EPC cell viability remained unchanged
at up to 10 uM for CPZ and 200 mM for sucrose (Fig. 4A), as expected. Cells were
treated with CPZ or sucrose and infected with MSRYV, followed by detecting viral RNA
with RT-qPCR and protein with WB. Both CPZ and sucrose suppressed MSRV infection
in a dose-dependent manner. A concentration of 10 uM CPZ or 100 mM sucrose led to
99.4% or 97.2% reduction of viral RNA copies (Fig. 4A). Similarly, both inhibitors reduced
viral protein synthesis in a dose-dependent manner (Fig. 4B and C). Next, the effect of
clathrin-mediated endocytosis on the internalization of MSRV was analyzed by confocal
microscopy. The cells were pretreated with 10 uM CPZ or 100 mM sucrose, then infected
with DiD-MSRV, and finally the fluorescence was determined by confocal microscopy.
In CPZ- or sucrose-treated cells, the fluorescence signal rested on the cell periphery,
while the fluorescence signal transferred to the cytoplasm in control cells. After inhibitor
treatment, the internalization rate of MSRV was reduced by 61% for CPZ and 31% for
sucrose, respectively (Fig. 4D).

Clathrin is a protein that plays a critical role in the formation of CCP and CCV. Clathrin
heavy chain (CHC) and light chain (CLC) form a triskelion shape, which is a vital compo-
nent for regulating the formation and disassembly of the clathrin lattice (33). Here, we
assessed the role of clathrin during MSRV infection by siRNA knockdown of CLC.
Depletion of CLC in EPC cells was confirmed by RT-qPCR (Fig. 4E). Besides, EPC cells were
transfected with siCLC or siCtrl and then infected with MSRV at a multiplicity of infection
(MOQI) of 0.1. MSRV RNA levels were quantitated by RT-gPCR and protein was detected by
WB. Figure 4F and G show that viral RNA and protein decreased significantly in siCLC-
transfected cells compared to those in siCtrl-transfected cells. Finally, confocal micro-
scopy was used to detect the colocalization of MSRV with CLC. DiD-MSRV (red)
colocalized with GFP-CLC (green) was observed in Fig. 4H. Taken together, these results
showed MSRV entry into EPC cells through clathrin-mediated endocytosis.

MSRYV entry into EPC cells is caveola-mediated endocytosis independent

Except for clathrin-mediated endocytosis, dynamin was also implicated in caveola-
mediated endocytosis (34), so the role of caveola-mediated endocytosis during MSRV
entry into EPC was evaluated in the following experiment. EPC cells were treated with
various concentrations of genistin and nystatin [with known functions of disrupting the
caveola-mediated endocytosis (35)] for 2 h, followed by MSRV infection. At 24 h post
infection (hpi), viral RNA was determined via RT-qPCR and proteins were detected by WB.
The results of the cellular viability assay showed that EPC cells tolerated up to 100 pM
genistin and 20 uM nystatin (Fig. 5A). Moreover, there was no significant reduction in the
number of MSRV RNA in EPC cells when genistin or nystatin was present, indicating that
genistin or nystatin negatively inhibit MSRV infection. Meanwhile, a similar phenomenon
appeared in the expression of protein (Fig. 5B and C). In addition, the effect of caveola-
mediated endocytosis on the internalization of MSRV was analyzed. As demonstrated by
confocal fluorescence microscopy, all the DiD-MSRV fluorescence signal was internalized
to cytoplasm in a different group (Fig. 5D), indicating genistin and nystatin have no effect
on MSRYV internalized to EPC cells.

Caveolae are composed of caveolin membrane proteins that can bud from the plasma
membrane to form vesicles and participate in the entry of viruses. Caveolin-1 is impor-
tant for the formation and stability of caveolae (36). The localization of MSRV with
caveolin-1 was analyzed by confocal microscopy. As shown in Fig. 5E, there was no
colocalization between DiD-MSRV and GFP-Cav in EPC cells. These results turned out that
the entry of MSRV into EPC cells is independent of caveola-mediated endocytosis.
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FIG 4 MSRV enters EPC cells via clathrin-mediated endocytosis. (A, B, and C) Chlorpromazine (CPZ) and
sucrose inhibited MSRV infection. EPC cells treated with increasing concentrations of CPZ or sucrose were
incubated with MSRV for 2 h at 25°C. At 24 hpi, cells were lysed to detect viral RNA by RT-qPCR and
N protein expression by WB. The cell viability of inhibitors was determined using CCK-8. (D) CPZ and
sucrose suppressed the internalization of DiD-MSRV. Cells were incubated with DiD-MSRV for 0.5 h after
pretreating with 10 pM CPZ or 100 mM sucrose for 2 h, the fluorescence was determined by confocal
fluorescence microscopy. (E, F, and G) Clathrin light chain (CLC) knockdown inhibited MSRV infection.
siCLC- or siCtrl-transfected cells were infected with MSRV. At 24 hpi, the cells were lysed to detect the viral
RNA or N protein via RT-qPCR or WB, respectively. (H) The colocalization of MSRV with CLC. Cells were
transfected with pEGFP-CLC and incubated with DiD-MSRV for 30 min at 25°C before imaging.

MSRYV entry into EPC cells is macropinocytosis independent

Micropinocytosis is a non-selective endocytic pathway that mainly mediates fluid and
membrane uptake under physiological conditions (37). Previous studies have shown that
micropinocytosis is involved in rhabdovirus endocytosis (5). Here, 5-(N-methyl-N-
isobutyl) amiloride (MIBA) and blebbistatin [with known functions of disrupting the
micropinocytosis endocytosis (38)] were used to analyze the role of micropinocytosis
during MSRV entry EPC cells. The cell viability of treated cells was unaffected by MIBA
and blebbistatin at the concentrations used in these experiments (Fig. 6A). The effects of
MIBA and blebbistatin on the replication of MSRV in EPC cells were tested as described
above. The results of infection assay suggested that MIBA and blebbistatin had no
impact on MSRV infection (Fig. 6A). Also, there was no significant difference between N
protein expression among cells treated with inhibitors and control cells (Fig. 6B and C).
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FIG 5 Caveola is not required for MSRV entry. (A, B, and C) Genistin and nystatin had no effect on
MSRYV infection. EPC cells were treated with indicated concentration of inhibitors for 2 h at 25°C. The
cells were then incubated with MSRV (MOI = 0.1) in the presence of inhibitors for 2 h. Dimethyl sulfoxide
(DMSO) was severed as the negative control. At 24 hpi, viral RNA was quantified by RT-qPCR and N
protein was determined by WB. (D) Cells were incubated with 100 pM genistin or 20 pM nystatin and
then infected with DiD-MSRV at MOI of 50. The internalization assay was performed as described above.
The fluorescence signal of DiD-MSRV was determined by confocal fluorescence microscopy. (E) The
colocalization of MSRV with caveolin-1. Cells were transfected with pEGFP-Cav and incubated with
DiD-MSRYV for 30 min at 25°C before imaging.

Furthermore, the results of internalization assay demonstrated no significant difference
in the mean fluorescence intensity of DiD-MSRV between inhibitors and control cells (Fig.
6D). Together, MIBA and blebbistatin had no effects on infection and internalization of
MSRYV entry EPC cells, indicating that the endocytosis of MSRV in EPC cells is independent
on macropinocytosis.

MSRV entry into EPC cells is microtubule-dependent

Upon internalization, many viruses are delivered to endosomal compartments and
transported along the microtubule (22). Nocodazole disrupts microtubule by interfering
with the polymerization of microtubule, thus restraining vesicular trafficking (39). To
examine the potential role of microtubule in MSRV infection, we treated EPC cells with
increasing concentrations of nocodazole prior to infection. As a result, the cell viability of
treated cells was unaffected by nocodazole at the concentrations used in these experi-
ments (Fig. 7A). Following the pretreatment with 10 uM nocodazole, viral RNA reduced to
99.8% of untreated cells. As expected, N protein expression was decreased by nocoda-
zole in a dose-dependent manner (Fig. 7B).

To further investigate the role of the microtubule in MSRV entry into EPC cells, a
tubulin-tracker was used to lab the microtubule. As shown in Fig. 7C through E; Video S2,
DiD-MSRYV particle retrograde transported along microtubule from the cell periphery to
cell interior, implying MSRV was transported via a microtubule-dependent route. The
trajectory analysis showed that the DiD-MSRV moved in a rapid and directional
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blebbistatin did not restrain MSRV infection. EPC cells were treated with indicated concentration of inhibitors for 2 h at 25°C.
The cells were then incubated with MSRV (MOI = 0.1) in the presence of inhibitors for 2 h. DMSO was severed as the negative
control. At 24 hpi, viral RNA was quantified by RT-qPCR and N protein was determined by WB. (D) Cells were incubated with
10 uM MIBA or 40 uM blebbistatin and then infected with DiD-MSRV at MOI of 50. The internalization assay was performed as

described above. The fluorescence signal of DiD-MSRV was determined by confocal fluorescence microscopy.

movement along microtubule (red curve, 0.040 pm/s), and then moved slowly once the
MSRYV virions arrived at the intersections (blue curve, 0.018 pum/s). These results demon-
strated that MSRV virions retrograde transport along microtubule from the cell periphery
to cell interior.

Intracellular trafficking and the role of Rab5 and Rab7 in MSRV internaliza-
tion

After identification of the internalization pathway hijacked by MSRV, we next tracked the
transport vesicles utilized by incoming MSRV. Early endosomes mature into late endo-
somes by increasing the acidity of the cavity through proton pump activity. At the same
time, late endosomes can become larger vesicles by fusing with the same type of
endosomes and preparing to fuse with lysosomes (10, 40). Rab5 and Rab7 GTPases are
required for the transport of endocytosed cargo to early or late endosomes (11, 41).
Accordingly, we interfered with the expression of Rab5 involved in early endosomes and
Rab7 involved in late endosomes. siRab5 obviously inhibited the expression of Rab5 in
EPC cells (Fig. 8A), the suppression rates of siRab5-1 and siRab5-2 were 55% and 42%,
respectively. Therefore, siRab5-2 was selected for the subsequent experiment (Fig. 8A).
Similarly, siRab7-2 was selected (Fig. 8D). Quantification of MSRV RNA showed that
knockdown of Rab5 or Rab7 significantly blocked virus infection (Fig. 8B and E), compar-
ing to those in siCtrl-transfected cells. Also, the knockdown of Rab5 and Rab7 was
accompanied by lower expression of MSRV N protein (0.66-fold and 0.68-fold, respec-
tively). The above results demonstrated that the MSRV infection is inefficient when the
transport pathway is suppressed by the knockdown of Rab5 or Rab7.
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FIG 7 MSRV entry into EPC cells is microtubule dependent. (A and B) Nocodazole inhibited MSRV
infection. Cells were pretreated with nocodazole at the indicated concentrations and then infected
with MSRV in the presence of nocodazole. At 24 hpi, viral RNA was quantified by RT-gPCR and the
level of N protein was analyzed by WB. The cell viability was determined using CCK-8. (C) Real-time
imaging of DiD-MSRV transport along microtubule. Cells were incubated with tubulin-tracker for 1 h, and
the unbound tracker was washed with phosphate-buffered saline. The cells were then incubated with
DiD-MSRV (MOI = 50) at 25°C before imaging. The fluorescence was determined by confocal fluorescence
microscopy. White circles indicate the position of the virus. Dashed lines represent the plasma membrane.

(D) Instantaneous velocity of the virus. (E) MSD-time plots of viral movement.

We also identified whether viral particles co-located with early endosomes, late
endosomes, and lysosomes. Here, the early endosomes and late endosomes were
labeled by transfection with pEGFP-Rab5 and pEGFP-Rab7, respectively, lysosomes were
stained with lyso-tracker. As shown in Fig. 9, the colocalization of DiD-MSRV with vesicle
markers was observed from 5 to 30 min post infection. At 5 min post infection, MSRV
particles colocalized with Rab5. At 15 min post infection, MSRV strongly colocalized with
Rab5 or Rab7. At 30 min post infection, MSRV strongly colocalized with late Rab7 or lyso-
tracker. DiD could insert into the phospholipid of the virus envelope to label the virus (8).
After the fusion of the viral envelope with the endosome membrane and the subsequent
release (uncoating) of the viral nucleocapsid, we were not sure whether the red fluores-
cence observed in the late endosomes and lysosomes was the viral envelope or the
whole virion. To solve this problem, we studied the colocalization of MSRV N protein with
early/late endosomes and lysosomes. The results showed that endogenous N protein
colocalized with Rab5, Rab7, or lyso-tracker at 15 min post infection (Fig. S1). Altogether,
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FIG 8 Rab5 and Rab7 are required for MSRV endocytosis. (A) The knockdown efficiency of Rab5. EPC cells were transfected
with siCtrl, siRab5-1, or siRab5-2. At 24 h post transfection, the cells were collected for detecting the quantity of Rab5 by
RT-gPCR. B-actin was used as the internal control. (B and C) Rab5 knockdown reduced the replication of MSRV. EPC cells were
transfected with siRab5-2 or siCtrl, and infected with MSRV (MOI of 0.1) at 24 h post transfection. At 24 hpi, the viral RNA of
infected cells was determined by RT-qPCR, and the N protein expression was detected by WB. (D) The knockdown efficiency
of Rab7. The experiment procedure was the same as above. (E and F) Rab7 knockdown reduced the replication of MSRV. The

experiment procedure was the same as above.

these data supported the idea that MSRV transports from early endosomes to late
endosomes and further into lysosomes to initiate an infectious cycle.

DISCUSSION

Virus entry into host cell is the first step of infection and requires the synergistic action of
several host cell factors. Thus, characterization of viral entry pathway is crucial for
understanding virus pathogenesis and the development of antiviral drugs (39, 42). MSRV
is a dominant pathogen causing a highly contagious largemouth bass disease and
leading to considerable economic losses. However, little information is available about
the pathway of MSRV entry into host cell. In this study, single-virus tracking in living cells
was used to dynamically reveal the early stages of MSRV infection, including the
endocytic pathway and endosome trafficking, which were previously not fully under-
stood.

Enveloped virus entry into host cells through two different ways: endocytosis or
membrane fusion mediated by enveloped glycoproteins (3). Previously, it was demon-
strated that rabies virus (RABV) (28, 43), infectious hematopoietic necrosis virus (IHNV)
(22), vesicular stomatitis virus (VSV) (44), bovine ephemeral fever virus (BEFV) (45), and
Australian bat lyssavirus (ABLV) (46) enter cells via clathrin-mediated endocytosis, while
spring viraemia of carp virus (SVCV) enters cells via clathrin-mediated endocytosis and
micropinocytosis (5). Based on its similarity to other rhabdoviruses, we hypothesized that
MSRYV enters EPC cells by endocytosis. Endocytosis of most enveloped viruses requires an
acidic endosomal environment to trigger fusion of the viral envelope with the endosome
membrane, followed by internalization into the cytoplasm (3). As demonstrated in the
previous study, the infection of BEFV is restrained by NH4Cl, suggesting that BEFV entry is
mediated by low pH and needs pH-triggered fusion (45). In this study, treatment of
chemical inhibitors (CQ and NH4Cl) reduced MSRV internalization and propagation,
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FIG 9 Co-localization of DiD-MSRV and endosome-lysosome. For Rab5 and Rab7, EPC cells were
transfected with pEGFP-Rab5 or pEGFP-Rab7, and infected with DiD-MSRV 24 h post transfection.
For lysosome, EPC cells were treated with lyso-tracker for 30 min, followed by DiD-MSRV infection.
The fluorescence signal was observed by LSM880. Red signal: DiD-MSRV; green signal: Rab5, Rab7, or
lysosome.

indicating that low pH in endosomes is required for MSRV infection. To further investi-
gate whether MSRV utilized clathrin-mediated endocytosis to enter cells, we used
chemistry inhibitors (CPZ or sucrose) or knockdown CLC by siRNA to specifically interfere
clathrin-mediated endocytosis in EPC cells. We found that there was a downward trend in
MSRV internalization and propagation when clathrin-mediated endocytosis was
interfered. Therefore, we propose that MSRV enters EPC cells through clathrin-mediated
endocytosis in a pH-dependent manner.

Dynamin is a high-molecular-weight GTPase that mediates the pinch of endocytic
vesicles from plasma membranes during clathrin-mediated endocytosis and lipid raft/
caveola-based endocytosis (47). However, little is currently known about the involvement
of dynamin in the MSRV entry. Here, using chemistry inhibitor (dynasore) and dynamin-
specific siRNA, we demonstrated the essential role of dynamin in the endocytosis of
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MSRV entry process. Moreover, the colocalization of MSRV with dynamin detected by
confocal microscopy reinforced the important role of dynamin in MSRV entry process.

Caveola-mediated endocytosis and macropinocytosis are two other endocytosis
pathways that participated in the entry of viruses (3). Both clathrin- and caveolae-medi-
ated endocytosis are dependent on dynamin, while macropinocytosis is independent
of dynamin (3). Some viruses adopt more than one endocytosis pathway, such as
SVCV, which enters EPC cells via clathrin-mediated endocytosis and micropinocytosis
(5). Due to the requirement of dynamin in the entry of MSRV shown by our data, it
indicated the potential roles of clathrin-mediated endocytosis and caveola-mediated
endocytosis in the entry of MSRV into EPC cells. Further results demonstrated that the
entry of MSRV in EPC cells was dependent on clathrin-mediated endocytosis rather
than caveola-mediated endocytosis and micropinocytosis (Fig. 5 and 6). Additionally,
some viruses may enter different types of cells through different endocytic pathways,
such as Japanese encephalitis virus enters human rhabdomyosarcoma cells via clathrin-
mediated endocytosis, but utilizes caveola-mediated endocytosis when infecting Jurkat
T and mouse L929 cells (48). It has been reported that MSRV could infect diverse
cells, including EPC, grass carp ovary cells, and largemouth bass skin cells (49), but
understanding whether MSRV adopts the same endocytosis pathway in these cells needs
further research.

Our final research question is the virus trafficking route. The classical trafficking route
of clathrin-mediated endocytosis is the endosome/lysosome pathway, in which vesicular
cargoes are transported along endocytic vesicles, early endosomes, late endosomes, or
lysosomes (3). By using DiD-labeled MSRV and staining the endosomes/lysosomes with
specific markers, we identified the virus trafficking route. The incoming of MSRV virions
entered into early endosomes within 5 min; after that, MSRV virions were delivered
into late endosomes (15 min); finally, virus particles reached lysosome (30 min). In
this process, Rab5 and Rab7 GTPases are key transport regulators of early and late
endosomes. Accumulating evidence also demonstrated that the entry of some members
of rhabdoviruses into host cells depends on Rab5, or/and Rab7, including IHNV (22),
RABV (15), and BEFV (45). Here, downregulating Rab5 and Rab7 with siRNA showed that
Rab5 and Rab7 were required for the trafficking of MSRV virions following endocytosis.
Moreover, the colocalization of MSRV virions with Rab5 or Rab7 supported the conclu-
sion that Rab5 or Rab7 was involved in MSRV endocytosis. Overall, the data confirmed
that MSRYV traffics from early endosomes to late endosomes and further into lysosomes
to initiate an infectious cycle, a process which is dependent on Rab5 and Rab7.

In the present study, using single-virus tracking, we comprehensively revealed the
dynamic interaction of MSRV, clathrin, microtubule, early/late endosomes, and lyso-
somes. Our results provide concrete evidence that MSRV entry occurs by pH-, dynamin-,
and microtubule-dependent, clathrin-mediated endocytosis pathway, and that it traffics
via the endosome/lysosome pathway.(Fig. 10) Clarification of the entry pathway of MSRV
will promote our understanding about the cellular entry mechanism of rhabdoviruses
and provide insight into the development of novel therapeutic approaches.

MATERIALS AND METHODS
Cell culture, virus propagation, and purification

The EPC cell line used in this study was maintained in M199 medium (Gibco, Carlsbad,
USA) supplemented with 10% fetal bovine serum (Gibco) and antibiotics (100 U/mL
penicillin and 100 mg/mL streptomycin) at 25°C.

MSRV (MSRV-YHO1, GenBank accession no. MK397811.2) was kindly provided by Jia-
yun Yao, Zhejiang Institute of Freshwater Fisheries, Huzhou City, Zhejiang province,
China. The culture conditions for the EPC cells and the MSRYV strain have been described
in previous studies (25).
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FIG 10 Models of cellular entry and trafficking of MSRV in EPC cells. MSRV attaches cell surface and is internalized
from the plasma membrane via clathrin-mediated endocytosis. The virus-containing clathrin-coated vesicle is taken up
into Rab5-containing early endosomes in a clathrin-, dynamin-, microtubule-, and Rab5-dependent manner. Through
endosome maturation, the virus-containing endosomes acquire Rab7 and become luminal components of Rab7-containing
late endosomes. Late endosomes fuse with lysosomes and transport the virus to lysosomes. The low pH of the endosomal
system is required for MSRV internalization and the subsequent transport steps.

MSRV with 0.1 MOI was propagated in confluent monolayers of EPC cells. After a few
days of infection, once the cytopathic effect (CPE) was sufficient, the supernatant
containing MSRV was collected and viral purification was implemented. The virus was
rapidly frozen and thawed three times. Viral supernatant was centrifuged at 8,000 x g for
20 min at 4°C to remove cell debris, and then centrifuged at 120,000 x g for 2 h at 4°C to
concentrate viruses. After being suspended in TN buffer (50 mM Tris-HCI, 150 mM Nadl,
pH 7.5), the virus was purified using a gradient of 15% to 60% (wt/vol) sucrose at 120,000
x g for 2 h. The resulting virus bands in sucrose solution were collected and centrifuged
to remove sucrose.

Reagents

CPZ, MIBA, hyperosmotic sucrose, and NH4Cl were purchased from Sigma-Aldrich
(St. Louis, USA). Nystatin, genistin, CQ, blebbistatin, dynasore, and nocodazole were
purchased from MCE (Monmouth, USA). Lyso-tracker green, lipophilic tracer DiD,
tubulin-tracker, lipofectamine 3000, and Opti-MEM were purchased from Thermo Fisher
Scientific (Carlsbad, USA). N protein polyclonal antibody was kept in our lab. LAMP2
polyclonal antibody was purchased from Thermo Fisher Scientific. f-actin monoclonal
antibodies and HRP-conjugated goat anti-mouse IgG were supplied by ABclonal (Wuhan,
China).
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MSRYV labeling

MSRV was labeled with DiD according to the manufacturer’s instructions. Briefly, the
purified MSRV particles were incubated with 10 mM DiD with gentle shaking for 2 h
in dark at room temperature. Upon completion of labeling, unincorporated DiD was
removed by buffer exchange into the phosphate-buffered saline (PBS) using NAP-10
filtration column (GE Healthcare, USA). The titer of the labeled MSRV particles was
determined in EPC cells.

Transmission electron microscope

The morphology of DiD-MSRV virions and unlabeled MSRV virions were analyzed by
TEM. The purified MSRV and DiD-MSRV were adsorbed on carbon-coated copper grids
and negatively stained with 2% (wt/vol) phosphotungstic acid (PTA, pH 6.8). Then, the
prepared copper grids were observed under Hitachi SU8010 TEM (Tokyo, Japan).

Virus tracking and analysis

In order to track the single-virus particle movement during virus entry into live cells, EPC
cells were grown on the confocal dish, after DiD-MSRV was added to the cultured cells,
the cells were placed in the CLSM cell culture room (25°C) for live cell imaging. Take video
with Zeiss LSM880 microscope (Carl Zeiss, Jena, Germany). Fluorescence was excited at
wavelengths of 633 nm, and images were captured at 3.726 s intervals, up to 10 min.
Trajectories and velocities were measured using ImageJ software. The movement of the
fluorescence was analyzed by mean-squared displacement (MSD) against time plots.

Cell viability assay

Cytotoxic effects of all inhibitors were determined by cell counting Kit 8 (CCK-8)
(Beyotime, Hangzhou, China). First, EPC cells were pretreated with different concentra-
tions of inhibitors for 24 h. After incubation, the inhibitors were removed and a 10-pL
CCK-8 reagent was added for 2 h. The optical density was measured at 450 nm by
microplate reader (Potenov, Beijing, China).

Internalization and replication assays

For the replication experiments, EPC cells were seeded in 24-well plates and grown
overnight at 25°C. Then, cells were pretreated with the indicated concentration of
inhibitors for 2 h at 25°C. MSRV was added at an MOI of 0.1 in the presence of the
drugs. After 2 h of incubation, washing the cells with M199 medium, the cells were
subsequently cultured with M199 containing 2% FBS at 25°C for 24 h. The cells were
collected and subjected to detect viral copy by RT-qPCR or viral protein by WB.

For the internalization assays, EPC cells seeded in confocal dish were treated with
different concentrations of inhibitors for 2 h at 25°C. After precooling with 4°C PBS,
the cells were infected with DID-labeled MSRV at an MOI of 50 at 4°C for 30 min. The
unincorporated virus by PBS was removed, and the cells were subsequently cultured
with medium containing 2% FBS at 25°C for 30 min. Finally, the cells were fixed with 4%
paraformaldehyde and photographed using LSM880. To monitor the effect of inhibitors,
the fluorescence intensities of DID-labeled-MSRV were quantified by averaging the pixel
intensities of representative cells by using ImageJ software. A total of 10 micrographs at
100x magnification were randomly selected to determine the internalization percentage
of cells.

Plasmid construction and transfection

The sequences of CLC (accession number XM_019108370.2), dynamin-1 (accession
number XM_042751545.1), caveolin-1 (Cav) (accession number XM_019082172.2), Rab-5
(accession number XM_042776625.1), and Rab-7 (accession number XM_019098402.2)
genes were amplified by reverse transcriptase PCR from EPC cells and then inserted into
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PEGFP-N1 (Clontech, Palo Alto, USA), respectively, to generate the recombinant plasmids
pEGFP-CLC, pEGFP-Dyn, pEGFP-Cav, pEGFP-Rab5, and pEGFP-Rab7. The primers have
been listed in Table S1.

EPC cells that grew to approximately 70-80% confluence in dishes were transfected
using lipofectamine 3000 (Invitrogen, Carlsbad, USA). Briefly, 1 ug of each recombinant
plasmid and 2 pL of P3000 were diluted in 50 pL of Opti-MEM and combined with 50
pL of Opti-MEM containing 2 pL lipofectamine 3000. After 15 min incubation at room
temperature, the DNA-lipid complexes were added to the EPC cells, and cell cultures
were incubated for 6 h at 25°C. After 6 h incubation, the medium was replaced by
complete medium. After 24-48 h incubation, cells were subjected to further assays.

Western blotting

The cell extracts were collected for WB. Cell lysates were fractionated by 12% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred into
0.45 um polyvinylidene difluoride membrane (Merck Millipore, Darmstadt, Germany).
Membrane was blocked with 5% nonfat milk and incubated with indicated primary
antibody. Next, the membrane was incubated with HRP conjugated secondary antibody.
Finally, the membrane was conducted by ECL WB analysis kit (Thermo Fisher, USA). In
order to determine protein level, optical density of the bands was quantified by Image)
software.

Real-time quantitative PCR

Total RNA was extracted by TRIzol reagent (Invitrogen). cDNA synthesis was carried using
Transcriptase M-MLV Kit (TaKaRa, Dalian, China). Quantitative PCR was performed on
the ABI QuantStudio 3 Real-Time PCR System (Applied Biosystems, Foster City, USA)
using TB Green Premix Ex Taq (Takara). The target genes were calculated by the 27447
method. Data were presented as gene expression levels normalized with B-actin or as
fold changes in comparison to the control group.

Statistical analysis

All data were presented as means of the standard deviations (SD) and were performed by
one-way ANOVA using IBM SPSS 22.0. Statistical significance of the difference between
groups is denoted by asterisks (*, P < 0.05; **, P < 0.01).
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