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28  Abstract

29  Introduction: Japanese encephalitis virus (JEV), in the genus Flavivirus, family
30  Flaviviridae, is the leading cause of viral encephalitis in the Asian-Pacific region. JEV
31  has a wide range of vector hosts, including mosquitoes, swine, and wading birds. Culex
32 species, especially Culex tritaeniorhynchus, are the main vectors for JEV transmission.
33 JEV has been classified into five genotypes (G1-G5). JEV G1, G3, and G5 isolates
34  have been found in China.

35  Methods: More than 200,000 mosquitoes collected in 14 provinces in China from 2004
36 to 2016 were examined for JEV using a TagMan real-time RT-PCR assay. The JEV
37 envelope (E) gene was sequenced from positive pools. The nucleic acid sequences were
38  analyzed and aligned using ClustalX ver. 2.0. Representative JEV envelope (E) gene
39  sequences were downloaded from GenBank and compared with the newly obtained JEV
40 sequences. MEGA 5.05 was used to generate a phylogenetic tree based on the JEV
41  sequences.

42 Results: More than 200,000 mosquitoes were divided into 3107 pools to test for JEV.
43 Of the pools, 9.04% (281/3107) were positive. The JEV obtained from mosquitoes
44  included three genotypes (G1, G3, and G5). JEV Gl was detected from different
45  provinces during 2004-2016. G1 was the dominant genotype circulating in nature,
46 comprising 98.93% (278/281). JEV G3 was detected in Yunnan and Chongqing
47  Provinces before 2010; JEV G5 was detected only in Tibet. No pools were positive for
48  JEV G2 and G4. C. tritaeniorhynchus was the major mosquito species and the principal
49  vector for transmitting JEV in China. The results of the TagMan real-time RT-PCR
50 assay and phylogenetic analysis consistently indicated that all 50 newly identified JEV

51  sequences belonged to JEV Gl.
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52 Conclusion: G1 is the main genotype of JEV circulating in nature in China. Some G3
53  and G5 were found, but no G2 or G4.

54

55  Author summary

56 Japanese encephalitis virus (JEV) is a member of the genus Flavivirus, family
57  Flaviviridae and is the major pathogen agent of Japanese encephalitis (JE) in the
58  Asian-Pacific region. The fatality rate of JE is 20-30%. JEV consists of five genotypes
59  (G1-G5). The predominant genotype was G3 before the 20™ century. Gl and G3
60  co-circulated in China at the end of the 20" and early 215 century. JEV Gl is the
61  youngest genotype and has gradually been found in many areas worldwide. Using a
62  sensitive TaqgMan real-time RT-PCR assay, this study examined 3107 pools of
63  mosquito. The main genotype of Japanese encephalitis virus in China was G1, with
64 some G3 and G5, but no G2 or G4. C. tritaeniorhynchus was the major mosquito
65 species and the principal vector for transmitting JEV in China. TagMan real-time
66 RT-PCR assay and phylogenetic analysis consistently indicated that all 50 newly
67 identified JEV sequences belonged to JEV GI1.

68

69

70  Keywords: Japanese encephalitis virus, Genotype, Phylogenetic analysis
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73 Introduction

74 Japanese encephalitis virus (JEV), a mosquito-borne flavivirus, is maintained in
75  nature in a zoonotic cycle involving mosquitoes (principally Culex species), pigs, water
76  birds, and bats [1-2]. Humans are dead-end hosts because when bitten by infected
77  mosquitoes, the viremia is transient and low-level [3-4]. JEV is the causative agent of
78  Japanese encephalitis (JE), which is prevalent in most Asian countries and parts of the
79  Western Pacific region, with two epidemiological models (epidemic or endemic) [5-6].
80  An estimated three billion people widely distributed in 24 countries live in areas with a
81 risk of JEV transmission [7-8]. JE has a fatality rate of 20-30% and 30-50% of the
82  survivors suffer irreversible neurological or psychiatric sequelae [9-10].

83 JEV has a single-stranded, positive-sense RNA genome that is approximately 11
84 kb in length. The viral genome contains three parts: 5'-end and 3'-end untranslated
85 regions and an open reading frame (ORF). The 5'-end untranslated region has a type I
86  cap structure with m7G(5)ppp(5)ApUp, but there is no poly(A) tail at the 3'-end. The
87  ORF encodes three structural proteins, the capsid (C), membrane (M), and envelope (E)
88  proteins, and seven nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and
89  NS5)[11-12].

90 JEV has been divided into five different genotypes based on the complete E gene
91  [13-14] and there are epidemic differences among the JEV genotypes. G1, G3, and G5
92  are mainly prevalent and distributed in Asia. G1 and G3 are found in most Asian
93  countries, while G5 is currently found only in Malaysia [15-16], China [17], and Korea
94  [18]. G2 has been isolated in South Korea, Southern Thailand, Malaysia, Indonesia,
95  Singapore, Papua New Guinea, and Northern Australia since 1951, while G4 has been

96 isolated only from Indonesia [16, 19]. The dominant genotype in Asia has gradually
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97  shifted from G3 to GI since the 1990s [20]. The distribution of G1 is widespread and
98  has diffused significantly faster between regions than G3 [21]. During 2002-2004, G1
99 and G3 co-circulated according to JEV surveillance of mosquitoes in China [22].
100  Previous studies have shown that JEV G1 was the youngest genotype [20, 23]. In this
101 study, we used a rapid, specific, and sensitive TagMan real-time RT-PCR assay to
102 detect and differentiate JEV from mosquitoes collected from 14 provinces in China
103 during 20042016 to comprehensively examine the distribution of JEV.

104

105  Methods

106  Mosquito collection

107 Mosquitoes were collected from 14 provinces (Xinjiang, Qinghai, Yunnan, Tibet,
108  Sichuan, Chongqing, Shaanxi, Henan, Shanxi, Hunan, Hubei, Shanghai, Shandong, and
109  Liaoning) of China at different sites (all collection was done on public land) from 2004
110  to 2016. The mosquitoes were pooled by species (up to 100 mosquitoes per pool) for
111 each collection site. The mosquito pools collected in 2016 were added to 1.5 mL of
112 minimum essential medium (MEM; Gibco, Invitrogen, Carlsbad, CA, USA)
113 supplemented with 5% PS (1000 unit/mL penicillin and 100 pg/mL streptomycin;
114  Gibco, Invitrogen), 1% glutamine, and 0.12% NaHCO3;, and ground using TissueLyser
115 (QIAGEN, Hilden, Germany) [17]. The mosquito homogenates were centrifuged at
116 14,000 rpm/min for 30 min at 4°C and stored at —80°C for later use. The clarified
117 supernatant of the homogenates of mosquito pools collected between 2004 and 2015
118  were previously stored at —80°C.

119
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120  RNA extraction and virus detection

121 Viral RNA was extracted from 140 pL of clarified supernatant of the homogenates
122 using the QIAamp® Viral RNA Mini Kit (QIAGEN), according to the manufacturer’s
123 specifications. TagMan real-time RT-PCR was conducted using AgPath-ID™ One-step
124  RT-PCR Reagents (Applied Biosystems, Foster City, CA, USA) and performed on an
125  Mx3000P QPCR System (Stratagene, La Jolla, CA, USA). Each RT-PCR master mix
126  reaction used 12.5 pL 2x RT-PCR buffer, 1 pL forward and reverse primers (both 10
127 pmol/uL), 1 pL TagMan probe (5 pmol/uL), 1 uL 25x RT-PCR Enzyme Mix, and 2 pL
128  RNA template for a total volume of 25 pL. qPCR was performed at 45°C for 10 min,
129  95°C for 10 min, and 40 cycles of 95°C for 15 s and 60°C for 1 min. The cut off cycle
130  threshold (Ct) value was set at 35. Six sets of primers and probes were used in the
131  TaqMan real-time RT-PCR detection system for detecting JEV, as described previously
132 [24].

133 The positive extraction control consisted of supernatant from JEV- infected BHK
134  cells. The JEV strains were GZ56 (HM366552), P3 (JEU47032), and XZ0934
135  (JF91589) for G1, G3, and G5, respectively. And the negative extraction control
136  consisted of supernatant from uninfected BHK cells. Double-distilled H,O was used as
137  ano-template control.

138  PCR amplification and DNA sequencing

139 First strand cDNA was synthesized from JEV RNA from JEV-positive pools using
140  the PrimeScript™ One Step RT-PCR Kit ver. 2 (Dye Plus; TaKaRa, Dalian, Japan),
141  according to the manufacturer’s instructions. Three pairs of primers were used to obtain
142 the complete E gene: primers JE-E1-F (5'-AYCCTGGYTAYGCTTTCCT-3', 868-886)

143  and JE-EI-R (5-GTTCAGTCCACTCCTTGGYTCACA-3', 1545-1568) for El;
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144  primers JE-E2-F (5'-TACWGTAACWCCMAATGCTC-3', 1478-1497) and JE-E2-R
145  (5'-CCAGCACCTTTGAGTTRG-3', 2074-2091) for E2; and primers JE-E3-F
146  (5'-GCTGGTRACAGTRAACCCCTTCGT-3', 2036-2059) and JE-E3-R
147  (5-TTTCTTGTGATGTCAATGGC-3', 2490-2509) for E3. The amplified products
148 were visualized by agarose gel electrophoresis (1%) and positive PCR products were
149  sent to Sangon Biotech (Shanghai) for sequencing.

150

151 Infection rate and positive pools

152 The minimum infection rate (MIR) of C. tritaeniorhynchus was estimated using the
153  following formula: (number of JEV-positive pools / total number of mosquitoes tested)

154  x 1000 (https://www.cdc.gov/westnile/resourcepages/mosqsurvsoft.html).

155 Positive pools were estimated as follows: (number of JEV-positive pools by
156  TaqMan real-time PCR / total pools of mosquitoes tested) x 100 [25].

157

158  Phylogenetic analysis

159 To construct a phylogenetic tree, representative JEV sequences were downloaded
160  from GenBank. In addition, the E genes of newly sequenced JEV from mosquitoes in
161  China from 2004 to 2016 were included. All newly generated sequences were

162  assembled and manually adjusted using the SeqMan program of DNASTAR

163  (DNASTAR, Madison, WI, USA). The multiple sequence alignment of E gene

164  sequences was analyzed using ClustalX ver. 2.0 [26]. The maximum likelihood (ML)
165 method in MEGA 5.05 [27] was used to construct phylogenetic trees based on the E
166  gene. Tamura-Nei distances and the gamma distribution with invariant sites (G+1)

167  formed the best nucleotide substitution model as recommended by the models function
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168  in MEGA. The robustness of the tree was evaluated using 1,000 bootstrap replications.
169  Murray Valley encephalitis virus (MVEV) strain MVE-1-51 was used as the outgroup.
170

171 Results

172 Total positive rate

173 A total of 209,297 mosquitoes representing five genera were collected from 14
174  provinces in China during 2004-2016 and formed 3107 pools (Figure 1). Of these, 281
175  pools (9.04%) from 12 provinces (except Qinghai and Xinjiang) were JEV-positive (Ct
176  <395).

177

178  Distribution of JEV genotypes in mosquitoes

179 The JEV obtained from the mosquitoes in China included three genotypes (G1, G3,
180  and G5). The distribution of G1 has expanded continuously. JEV G1 was detected in
181  Sichuan and Henan provinces in 2004, followed by Shanghai and Yunnan in 2005, and
182  subsequently in other provinces. Moreover, of the 281 positive pools, 278 (98.9%)
183  pools were JEV G1. JEV Gl was detected in Yunnan, Sichuan, Chongqing, Shaanxi,
184  Henan, Hunan, Hubei, Shanxi, Shandong, Liaoning, and Shanghai Provinces and Tibet.
185  The proportions of positive pools in Henan in 2004, Yunnan in 2005, and Shandong in
186 2008 were above 30%, those for Shanghai in 2005, Hubei in 2010, Shanxi in 2012, and
187  Shandong in 2016 were above 20%, and those from Sichuan in 2004, Yunnan in 2009,
188  and Shaanxi in 2012 were above 15%; the others were less than 10% (Table 1).

189 The results indicated that the infection rate of mosquitoes in China by JEV G1 has
190  been high since 2004. JEV G3 was detected from mosquitoes collected in Yunnan in

191 2005 and Chongqing in 2008. However, no JEV G3 has been detected from mosquitoes
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192 collected in these two regions or any other area since then. Moreover, JEV G5 was
193  detected only in Tibet in 2009. This pool positive for G5 was the same pools from
194  which the XZ0934 strain was isolated from Tibet in 2009. Although JEV is widely
195  distributed in nature in China, no JEV was detected in Qinghai or Xinjiang.

196

197 Infection rate of C. tritaeniorhynchus

198 More than 200,000 mosquitoes were collected, of which 44.71% were C.
199  tritaeniorhynchus. Of the JEV-positive pools, 82.56% (232/281) were C.
200 tritaeniorhynchus, indicating that C. tritaeniorhynchus is the major vector for JEV
201 transmission. No C. tritaeniorhynchus was collected in Xinjiang and Qinghai. The MIR
202 of C. tritaeniorhynchus ranged from 0.41 to 9.99 in different provinces and the highest
203  MIR value was found in Yunnan in 2005 (Table 2).

204

205  Phylogenetic analysis of JEV

206 The E fragments of all positive specimens were amplified by gPCR and 63 JEV G1
207  sequences were obtained. Thirteen sequences were excluded because they were found in
208  the same-pools in previous studies. The sequence alignment showed that these 13
209  sequences were identical to the published sequences. Therefore, 50 new E gene
210  sequences of JEV G1 were obtained.

211 A ML tree was constructed based on the complete E gene to establish the
212 phylogenetic relationships of JEV (G1-G5) strains downloaded from GenBank and the
213 50 new JEV sequences. MVEV strain MVE-1-51 was used as the outgroup. Figure 2

214  shows the phylogenetic tree constructed from the data in Table 3. The new JEV
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215  sequences were dispersed in the two main GI lineages. No obvious geographical

216  aggregation was observed for the JEV strains from China.

10
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218  Discussion

219 The prevalence and distribution of JEV in nature in China involved G1, G3, and
220 G5. No G2 or G4 was found. All 50 JEV sequences newly identified in this study
221 belonged to Gl based on the phylogenetic analysis and TagMan real-time RT-PCR
222 assay. Consistent with previous studies, C. tritaeniorhynchus was the most important
223 JEV-transmitting mosquito, which transmits the virus in a mosquito—pig cycle and
224  human infection [28]. No JEV was detected in Qinghai and Xinjiang Provinces.

225 Historically, cell cultures and traditional PCR are used to verify JEV. In this study,
226  we not only detected JEV but also distinguished the genotypes based on the established
227  TagMan real-time RT-PCR assay. This method showed high specificity, sensitivity, and
228  reproducibility, and reflected the distribution of JEV reliably and accurately in mainland
229 China. In addition, two target fragment sequences of G3 were not obtained due to their
230  high Ct values with qPCR amplification.

231 Although the mosquitoes in this study were found in a wide range of geographical
232 areas in China over a long period, all of the obtained information was limited to
233 mosquitoes. Therefore, we need to obtain additional data from different hosts, such as
234  humans, pigs, and birds. Only comprehensive information can promote further
235  understanding of the distribution of JEV and changes in its genotypes. Some studies
236  have confirmed G5 in South Korea in recent years [18, 29]. Therefore, the potential
237 impact of JEV G5 from a neighboring country cannot be neglected.

238 Encephalitis caused by mosquito-borne JEV is serious. JE is classified as a Class B
239 infectious disease in China. Long-term passive surveillance data indicate that cases of
240  JE have been reported throughout mainland China, except Xinjiang, Qinghai, and Tibet

241 [30-31]. At present, there are no effective antiviral drugs against JE and vaccination is

11
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242 regarded as the most economical and effective preventive method. Only four JE
243 vaccines have been approved by the World Health Organization: JEEV and JEEV
244  Pediatric in India, Live-SA14-14-2 in China, and IMOJEV.MD in Thailand. All of these
245  JE vaccines are based on JEV G3 strains. Some in vitro and in vivo studies have shown
246  that these JE vaccines derived from G3 strains do not provide adequate protection
247  against G5 [32-33] and have reduced neutralizing capacity against G1 [34].

248 Therefore, preventive strategies applied to disease control caused by JEV are
249 necessary. More detailed studies are needed to address selection pressure, antigenicity,
250 and the pathogenicity features of JEV following large-scale application of inactivated or
251 live attenuated vaccines derived from G3 strains. From a public health perspective, it
252 will also be important to prepare JEV vaccines against G1 and G3 simultaneously or
253 even against the potential threat from JEV G5 and emerging new genotypes.
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363  Figure legends

364  Figure 1. Geographical distribution of Japanese encephalitis virus (JEV) in mainland
365  China.

366  The distribution of JEV was visualized by using the software ArcGIS 9.3(ESRI Inc.,
367 Redlands, CA, USA).
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375  Figure 2. Phylogenetic analysis based on the envelope (E) gene of JEV. The newly

376  sequenced JEV sequences used in this study are marked with squares.
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