
Title Studies on the viral proliferation and pathogenicity of flaviviruses isolated from mosquitoes
and wild animals in Zambia

Author(s) 小林, 広子

Degree Grantor 北海道大学

Degree Name 博士(獣医学)

Dissertation Number 甲第16476号

Issue Date 2025-03-25

DOI https://doi.org/10.14943/doctoral.k16476

Doc URL https://hdl.handle.net/2115/95518

Type doctoral thesis

File Information Hiroko_Kobayashi.pdf

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP



  

 

 

 

Studies on the viral proliferation and pathogenicity of 

flaviviruses isolated from mosquitoes and wild animals 

in Zambia 

 

(ザンビアの蚊および野生動物から単離された 

フラビウイルスの増殖機構と病原性解析) 

 

 

 

Hiroko Kobayashi 

  



 

CONTENTS 
 

ABBREVIATIONS……………………………………………………………………..1 
NOTES…………………………………………………………………………………..3 

GENERAL INTRODUCTION………………………………………………………...4 
 

CHAPTER 1. In vitro characterization of WNV strain isolated from crocodiles in 
Zambia  
Introduction……………………………………………………………………………....6 

Materials & Methods……………………………………………………………………..7 

Results…………………………………………………………………………………..11 

Discussion………………………………………………………………………………14 

Summary………………………………………………………………………………..15 

 

CHAPTER 2. Investigation of pathogenicity in mice of WNVs isolated from 
crocodiles and mosquitoes in Zambia 
Introduction……………………………………………………………………………..22 

Materials & Methods……………………………………………………………………23 

Results…………………………………………………………………………………..25 

Discussion………………………………………………………………………………27 

Summary………………………………………………………………………………..29 

 

CONCLUSION………………………………………………………………………..35 
ACKNOWLEDGEMENTS…………………………………………………………..36 
REFERENCES………………………………………………………………………..38 

SUMMARY IN JAPANESE………………………………………………………….46 

 

  



 1 

ABBREVIATIONS 

 

ATCC: American Type Culture Collection 

bp: base pairs 

BSA: bovine serum albumin 

BW: body weight 

C: core 

COVID-19: Coronavirus disease 2019 

Croc110: strain Croc110/2019/1/ZM 

CPE: cytopathic effect 

DMEM: Dulbecco’s modified eagle medium 

dpi: days post infection 

E: envelope 

EDTA: ethylenediaminetetraacetic acid 

FAM: fluorescein 

FBS: fetal bovine serum 

hpi: hours post infection 

IC: intracerebral 

ID: intradermal 

IP: intraperitoneal 

JCRB: Japanese Collection of Research Biosources 

MEM: minimum essential media 

MGB: minor groove binder 

MOI: multiplicity of infection 

NGS: next generation sequencing 

NS: non-structural protein 

PBS: phosphate-buffered saline 

PCR: polymerase chain reaction 

PFU: plaque forming units 

prM: precursor membrane 
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RT-PCR: reverse transcription PCR 

RT-qPCR: reverse transcription quantitative PCR 

SARS-CoV-2: severe acute respiratory syndrome coronavirus 2 

SC: subcutaneous 

TCID50: 50% Tissue Culture Infectious Dose 

UTR: untranslated region 

Vero cells: Vero 9013 cells 

WNV: West Nile virus 

Zmq16: strain Zmq16m11 
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NOTES 

 

Chapter 1 and 2 

Kobayashi H, Chambaro H, Tabata K, Ariizumi T, Phongphaew W, Ndashe K, Ndebe J, 

Fandamu P, Kobayashi S, Ito N, Sasaki M, Hang’ombe BM, Simulundu E, Orba Y, Sawa 

H. African lineage 1a West Nile virus isolated from crocodiles exhibits low 

neuroinvasiveness in mice. J Gen Virol, 105 (11), 002051, 2024. 
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GENERAL INTRODUCTION 

 

 In recent years, coronavirus disease 2019 (COVID-19) pandemic, caused by 

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has threatened human 

society, and the society has experienced the fear of infectious diseases transmitted by 

animals (1). Most of the infectious diseases for human are derived from animals, and it is 

estimated that around 60% of these pathogens for human are zoonotic in nature (2, 3). 

Countermeasure against the zoonosis is complicated, because comprehensive approach is 

necessary targeting for human, domestic and wild animals, atmosphere, climate and so 

on (4). Vector-borne diseases account more than one-sixth of infectious diseases, and 

mosquitoes are considered as most dangerous creature in the world, because they transmit 

many pathogens, such as protozoa and viruses (5, 6). Orthoflaviviruses are the well-

known viruses transmitted by mosquitoes. In addition to humans and mosquitoes, 

orthoflaviviruses can infect to many animal species such as birds and reptiles, and global 

warming affects on prevalence of orthoflaviviruses infection (7). The representative 

mosquito-borne orthoflaviviruses are dengue virus, Zika virus, Japanese encephalitis 

virus, West Nile virus (WNV) and yellow fever virus (8). Especially, it is estimated that 

100 to 400 million infection cases were caused by dengue virus each year (9). However, 

the treatment of orthoflaviviruses is lacking and patients are treated symptomatically (10).  

WNV belonging to orthoflaviviruses was first discovered in 1937 in Uganda and 

now spreads out around the world. WNV outbreaks in human and animals have been 

reported in all continents except Antarctica (11). The emergence of WNV disease was 

noted in 1999 when a WNV strain entered North America and caused an outbreak in New 

York City. During the epidemic, 59 hospitalized and 7 fetal cases due to WNV 

meningoencephalitis were reported (12). The transmission cycle of WNV consists of 

mosquitoes, birds and other animals, including humans and horses which are dead-end 

hosts. Several studies of simulation models of climate change and vector distribution have 

predicted the spread of WNV infection. One study suggests that the risk of WNV can 

increase approximately 18-fold in North America in 2050 (13). In Europe, its risk is 

thought to increase maximum 5-fold from 2040 to 2060 (14). Given the recent situation 
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and the potential of future spread, epidemiological surveillance and characterization of 

WNV are important for control of public health.  
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CHAPTER 1 

In vitro characterization of WNV strain isolated from crocodiles in Zambia 

 

Introduction 

 

WNV is a single-stranded RNA virus belonging to the genus Orthoflavivirus 

within the family Flaviviridae. The WNV genome is approximately 11 kb and contains 

three structural proteins [core (C), precursor membrane (prM) and envelope (E)], seven 

non-structural proteins [non-structural protein (NS) 1, 2A, 2B, 3, 4A, 4B, and 5] and two 

untranslated regions (UTRs) at the 3′- and 5′- end of the genome (15). This virus circulates 

between mosquitoes, especially Culex species, and wild birds in the field, and it can be 

transmitted to humans and animals through mosquito bites (11, 12). In humans, 

approximately 80% of infected individuals are asymptomatic, whereas the rest can 

present with fever, headache, fatigue, and gastrointestinal signs. In severe cases, WNV 

infection causes neuroinvasive diseases, such as encephalitis and meningitis (16-18). 

Birds are considered as the amplifier and WNV transmitter is mosquitoes (19). Culex 

mosquitoes represented by Culex pipiens is well known to be the important vector of 

WNV. However, it has been reported that the efficient transmission has been 

experimentally demonstrated in various mosquito species in addition to Culex spp. (20). 

The range of WNV infection target is very wide, including humans, houses, birds, 

crocodilians and other wild animals.  

WNV infection has been previously reported in farmed crocodilians (i.e., 

Crocodylus niloticus, Crocodylus moreletii, Alligator mississippiensis) (21-25). 

Crocodiles infected with WNV can develop neurological disorders such as swimming in 

circles and lymphohistiocytic proliferative cutaneous lesions, called “pix,” leading to 

significantly worse commercial skin quality (25, 26). Previous reports suggested that 

WNV can be transmitted to crocodiles through mosquito bites, the consumption of 

infected birds, and horizontal transmission through water in the habitat (27, 28). 

Although no human clinical case of West Nile fever has been reported in Zambia, 

previous studies revealed the circulation of two different WNV lineages in Zambia (21, 
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29). The lineage 2 WNV strain Zmq16m11 (Zmq16) was isolated from Culex mosquitoes 

captured in the Western Province (29). On the contrary, a lineage 1a WNV was detected 

by reverse transcription-polymerase chain reaction (RT-PCR) in whole-blood samples 

from farmed crocodiles (Crocodylus niloticus) in the Southern Province in Zambia. Its 

protein cording sequence was reported as Croc110/2019/ZM; however, its whole genome 

sequence was not determined yet (21).  

In this study, a crocodile-derived WNV strain in Zambia was successfully 

isolated, and its whole genome sequence was determined. Additionally, its in vitro growth 

kinetics was investigated in comparison with two prototype strains, a highly pathogenic 

(NY99) and a low pathogenic (Eg101) strain (30-32). 

 

 

Materials & Methods 

 

Ethical statement 

The whole blood samples from the occipital sinus of the spinal vein in crocodiles 

were collected, related to the previous study, which was approved by the Department of 

National Parks and Wildlife (Act no. 14; 2015) and Crocodile Producers Consortium, 

Zimbabwe (21). WNVs were used following the Legislation on Handling of Pathogens 

and Other Hazardous Agents in Hokkaido University (Act no. 10 (1)) 

 

Cells and viruses 

Unless otherwise stated, cells were cultured in medium supplemented with 10% 

fetal bovine serum (FBS) and an antibiotic mixture (penicillin, 100 unit/mL; streptomycin, 

100 µg/mL). Mosquito-derived C6/36 cells were cultured in Eagle’s Minimum Essential 

Medium (MEM, Wako, Osaka, Japan) supplemented with non-essential amino acids 

solution (Thermo Fisher Scientific, Waltham, MA, USA). Vero 9013 cells (Japanese 

Collection of Research Bioresources Cell Bank (JCRB cell bank), Ibaraki, Japan), SH-

SY5Y human neuroblastoma cells (health protection agency culture collections, UK) and 

NA mouse neuroblastoma cells (kindly provided from Dr. Ito in Gifu university) were 
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cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Wako), DMEM F12 (Thermo 

Fisher Scientific) and MEM, respectively. MEM containing 2% FBS and an antibiotic 

mixture was used during viral infection. C6/36 cells (American Type Culture Collection 

(ATCC), Manassas, VA, USA) were incubated at 28℃, and the other cell lines were 

incubated at 37℃, both in the presence of 5% CO2. The NY99 (accession no. AB185914), 

Eg101 (accession no. AF260968), Zmq16 (accession no. LC318700), and Croc110 

(Croc110/2019/1/ZM, accession no. LC817237) were propagated in C6/36 cells at 28℃.  

 

Virus titration 

Virus titration was assessed in Vero cells using the plaque assay. Briefly, Vero 

cells were cultured in six-well plates and infected with 10-fold serially diluted WNV. 

After 1 h of incubation with agitation every 10 min, the supernatant was removed, and 

cells were overlaid with MEM supplemented with 2% FBS, 1% methylcellulose, and 1% 

antibiotic mixture and incubated at 37℃. At 4 days post-infection (dpi), Vero cells were 

formalin-fixed and stained with 1% crystal violet. The plaque number was expressed as 

plaque-forming units (PFU) and finally used to calculate the viral multiplicity of infection 

(MOI). MOI was defined as 1 PFU/cell in this study. 

 

Virus isolation 

The Croc110 strain, previously reported by Simulundu et al., was isolated from 

crocodile blood as previously described with slight modifications (21, 33). Blood (n = 22) 

was collected in ethylenediaminetetraacetic acid (EDTA) tubes from juvenile crocodiles 

via the post-occipital sinus of the spinal vein. RNA was extracted using the QIAamp viral 

RNA mini Kit (QIAGEN, Venlo, Netherlands) according to the manufacturer’s 

instructions. WNV RNA was screened using an in-house primer pair and probe (probe, 

5′- fluorescein (FAM)-GATCTCGATGTCTAAGAAACCAGGAGG-3′- minor groove 

binder (MGB)-Eclipse; F, 5′-GCGAGCTGTTTCTTRGCAC-3′; R, 5′- 

AGRCTCARCATWGCCCTCTT-3′) in the ABI Step One real-time PCR-system (ABI, 

Warrington, UK) using the Thunderbird probe one-step qRT-PCR kit (TOYOBO, Osaka, 

Japan). Four samples were used to identify the sequence which Ct value was lower than 
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37 on reverse transcription-quantitative polymerase chain reaction (RT-qPCR) for each 

sample. The partial sequences of the structural protein-coding region were identified by 

conventional PCR and Sangar sequencing with specific primers (21), and a 100% match 

was observed in all samples. Each blood sample was diluted 100-fold in MEM 

supplemented with MEM non-essential amino acids solution (Thermo Fisher Scientific) 

and 2% FBS and filtrated twice. The filtrate was serially diluted (1:100–1:10,000) and 

inoculated onto a C6/36 cell monolayer under biosafety level 3 containment. The 

cytopathic effects (CPEs) of cells inoculated with filtrates were examined each day for 7 

days. One of four samples was used as the Croc110 isolate. 

 

Electron microscopic examination of the Croc110 isolate 

The supernatant from C6/36 cells inoculated with Croc110 (MOI of 0.01) for 5 

days was collected and fixed with paraformaldehyde (final concentration of 2.5%) 

overnight at 4℃. After fixation, the supernatant was centrifuged to remove the cellular 

debris, filtrated using 0.22-µm filters, and then ultracentrifuged at 110,000 × g on a 20% 

sucrose cushion at 4℃ for 3 h. The precipitant after ultracentrifugation was suspended in 

phosphate-buffered saline (PBS) overnight at 4℃. Dissolved samples (20 µL) were 

spotted onto elastic carbon grids (Okenshoji Co., Ltd., Tokyo, Japan) for 5 min. Thereafter, 

the grids were washed with PBS three times. The samples on the grids were stained with 

2% phosphotungstic acid (pH 5.8) and observed using a transmission electron microscope 

(TEM HT7800, HITACHI, Tokyo, Japan). 

 

In vitro viral growth assay  

NY99, Eg101, Croc110, and Zmq16 were inoculated into C6/36 cells at MOI of 

0.01 and Vero, NA, and SH-SY5Y cells at MOI of 0.001 in 24-well plates for 1 h. Then, 

the cells were washed with PBS and maintained in medium. The supernatant was 

collected from each cell line at 1, 2, 3, and 4 dpi. Virus titration in the supernatant was 

assessed using the 50% Tissue Culture Infectious Dose (TCID50) assay with Vero cells. 

Briefly, WNV-inoculated cell supernatants were serially diluted 10-fold in 96-well plates, 

and this dilution was repeated four times in each sample. The diluted samples were 
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inoculated into Vero cells in 96-well plates. The CPEs in each well were monitored for 7 

days. The Reed and Muench method was used to calculate the viral titers as TCID50/mL 

(34). Three independent experiments were performed under identical conditions. The 

mean of three viral titers at each time point is presented in the results. 

 

Immunofluorescent staining and focus-forming assay 

Croc110 (MOI of 0.01) was inoculated into C6/36 cells in six-well plates and 

incubated with agitation at 28℃ for 1 h. After infection, cells were overlaid with MEM 

supplemented with 2% FBS, 1% methylcellulose, and 1% antibiotic mixture and 

incubated at 28℃. At 3 dpi, cells were fixed with formalin, permeabilized with 0.2% 

Triton X-100, and blocked with 1% bovine serum albumin (BSA) in PBS. Cells were 

stained with an anti-flavivirus NS1 antibody (4G4) (1:500, Mozzy Mabs, kindly provided 

by Prof. Roy Hall, University of Queensland, Australia) or with an anti-flavivirus E 

antibody (4G2) (1:50, Mozzy Mabs, kindly provided by Prof. Roy Hall, University of 

Queensland, Australia) (35, 36) for 1 h, stained with Alexa 488-labeled anti-mouse IgG 

(1:1,000, Invitrogen, Carlsbad, CA, USA), and counterstained with Hoechst 33342 for 1 

h. Fluorescent images were evaluated using an Olympus IX-73 microscope (Olympus, 

Tokyo, Japan). 

To analyze intracellular viral propagation by the focus-forming assay, each WNV 

strain was inoculated into Vero, NA, and SH-SY5Y cells in six-well plates as previously 

described. Following incubation period (Vero, 36 h; NA, 72 h; SH-SY5Y, 30 h), cells 

were fixed in formalin and stained with 4G4 antibody. The stained focus area (n = 50) 

was measured using Cell Sens software (Evident, Tokyo, Japan).  

 

Whole-genome sequencing and phylogenetic analysis  

Viral RNA was extracted from Croc110-infected cell supernatant using the High 

Pure Viral RNA Kit (Roche, Basel, Switzerland) and reverse-transcribed using the 

PrimeScript Double Standard cDNA Synthesis Kit (Takara, Shiga, Japan). DNA libraries 

were prepared using the Nextera XT DNA Library Preparation Kit (Illumina, San Diego, 

CA, USA) and sequenced using the Illumina iSeq platform (Illumina). Reads were 
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processed and mapped to a reference strain (accession number: KU588135.1) using the 

CLC Genomics Workbench (QIAGEN). The mapped reads were extracted and used for 

de novo assembly to determine the full-length Croc110 sequence. Since some sequences 

in the 3′-UTR could not be determined, Sanger sequencing of the 3′-UTR region was 

performed using the primers designed on the basis of a lineage 1a strain (accession no. 

AF404757; F, 5′-GAGGACATGCTGGAGGTTTGGAAC-3′; R, 5′-

AGATCCTGTGTTCTCGCACCACC-3′). To confirm the absence of the genomes of 

other pathogens in the isolated virus sample, unmapped reads were also used for de novo 

assembly and contigs more than 500 nucleotides in length were extracted and analyzed 

by Multi-BLAST (https://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/LATEST/).  

Phylogenetic analysis of the polyprotein amino acids sequences of WNV was 

performed by the maximum likelihood method. Each sequence used in the phylogenetic 

analysis was obtained from GenBank and aligned with ClustalW (37). The evolutionary 

history was inferred by the maximum likelihood method and JTT+G+I model using 

MEGA11 (38, 39).  

 

Statistical analysis 
All statistical analyses were performed using GraphPad Prism 10.1.1. For 

comparison of three or more groups, one-way ANOVA with Dunnett’s test was used. 

P < 0.05 was considered statistically significant. 

 

Repositories 
The complete genome sequence of the Croc110/2019/1/ZM (accession no. 

LC817237) has been deposited in the DDBJ/EMBL/ NCBI GenBank database. 

 

 

Results 

 

Virus isolation and phylogenetic analysis of Croc110/2019/1/ZM  
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WNV was isolated from the blood samples of diseased juvenile crocodiles that 

showed clinical signs, including anorexia, weakness, swimming in circles, bloody 

diarrhea, and scoliosis (21). Of the 16 samples positive for WNV (16/22), four samples 

with Ct values lower than 37 were used for virus isolation. CPEs in C6/36 cells were 

evident at 4 dpi in all inoculated samples. Negative-staining electron microscopy of the 

cell supernatant identified virus particles of approximately 50 nm in diameter, consistent 

with orthoflaviviruses (Fig. 1A). In C6/36 cells, as foci positive for flavivirus antigen 

were observed at 4 dpi, isolated virus showed proliferative potential in mosquito-derived 

cell (Fig. 1B). Next-generation sequencing (NGS) of total RNA from the supernatant from 

virus-infected cells and Sanger sequencing of the 3'-UTR were performed to determine 

the entire genome of WNV. Compared to the previously reported polyprotein sequence of 

Croc110/2019/ZM (accession number: LC489409) (21), which was obtained by RT-PCR 

from one of the blood samples used in this study, the genome sequence of our isolated 

WNV (Croc110/2019/1/ZM, Croc110, accession number: LC817237) had four nucleotide 

substitutions. Nonetheless, our isolate and Croc110/2019/ZM were 100% identical at the 

amino acid level. Phylogenetic analysis based on the amino acid sequence of WNV 

polyproteins illustrated that Croc110 belongs to lineage 1a, and it is most closely related 

to a WNV strain detected from a camel in United Arab Emirates (accession no. 

KU588135) (40) (Fig. 1C). Although no whole-genome sequence data have been 

deposited for other WNV isolates from crocodilians, molecular phylogenetic data suggest 

that WNV circulating in crocodiles does not form a unique lineage. To further investigate 

amino acid substitutions characteristic of the Croc110 strain, sequences between Croc110 

and representative lineage 1a and lineage 2 WNVs were compared (Table 1). In the coding 

sequences, 13 amino acid differences were detected in the Croc110 strain compared with 

the other strains, and notably, four unique substitutions were found in NS4B.  

 

Comparative analysis of the viral growth kinetics in mosquito-derived C6/36 cells 

The propagation of Croc110 in mosquito-derived C6/36 cells was compared with 

that of another Zambian strain isolated from mosquito (Zmq16) and lineage 1a reference 

strains (NY99 and Eg101). The cellular supernatant was collected every day after 
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infection, and the viral titer was investigated by TCID50 assay using Vero cells (Fig. 2). 

In C6/36 cells, the viral titer of Croc110 in the supernatant increased to 1 × 106.5 

TCID50/mL at 2 dpi. Croc110 proliferation was comparable with Zmq16 and NY99 and 

significantly higher than Eg101 at 2 and 3 dpi. This data indicated that Croc110 propagate 

well in C6/36 cells similarly to NY99 and Zmq16 strains. 

 

Comparative analysis of the viral growth kinetics in mammalian cells 

The propagation of Croc110 in Vero cells, mouse neuroblastoma-derived NA 

cells, or human neuroblastoma-derived SH-SY5Y cells was compared with that of Zmq16, 

NY99, and Eg101 (Fig. 3A-C). The cellular supernatant was collected every day after 

infection, and the viral titer was analyzed by TCID50 assay. In Vero cells, the viral titer of 

Croc110 in the supernatant increased to 1 × 108 TCID50/mL within 2 dpi (Fig. 3A). In NA 

cells, the viral titer of Croc110 was 1 × 107 TCID50/mL at 3 dpi, indicating slower 

proliferation than in other cell lines. There was no distinct difference in the titers among 

four WNV isolates in NA cells (Fig. 3B). In SH-SY5Y cells, the viral titer of Croc110 

increased to 1 × 107.5 TCID50/mL at 3 dpi and was comparable to that of other strains 

except at 1 dpi, when the Croc110 titer was significantly higher than that of Eg101 (Fig. 

3C). These results clarified that proliferation of Croc110 in mammalian cells was 

comparable to other WNV strains. 

 

Comparative analysis of the viral propagation in mammalian cells by focus-forming 

assay 

The viral propagation of Croc110 was investigated by focus-forming assay at 

each time points when the titer of Croc110 in supernatant showed around 1 × 107 

TCID50/mL. Croc110 formed significantly smaller foci in Vero and SH-SY5Y cells than 

other strains in focus-forming assay by NS1 staining (Fig. 4A and 4C). In NA cells, only 

Eg101 showed a significantly larger focus size than Croc110 (Fig. 4B). Similar results 

were confirmed by assays using E protein staining, as staining of secreted NS1 may affect 

focus size. These results indicated that the foci size at the early stage of infection with 
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Croc110 was lower than that of other strains. The tendency of foci size of WNV strains 

was varied in cell types.  

 

 

Discussion 

 

In the present study, a new WNV strain derived from naturally infected 

crocodiles was successfully isolated, providing valuable insights into the biology of WNV 

derived from reptilian hosts. Phylogenetic analysis demonstrated that Croc110 belongs to 

lineage 1a and is closely related to a strain isolated from camel in the United Arab 

Emirates, thus, this lineage may have a broader geographic and host range (40).  

Croc110 and Croc110/2019/ZM did not form a cluster genetically close D66 strain 

(accession no. MN954648), a lineage 1b WNV experimentally adapted to crocodiles (27). 

Considering that Croc110 was isolated from a whole blood sample from a crocodile, 

additional information about whole genome sequence on WNV isolated from naturally 

infected crocodiles is needed to determine whether the WNV infection and amplification 

in crocodiles is accidental or whether crocodiles are potential reservoirs of WNV.  

Viral growth kinetics in mosquito-derived C6/36 cells revealed robust 

proliferation of Croc110 comparable to other strains. Interestingly, in mammalian cells, 

Croc110 exhibited smaller focus size compared to other WNV strains at the early stage 

of infection. Despite comparable viral titers in the cell supernatants, the reduced spread 

of Croc110 in neighboring cells may imply a lower efficiency in facilitating intercellular 

transmission in mammalian hosts. Previous studies have shown that amino acid mutation, 

particularly in E protein, are involved in the intracellular transmission of WNV (41). N-

glycosylation at the amino acids 154-156 position (asparagine-tyrosine-serine) in E 

protein is one of the sites associated with activity of transcellular transport in vitro and 

neurovirulence in mice in vivo (42-44). In addition, the amino acid change at 159 position 

in E protein from valine to isoleucine decreased the WNV replication activity in vitro and 

in mice brain in vivo (45). Croc110 has E protein with the amino acid sequence at 154-

156 position which may be potentially N-glycosylated but has isoleucine at the 159 



 15 

position in E protein. As shown in Table 1, 13 unique amino acids were identified in 

Croc110 that differ from other representative WNV strains, and 10 of the 13 substitutions 

were observed in NS proteins (NS1, NS3, NS4B, NS5). In the case of Croc110, amino 

acid substitutions in the E protein or other regions may interact to balance the propagative 

activity in vitro. As these NS proteins have been suggested to be involved in modulating 

viral replication and host immune evasion (46-48), amino acid substitutions in the NS 

proteins of Croc110 may affect the growth of Croc110 in mammals. To clarify the in vivo 

pathogenicity of Croc110, further experiments were conducted using a mouse model in 

Chapter 2. 

  

 

Summary 

 

WNV is a mosquito-borne orthoflavivirus that causes encephalitis in humans and 

infects crocodiles, resulting in rashes and neurological signs. In Zambia, two distinct 

lineages of WNV have been detected in neighboring areas: lineage 2 in mosquitoes and 

lineage 1a in farmed crocodiles with clinical symptoms. In this study, lineage 1a WNV 

was successfully isolated from naturally infected farmed crocodiles (Croc110/2019/1/ZM, 

Croc110). The isolated virus was then analyzed the whole genome sequence and viral 

proliferation in cells in comparison to a WNV isolate from mosquitoes captured in 

Zambia (Zmq16) and two reference strains, including a highly pathogenic (NY99) and a 

low pathogenic (Eg101) strain. Croc110 well propagated in mosquito-derived C6/36 cells 

and in mammalian cells, including Vero and mammalian neuronal cells. Although viral 

proliferation was comparable among the strains, Croc110 exhibited small focus in 

mammalian cells, which suggested that Croc110 has low intracellular transmission 

efficiency at the early stage of infection. This study provided genomic information and in 
vitro characterization of WNV isolated from naturally infected crocodiles in Zambia.  
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Fig. 1. Characterization of the WNV Croc110 strain isolated from crocodiles  

(A) Electron microscopic image of negatively stained Croc110 particles. Scale bar, 100 

nm. (B) Focus formation by Croc110 in C6/36 cells. Cells were infected with Croc110 at 

(C)
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Fig. 1. Characterization of the WNV Croc110 strain isolated from crocodiles 
(A) Electron microscopic image of negatively stained Croc110 particles. Scale bar, 100 nm. (B) Focus formation by Croc110 in C6/36 cells. Cells were 
infected with Croc110 at an MOI of 0.01 and stained with anti-flavivirus NS1 antibody at 4 dpi (green). Cell nuclei were counterstained with Hoechst 
(blue). Scale bar, 100 µm. (C) The viral growth kinetics of Croc110 in C6/36 cells. The viral titer in the supernatant was determined by the TCID50 assay 
using Vero cells. The log-transformed values of viral titer are presented on a log10 scale as the mean ± SD of three independent experiments. (D) 
Phylogenetic tree of Croc110 and other representative WNV strains. Phylogenetic analysis was performed using the full-length WNV polyprotein amino 
acid sequences by the maximum likelihood method with 1000 bootstrap replicates. The tree is drawn to scale, with branch lengths measured in the 
number of substitutions per site. The isolated Croc110, Croc110/2019/1/ZM, previously identified Croc110/2019/ZM and Zmq16 are indicated in red 
text. The WNV strains used in this study are denoted in bold.
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an MOI of 0.01 and stained with 4G4 antibody at 4 dpi (green). Cell nuclei were 

counterstained with Hoechst (blue). Scale bar, 100 µm. (C) Phylogenetic tree of Croc110 

and other representative WNV strains. Phylogenetic analysis was performed using the 

full-length WNV polyprotein amino acid sequences by the maximum likelihood method 

with 1,000 bootstrap replicates. The tree is drawn to scale, with branch lengths measured 

in the number of substitutions per site. The isolated Croc110, Croc110/2019/1/ZM, 

previously identified Croc110/2019/ZM and Zmq16 are indicated in red text. The WNV 

strains used in this study are denoted in bold. 
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Table 1. The amino acid differences characteristic of Croc110 compared to other 

WNV strains 

 
 Protein prM E NS1 NS3 NS4B NS5 

 Amino acid 
position 35 7 44 96 157 334 368 8 31 72 102 42 791 

Lineage 

1a 

Croc110 
LC817237 V G R L A F T R G V S Y D 

Camel  
KU588135 I S K M P S M K E I C H N 

KN3829 
AY262283 I S K M P S M K E I C H N 

NY99  
AF202541 I S K M P S M K E I C H N 

Eg101 
EU081844 I S K M P S M K E I C H N 

Lineage 

2 

SA93/01 
EF429198 I S K M P S M K S I C H N 

Zmq16 
LC318700 I S K M P S M K S I C H N 
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Fig. 2. Comparative analysis of viral growth kinetics in mosquito-derived C6/36 cells 

The viral growth kinetics of Croc110 compared with NY99, Eg101 and Zmq16 in C6/36 

cells. The viral titer in the supernatant was determined by the TCID50 assay using Vero 

cells. The log-transformed values of viral titer are presented on a log10 scale as the mean 

± SD of three independent experiments. Statistical analysis was performed by one-way 

ANOVA and Dunnett’s multiple-comparison test in comparison to the result for Croc110 

(*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001). 
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Fig. 3. Comparative analysis of the viral growth kinetics in vitro 

Viral proliferation of Croc110, Zmq16, NY99, and Eg101 in Vero (A), NA (B), and SH-

SY5Y cells (C). The viral titer in the supernatant was determined by the TCID50 assay 

using Vero cells. The log-transformed values of viral titer are presented on a log10 scale 

as the mean ± SD of three independent experiments. Statistical analysis was performed 

by one-way ANOVA and Dunnett’s multiple-comparison test in comparison to the result 

for Croc110 (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001).  
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Fig. 2. Comparative analysis of viral growth kinetics in vitro
Proliferation of Croc110, Zmq16, NY99, and Eg101 in Vero (A), NA (B), and SH-SY5Y cells (C). The viral titer 
in the supernatant was determined by the TCID50 assay using Vero cells. The log-transformed values of viral titer 
are presented on a log10 scale as the mean ± SD of three independent experiments. Cell-to-cell viral propagation 
in Vero (D), NA (E), and SH-SY5Y cells (F). Focus formation was visualized with anti-flavivirus NS1 antibody 
(green) and nuclear staining (blue) at 36 h post-infection in Vero cells, 3 dpi in NA cells, and 30 h post-infection 
in SH-SY5Y cells. Representative focus images of each WNV strain are presented. Scale bar, 100 µm. Foci (n = 
50) were randomly selected to measure the focus area. The values are presented as the mean ± SD of 50 foci 
from one experiment. Statistical analysis was performed by one-way ANOVA and Dunnett’s multiple-comparison 
test in comparison to the result for Croc110 (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001).
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Fig. 4. Comparative analysis of viral proliferation in vitro by focus-forming assay 

Differences of focus size in Vero (A), NA (B), and SH-SY5Y cells (C). Focus formation 

was visualized with anti-flavivirus NS1 antibody (green) and nuclear staining (blue) at 

36 h post-infection in Vero cells, 3 dpi in NA cells, and 30 h post-infection in SH-SY5Y 

cells. Representative focus images of each WNV strain are presented. Scale bar, 100 µm. 

Foci (n = 50) were randomly selected to measure the focus area. The values are presented 

as the mean ± SD of 50 foci from one experiment. Statistical analysis was performed by 

one-way ANOVA and Dunnett’s multiple-comparison test in comparison to the result for 

Croc110 (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001).  
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CHAPTER 2 

Investigation of pathogenicity of WNVs  

isolated from crocodiles and mosquitoes in Zambia 

 

Introduction 

 

WNV infection causes many symptoms in humans. Following an incubation 

period within two weeks, patients experience fever, headache, fatigue, diffuse 

maculopapular rash and myalgias. Gastrointestinal complaints, including nausea and 

vomiting, were reported in many cases (50). In severe cases, encephalitis and meningitis 

may occur, and even patients who have recovered have been observed to develop 

aftereffects such as depression (51). WNV infection, which is considered an endemic 

disease in many regions, is well monitored in the USA and Europe, and a lot of previous 

reports investigated the WNV infection in Africa as well (52-54). In order to take 

countermeasures against the transmission of WNV infection from wild animals to humans, 

it is necessary to conduct epidemiological surveys and correctly evaluate the 

pathogenicity of WNVs found in various wild animals (55). 

The pathogenicity of WNV can be assessed in rodent models, and C57BL/6 

mouse has been used to understand WNV pathogenicity and immune response toward 

WNV infection. In addition to C57BL/6, C3H/HeN has been also used as 

immunocompetent mouse models. The mouse models exhibit lethal neurological signs 

following Intraperitoneal (IP) or intradermal (ID) WNV infection, providing insight into 

the characterization of WNV pathogenicity (18, 41, 56, 57). In order to determine the 

pathogenicity of WNV, various inoculation methods have been used, such as IP, ID, 

intracerebral (IC) and subcutaneous (SC) inoculation. IC inoculation is useful to examine 

WNV proliferation in brains (58-60). ID inoculation via footpad or auricular skin have 

been used to mimic transmission by mosquito-bites and has often been used in the 

research of WNV pathogenicity (61-64). It has been reported that survival rate of WNV 

infected mice was varied in different inoculation methods. For example, NY99 showed 

almost 100% lethal rate in IP inoculation under various conditions (65, 66), but the 
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survival rate was increased under footpad-ID and SC inoculation (32, 67). It remains 

unclear how the viral inoculation route affects the pathogenicity of WNV. 

In this study, the first in vivo analysis was conducted using C57BL/6 mice to 

determine the pathogenicity of Zambian strains (Croc110 and Zmq16) in comparison with 

NY99 and Eg101. Moreover, to investigate the differences in pathogenicity manifested 

by different inoculation routes, the clinical manifestations of these WNV strains were 

examined by IC, IP, and ID inoculation routes. 

 

 

Materials & Methods 

 

Cells and viruses 

Unless otherwise stated, cells were cultured in medium supplemented with 10% 

FBS and an antibiotic mixture (penicillin, 100 unit/mL; streptomycin, 100 µg/mL). 

Mosquito-derived C6/36 cells were cultured in MEM (Wako) supplemented with non-

essential amino acids solution (Thermo Fisher Scientific). Vero cells were cultured in 

DMEM (Wako). MEM containing 2% FBS and an antibiotic mixture was used during 

viral infection. C6/36 cells were incubated at 28℃, and the Vero cells were incubated at 

37℃, both in the presence of 5% CO2. The NY99 (accession no. AB185914), Eg101 

(accession no. AF260968), Zmq16m11 (accession no. LC318700), and Croc110 

(Croc110/2019/1/ZM, accession no. LC817237) were propagated in C6/36 cells at 28℃.  

 

Virus titration 

Virus titration was assessed in Vero cells using the plaque assay. Briefly, Vero 

cells were cultured in six-well plates and infected with 10-fold serially diluted WNV. 

After 1 h of incubation with agitation every 10 min, the supernatant was removed, and 

cells were overlaid with MEM supplemented with 2% FBS, 1% methylcellulose, and 1% 

antibiotic mixture and incubated at 37℃. At 4 dpi, Vero cells were formalin-fixed and 

stained with 1% crystal violet. The plaque number was expressed as PFU. 
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Animal experiments 

Animal experiments were approved by the Institutional Animal Care and Use 

Committee of Hokkaido University (19-0019 and 23-0060) and performed according to 

the committee’s guidelines.  

Groups (n = 6) of female C57BL/6J mice (6 weeks old) were IC (10 PFU/20 µL), 

IP (100 PFU/100 µL), or ID (100 PFU/50 µL) infected with NY99, Eg101, Croc110, or 

Zmq16 or mock-infected with virus-free medium. The survival rate and body weight 

(BW) changes of mice were monitored for 13 days after IC inoculation and for 22 days 

after ID or IP inoculation. Experiments were replicated twice. Clinical signs were 

monitored every day and evaluated using a clinical score as follows: 0, healthy; 1, 7.5% 

BW loss versus the maximum BW; 2, unsteady gait; 3, kinetic tremors and severe ataxia; 

4, paralysis; and 5, death or humane endpoint euthanasia. The criteria for the humane 

endpoint were 25% BW loss versus maximum BW and a loss of spontaneous drinking or 

feeding by considering the severe neurological symptoms in each mouse.  

The serum samples of surviving mice inoculated ID or IP were collected for 

further neutralizing antibody testing. After heat inactivation of serum at 56℃ for 30 min, 

samples were first diluted 5-fold and then diluted serially 2-fold in medium. Diluted sera 

were mixed 1:1 with 100 TCID50 of each virus strain and incubated at 37℃ for 1 h. 

Following incubation, mixed samples were inoculated into Vero cells and observed for 7 

days. Serum concentrations that inhibited CPEs by 50% were taken as neutralizing 

antibody titers. 

   To evaluate viral RNA levels in tissues, WNV-infected mice by ID or IP 

inoculation were sacrificed via humane euthanasia under deep anesthesia. Serum, spleen, 

brain, and small intestine samples were collected from mice by ID inoculation at 3, 6, and 

9 dpi, and brain samples were collected from mice by IC inoculation at 2, 4, and 6 dpi. 

Half of the brain or intestine and the entire spleen were used and homogenized in PBS 

(800 µL for brain samples, 500 µL for spleen samples, and 3 mL for small intestine 

samples). The clarified supernatant (100 µL) and serum samples were used for RNA 

extraction. Viral RNA levels in whole tissue were determined by RT-qPCR as previously 
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mentioned, corrected according to the tissue volume, and expressed as PFU in whole 

tissues using a calibration curve generated using a previously titrated sample. 

 

Statistical analysis 

All statistical analyses were performed using GraphPad Prism 10.1.1. Mann-

Whitney U test was performed to compare viral RNA amounts of Croc110 and each of 

the other strains. For comparison of three or more groups, one-way ANOVA with 

Dunnett’s test was used. P < 0.05 was considered statistically significant. 

 

 

Results 

 

Differences in the pathogenicity of WNV isolates in C57BL/6 mice 

To compare the pathogenicity of Zambian WNV isolates in mice with that of 

NY99 and Eg101, each WNV was inoculated into C57BL/6 mice by IC, IP, or ID route. 

The ID inoculation was performed on the skin of the auricle to mimic transmission by 

mosquito bites (68). As for IC inoculation, the survival rate of mice inoculated with 

Croc110 was 25%, which was significantly higher than that for mice inoculated with 

Eg101, and BW loss was observed in all the strain groups (Fig. 5A and B). However, the 

survival rates of mice inoculated with Croc110 were 91.7% and 100% following ID and 

IP inoculation, respectively, similar to those observed for Eg101 (100% following ID 

inoculation and 91.7% following IP inoculation, Fig. 5A). The mortality rate was 100% 

by IC inoculation of Zmq16, and high mortality rates were observed in mice inoculated 

by ID or IP with the Zmq16 and NY99 strains (Fig. 5A). Most of the mice inoculated by 

ID or IP with Croc110 did not show obvious BW loss, and small number of mice 

recovered from weight loss after 10 dpi (Fig. 5B). Some of the mice that recovered from 

Croc110 infection showed BW loss of up to about 20%. In addition, the survival rate of 

mice inoculated by ID with Zmq16 (16.7%) was significantly lower than that of mice 

inoculated with NY99 (41.7%). These results suggest that the pathogenicity of Croc110 
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was comparable to that of the low pathogenic strain Eg101, whereas Zmq16 was highly 

pathogenic following IP inoculation.  

Sera from surviving mice inoculated by ID or IP were collected and assayed for 

neutralizing antibodies to confirm establishment of WNV infection in those mice (Fig. 

5C and 5D). For Croc110 infection, the neutralizing antibody titer was 1:160 - 1:320 by 

ID inoculation and 1:80 - 1:320 by IP inoculation. Neutralizing antibodies were detected 

in all surviving mice, indicating that infections occurred also in surviving mice.  

 

Differences in the clinical signs of WNV isolates in C57BL/6 mice 

Clinical signs such as BW loss, lethargy, unsteady gait, kinetic tremor, severe 

ataxia, and paralysis were scored on a five-point scale following the previous study (69) 

(Fig. 6). The severity of clinical signs was consistent with the BW changes. Croc110- 

infected mice showed the BW loss (score 1) and neurological symptoms (score 2-4) by 

IC inoculation. However, by ID inoculation, only one mouse showed kinetic tremors and 

severe ataxia (score 3) and died. In the case of Zmq16 infection, most of infected mice 

showed neurological symptoms (score 2-4) by all inoculation routes. As Zmq16-infected 

mice showed neurological symptoms from 7 dpi by ID and IP inoculation, the earliest 

appearance of neurological signs was found in Zmq16-infected mice by ID and IP 

inoculations, and NY99-infected mice developed the neurological symptoms after a delay 

of 2-3 days from the case of Zmq16 infection.  

 

Replication of WNV isolates in sera, spleen, small intestine and brain 

From Fig. 5A and Fig. 6, the pathogenicity of Croc110 was almost similar among 

ID and IP inoculation, and Zmq16-infected mice showed lower survival rate than NY99 

by ID inoculation, unlike IP inoculation. Therefore, in order to investigate the propagation 

of each WNV strain, ID inoculation was applied to C57BL/6 mice. The viral replication 

in peripheral tissues after ID inoculation was evaluated in sera, and spleen and small 

intestine at 3, 6 and 9 dpi (Fig. 7A-C). When viral RNA levels were analyzed by RT-

qPCR, low amounts of viral genome were detected in the serum and viremia was observed 

at 3 dpi for all strains, and the RNA amount of Croc110 was significantly lower than that 
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of NY99 and Zmq16 (Fig. 7A). An increase in viral RNA was observed in the small 

intestine from 3 to 6 dpi for all strains, indicating productive infection in the intestine 

following ID inoculation (Fig. 7C). The RNA levels of Croc110 were significantly lower 

than those of the highly pathogenic strains NY99 and Zmq16 in the spleen at 3, 6 and 9 

dpi and small intestine at 6 and 9 dpi (Fig. 7B and 7C). In the spleen at 3 dpi and in small 

intestine at 6 dpi, Zmq16 infected mice showed higher RNA amount than NY99 infected 

mice. These data indicated that Croc110 proliferated less efficiently in peripheral tissues 

compared with high pathogenic WNV strain, NY99 and Zmq16 strain, whereas the 

proliferation of Zmq16 was similar to or greater than that of NY99.   

The viral replication in the brain was further analyzed in each WNV-infected 

mice at 3, 6 and 9 dpi for ID inoculation (Fig. 7D) and 2, 4 and 6 dpi for IC inoculation 

(Fig. 7E). In the brain, the viral RNA of Zmq16, NY99, and Eg101 were detectable at 6 

dpi by ID inoculation, whereas Croc110 RNA was below the detection limit in the 

majority of brain samples (Fig. 7D). By contrast, IC inoculation resulted in comparable 

viral growth in the brain among all examined WNV isolates, suggesting that Croc110 

could replicate similarly as NY99 and Zmq16 in the brain (Fig. 7E). Zmq16 proliferation 

in the brain by IC inoculation was significantly higher than that of NY99 at 4 dpi (Fig. 

7E). Thus, it was suggested that Croc110 has a comparable proliferation ability in brain 

but is less neuroinvasiveness than other strains. 

Taken together, these results indicate that the efficiency of virus replication in 

the periphery before brain entry differs between WNV isolates and that Croc110 is less 

proliferative than NY99 and Zmq16 in the periphery, and the difference of pathogenicity 

by ID inoculation might be related to viral proliferation in peripheral tissues. 

 

 

Discussion 

 

There was no detailed information on WNV isolates derived from naturally 

infected crocodiles and their pathogenicity in mammals. In this study, Croc110, belonging 

to lineage 1a of WNVs circulating in Africa, Middle East, and Europe, was isolated from 
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crocodiles with neurological signs in chapter 1. The results of virus propagation in the 

brain after IC inoculation indicated that the efficiency of Croc110 replication in neuronal 

cells was comparable to that of the highly pathogenic strain NY99. However, when mice 

were peripherally infected with these WNV strains, the initial proliferation of Croc110 in 

peripheral tissues was lower than that of NY99, which might reduce its neuroinvasiveness 

and contribute to its low pathogenicity in mice. 

On the contrary, mice infected with the lineage 2 WNV Zmq16, which was 

isolated from Culex mosquitoes in Zambia, displayed a comparable phenotype as those 

infected by the highly neuroinvasive NY99 strain. Zmq16 is genetically related to the 

South African isolates HS101_08, SPU116/89, and SA93/01, which were originally 

isolated from horse or human cases, and they have been demonstrated to be highly 

pathogenic in mice (59, 70). Thus, the pathogenicity results of Zmq16 in mouse are 

consistent with the highly pathogenic characteristics exhibited by the closely related 

South African strains. 

Previous studies on the pathogenicity of WNV in mice suggested that both 

lineage 1a and lineage 2 have highly and less neuroinvasive phenotypes and that 

pathogenicity is related to genetic differences, but not to lineages or geographic 

distributions (59, 70). Several genetic determinants involved in WNV pathogenicity have 

been identified in the viral non-coding and protein-coding regions (41). This study 

showed that Croc110 was less neuroinvasiveness and replicated less in peripheral tissues 

than other strains. Croc110 had several amino acid substitutions in the polyprotein that 

have been reported to be associated with low pathogenicity. As discussed in chapter 1, 

Croc110 has isoleucine at 159 position in E protein, which has been suggested to decrease 

the WNV replication activity in vitro and in mice brain in vivo (45). However, as this 

amino acid substitution was suggested not to affect viral neuroinvasiveness but decrease 

the viral replication in brain, it might not be related to low-neuroinvasive Croc110 

pathogenicity. It is also noted that Croc110 possesses a serine residue at position 102 in 

NS4B protein (C102S). The C102S substitution in NS4B has been reported to attenuate 

viral proliferation at 41°C and causes less neuroinvasive phenotypes in NY99-infected 

mice (71). This C102S substitution in NS4B might be associated with the attenuated 
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pathogenicity of Croc110 in mice. In addition, the high temperature-sensitive phenotype 

of the C102S mutant also suggests that Croc110 replicates well in ectothermic crocodiles 

but not in mice. Further experiments are required to elucidate the factors associated with 

the differences in pathogenicity between crocodilians and mammals. 

The ID inoculation of mice has normally been performed via the footpad in 

WNV infection experiments. In this study, ID inoculation via the ear skin was established 

in WNV infections in mice. The ear skin infection is useful for evaluation of WNV 

infection dynamics in mice, considering that it can mimic a mosquito-bite and is relatively 

easy to collect samples from the initial infection site than the inoculation via the footpad. 

The mice infected with WNV via the ear skin showed the neurological symptoms. 

Macroscopic changes were observed in the small intestines, including paralysis of the 

small intestines presumed from faces retention and intestinal distension or atrophy. In 

summary, the mammalian reactivity to acute WNV infection can be validly assessed in 

vivo using conventional mice, and ID inoculation via the ear skin allows systemic 

infection. 

 

 

Summary 

 

Considering the risk of direct WNV transmission from mosquitoes and direct or 

vector-mediated WNV transmission from crocodiles to mammals, it is necessary to 

elucidate the pathogenicity of WNV strains. In Chapter 2, the pathogenicity and viral 

proliferation of two Zambian WNV strains isolated from mosquito (Zmq16) and crocodile 

(Croc110) were investigated in a mouse model and compared with highly pathogenic 

(NY99) and low pathogenic (Eg101) strains. In addition to intracerebral (IC) and 

intraperitoneal (IP) inoculation routes, intradermal (ID) inoculation was used to mimic 

the mosquito-bites. As a result, more than 70% of mice after IC inoculation with Croc110 

displayed neurological signs, and Croc110-infected mice exhibited similarly high 

mortality rates as NY99- and Zmq16-infected mice. Meanwhile, comparable virus growth 

was observed among the strains in the brain. However, the virulence of Croc110 was 
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significantly lower than that of Zmq16 and NY99 following ID and IP inoculation. 

Consistently, Croc110 displayed lower growth than Zmq16 and NY99 in the brain and 

peripheral tissues after ID inoculation. These results revealed that the crocodile-derived 

WNV strain is less neuroinvasive in mice, and it exhibits distinct pathogenicity from the 

highly pathogenic mosquito-derived WNV strain circulating in Zambia. 
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Fig. 5. Differences in the pathogenicity of WNV isolates in C57BL/6 mice 

C57BL/6 mice were infected with Croc110, Zmq16, NY99, or Eg101 or mock-infected 

intracerebrally (IC), intradermally (ID), or intraperitoneally (IP). Survival rates (A) and 

body weight changes (B) were monitored every day. In total, 12 (for each strain) or 9 

mice (mock infection) were used in this study (A, B). BW at 0 dpi was set as 100% (B). 

Statistical analysis was performed using one-way ANOVA and the log-rank test in 
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Fig. 3. Differences in the pathogenicity of WNV isolates in C57BL/6 mice
C57BL/6 mice were infected with Croc110, Zmq16, NY99, or Eg101 or mock-infected intracerebrally (IC), 
intradermally (ID), or intraperitoneally (IP). Survival rates (A), body weight changes (B), and clinical signs (C) 
were monitored every day. In total, 12 (for each strain) or 9 mice (mock infection) were used in this study (A,B). 
Body weight at 0 dpi was set as 100% (B). Clinical signs were monitored (n = 6) and scored as follows: 0, 
healthy; 1, body weight loss; 2, unsteady gait; 3, kinetic tremors and severe ataxia; 4, paralysis; and 5, death. 
The percentage of each clinical score is presented as a bar graph. (C). Statistical analysis was performed using 
one-way ANOVA and the log-rank test in comparison to the result for Croc110 (*, P < 0.05; ***, P < 0.001; 
****, P < 0.0001). The result of statistical analysis between Zmq16 and NY99 is indicated by red letters.
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comparison to the result for Croc110 (*, P < 0.05; ***, P < 0.001; ****, P < 0.0001). 

The result of statistical analysis between Zmq16 and NY99 is indicated by red letters. (C, 

D) Serum samples were collected from the surviving mice in (A) in one experiment. The 

neutralizing antibody titer was measured using Vero cells, and the dilution that inhibited 

CPEs by 50% was taken as the titer (C, ID inoculation; D, IP inoculation). Samples with 

a 10-fold dilution or greater were considered as WNV neutralizing antibody-positive. 
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Fig. 6. Differences in the clinical signs of WNV isolates in C57BL/6 mice 

C57BL/6 mice were infected with Croc110, Zmq16, NY99, or Eg101 or mock-infected 

intracerebrally (IC), intradermally (ID), or intraperitoneally (IP), and clinical signs were 

monitored every day. 6 mice were monitored and scored as follows: 0, healthy; 1, body 

weight loss; 2, unsteady gait; 3, kinetic tremors and severe ataxia; 4, paralysis; and 5, 

death. The percentage of each clinical score is presented as a bar graph. 
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Fig. 7. Replication of WNV isolates in sera, spleen, small intestine and brain 

The viral RNA levels in the serum (A), spleen (B), small intestine (C), brain (D) of 

C57BL/6 mice intradermally (ID) infected with each WNV strain (n = 5). Each sample 

was collected at 3, 6 and 9 dpi. The viral RNA levels in brain of C57BL/6 mice 

intracerebral (IC) infected with each WNV strain (n = 6) (E). Each sample was collected 

at 2, 4 and 6 dpi. In the Zmq16-infected group at 9 dpi, the analysis results from four mice 

are shown, as one mouse died before analysis. The amount of viral RNA was quantified 

by RT-qPCR and presented as PFU equivalents, i.e., corrected as the amount in whole 

tissue samples. Individual values were presented as each plot, with black lines indicating 

the median for each group. Statistical analysis was performed using Mann-Whitney U 

test in comparison to the result for Croc110 (*, P < 0.05; **, P < 0.01; ***, P < 0.001; 

****, P < 0.0001). The result of statistical analysis between Zmq16 and NY99 is 

indicated by red letters. 
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Fig. 5. Propagation of each WNV strain in the brain and peripheral tissues 
The viral RNA levels in the serum (A), spleen (B), small intestine (C), and brain (D) of C57BL/6 mice 
intradermally (ID) infected with each WNV strain (n = 5) and the RNA level in the brain following 
intracerebral (IC) inoculation (n = 6) (E). In the Zmq16-infected group at 9 dpi, the analysis results from 
four mice are shown, as one mouse died before analysis (A-D). The amount of viral RNA was quantified by 
RT-qPCR and presented as PFU equivalents, i.e., corrected as the amount in whole tissue samples. 
Individual values were presented as each plot, with black lines indicating the median for each group. 
Statistical analysis was performed using Mann-Whitney U test in comparison to the result for Croc110 
(*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001). 
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CONCLUSION 

 

WNV is one of the mosquito-borne orthoflaviviruses and known to infect a wide 

range of organisms, including mosquitoes, birds, reptiles, and mammals, spreading 

through mosquito-mediated transmission. Although WNV has been detected in crocodiles 

in some countries, there have been no report on the characterization of WNV isolated 

from naturally infected crocodiles. In this study, a novel WNV strain, Croc110, was 

isolated from farmed crocodiles that showed neurological symptoms. In vitro and in vivo 

analyses of Croc110 compared with another Zambian strain, Zmq16, and two reference 

strains demonstrated that Croc110 has lower intercellular proliferation in neuronal cells 

and exhibits low neuroinvasiveness in mice model. On the other hand, mosquito-derived 

Zmq16 showed high neuroinvasiveness and propagation in mice model. This study 

revealed that there are two different WNV strains with distinct pathogenicity in Zambia. 

To assess the WNV pathogenicity in mammal, the conventional C57BL/6 mice model and 

ID inoculation via the ear skin were used in this study. C57BL/6 mice are commonly used 

mice model for WNV infection, and this mice model allows for the evaluation of acute 

infection dynamics of Croc110 and Zmq16. The data in this study also showed that ID 

inoculation via the ear skin established systemic WNV infection.  

In conclusion, this study is the first report about characteristics of WNV strain 

isolated from naturally infected crocodile. This study also elucidated the characteristics 

and pathogenicity of new WNV strains detected in Zambia and provides novel 

foundational insights into WNV research. Our findings suggest that differences in 

pathogenicity between animal species should be considered in preventive measures 

against zoonotic WNV diseases and in the development of WNV vaccines for humans 

and crocodiles. A previous study reported the detection of WNV antibodies in human 

serum samples from Zambia, highlighting the need for further epidemiological studies on 

WNV prevalence in the region. Thus, continued monitoring for the infection status of 

each WNV strain, including its transmission route, is required to prevent West Nile fever 

epidemics in humans and crocodiles in Zambia. 
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SUMMARY IN JAPANESE 

 

本研究の背景 

蚊は様々な病原体をヒトへ媒介することにより、現在も世界各地で多く

の感染症を起こしていることから、最もヒトに有害な生物であると考えられて

いる。昨今の地球温暖化による蚊の生息域の拡大から、今まで熱帯、亜熱帯地域

でのみ発生が確認されていた感染症が、新たな地域で発生するリスクが高まり、

蚊媒介ウイルス感染症は公衆衛生学的に重要な問題となっている。ウエストナ

イルウイルス（WNV）は、デングウイルス、ジカウイルス、日本脳炎ウイルス

等とともに蚊媒介性のフラビウイルス科オルソフラビウイルス属のRNAウイル

スに分類される。WNV は 1937 年にウガンダで発見されて以来、現在では南極

大陸を除く全ての大陸で流行しており、特に病原性の高い lineage 1aと 2が近年

公衆衛生学上問題となっている。WNV は約 80％の感染症例でヒトに不顕性感

染を起こし、残りの 20%は発症し、熱性疾患や発疹、消化器症状を呈する。脳

炎・髄膜炎等の重篤な症状を発症する患者は感染者のうち 1％未満で、重症患者

の死亡率は 3～15％である。WNV の病原性は、C57BL/6 マウスを含むマウスモ

デルを用いて解析されている。現在ヒトWNV感染症に有効なワクチン、及び特

異的な治療法は確立されておらず、WNVの増殖性と病原性に関する基礎的知見

の蓄積は、WNV 感染症対策に必須である。WNV は広い宿主域を有しており、

自然界では蚊と鳥類で感染環を形成するが、他にもヒト、爬虫類、ウマ、その他

様々な野生動物が蚊の刺咬により感染する。WNVはワニに感染して pixと呼ば

れる発疹や神経学的症状を生じさせ、ワニ皮革産業に打撃を与えている。 

本研究は、第一章で、ザンビアの養殖ワニから検出された新規WNV株

を対象に、ウイルス分離と各種培養細胞を用いたウイルス性状解析を実施した。

第二章では、ワニからの分離株に加えて、以前にザンビアの蚊から分離された別

のWNV株に関して、実験室株と比較して、感染モデルマウスを用いた病原性解

析を実施し、ザンビアの動物から単離された WNV に関する増殖性と病原性を

解析することを目的とした。 
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第一章 ザンビアのワニ、及び蚊から分離された２つのウエストナイルウイル

ス株の in vitroにおける性状解析 

これまでに、アメリカ、メキシコ、イスラエル等で、ワニからWNVが

検出されているが、自然感染したワニから単離された WNV 株の全ゲノム解析

や細胞を用いた性状解析の報告はない。ザンビア共和国では、2016 年に採集さ

れた蚊のサンプルから初めてWNV (Zmq16m11株、Zmq16)が単離され、さらに、

2019 年にはザンビア南部のワニ養殖場において神経症状等の臨床症状を示した

個体から、蚊から分離された WNVとは異なる lineageの WNVが検出された。

本研究は、同養殖ワニから、WNV（Croc110/2019/1/ZM：Croc110）株の分離に成

功し、その全ゲノム配列を同定した。次に、Zmq16、及び実験株である高病原性

株（NY99）と低病原性株（Eg101）と比較して、Croc110の培養細胞内増殖性を

複数の細胞株で比較した。その結果、蚊由来 C6/36細胞では、Croc110は Eg101

と比べて、2, 3 dpiで有意に増殖性が高いこと、NY99や Zmq16と同等の増殖性

を有することを明らかにした。また、哺乳類動物由来非神経細胞である Vero細

胞、及び哺乳類動物神経由来細胞株である NA細胞におけるウイルス増殖性は、

上記の株間で同程度であること、SH-SY5Y細胞では Eg101と比較して、1 dpiで

有意に増殖性が高いことを明らかにした。一方、培養細胞におけるプラークサイ

ズを比較した結果、NA細胞では Croc110は Eg101より有意に小さいプラークサ

イズを示し、NY99 と Zmq16 株と同程度のプラークサイズを示した。Vero 細胞

と SH-SY5Y細胞においては、Croc110は他の 3株と比較して有意にプラークサ

イズが小さかった。 

 

第二章 ザンビアのワニおよび蚊から分離されたウエストナイルスウイルスの

マウスにおける病原性解析 

ザンビアのワニ、及び蚊から単離されたWNV株の哺乳類動物での病原

性を明らかにするため、第二章では、ワニ由来 Croc110と蚊由来 Zmq16株のマ

ウス（C57BL/6）における病原性とウイルス増殖性を、NY99、及び Eg101 と比

較解析した。ウイルス接種経路として、脳内接種、腹腔内接種、耳介からの皮内

接種を使用した。その結果、脳内接種した際には、Croc110感染マウスの 70%程

度が神経学的症状を呈し、死亡率は Eg101 感染マウスより有意に低く、NY99、
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及び Zmq16感染マウスと同等であった。しかし、皮内、及び腹腔内接種では、

Croc110 感染マウスの死亡率は、低病原性株の Eg101 と同程度であり、NY99、

及び Zmq16に比べて有意に低いことが明らかになった。Zmq16は脳内接種と腹

腔内接種において NY99 と同程度の死亡率と臨床症状を呈し、皮内接種では

NY99 に比べて有意に高い死亡率を呈した。マウスにおける接種実験において、

Croc110は末梢接種において Eg101と同程度の低い病原性、脳内接種では NY99

と同程度の病原性を示した。また、Zmq16は脳内接種と腹腔内接種では NY99と

同等の高病原性であり、皮内接種では NY99 より高い病原性を示すことがわか

った。この結果に一致して、Croc110皮内接種後の感染マウス脳内、及び末梢組

織内におけるウイルス増殖は、高病原性である Zmq16、及び NY99 感染マウス

と比較して有意に低いことが確認された。本研究により、Croc110は、末梢接種

したマウスにおいて各種臓器での増殖性、及び神経侵襲性が低く、lineage 2に属

する Zmq16とは異なる病原性を示すことが明らかとなった。 

 

本研究の結論 

本研究では、ザンビアのワニから lineage 1a に属する新たな WNV を分

離し、その全ゲノム配列を同定したほか、ワニ、及び蚊から検出された、異なる

2 株の細胞での増殖性、感染マウスでの病原性と増殖性を解析した。本研究は、

自然感染ワニから分離された WNV 株に関する初めての性状解析である。本研

究で分離、解析をした Croc110 は哺乳類動物由来培養細胞において他の株と比

べてプラークサイズが小さく、マウスへの末梢接種で各種臓器において増殖性

が他の株よりも低く、低神経侵襲性と低病原性を示した。対して、Zmq16 は細

胞での増殖性が他の株と同程度で、末梢接種におけるマウスでの病原性は高く

NY99と同程度以上であり、各種臓器で高い増殖性を示した。また、本研究では、

マウスへのWNV接種において脳内接種、腹腔内接種、耳介の皮膚を介した皮内

接種を検討した。耳介を介した皮内接種は腹腔内接種同様全身性の WNV 感染

を確立した。接種部位の採材の容易さを加味すると、耳介を介した皮内接種は、

既報で汎用されている foodpadを介した皮内接種よりも、WNVの皮内接種に有

用であると考えられた。 

以前には、ELISAを用いた血清学的調査により、ザンビアのヒト血清中

に、抗 WNV 抗体が検出されたという先行研究が報告されている。本研究によ
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り、ザンビアには、隣接する地域において異なる lineageと病原性を有するWNV

が存在することが示された。そのため、ザンビアにおけるヒトや動物に対して、

Croc110 や Zmq16 の感染状況のサーベーランスを継続することは、ザンビアに

おけるWNV循環を評価するために必要であると考えられた。 

以上、本研究は、ザンビアで単離された 2つのWNV株の性状を解析す

ることにより、自然感染ワニ由来 WNV に関する遺伝的特徴と細胞内増殖性を

特徴づけるとともに、ザンビア由来 WNV 株のマウスでの病原性とウイルス増

殖性を決定した。本基礎的知見に基づいて、Croc110の配列を先行研究で特徴づ

けられた他の株と配列を比較することで、WNVにおける細胞内増殖性、及びマ

ウスでの病原性と神経侵襲性に関与するアミノ酸変異の候補を提示する事が可

能になる。 

 

 

 

 


