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General Introduction

Arthropod-borne viruses (arboviruses) infection cause severe diseases worldwide. These
include yellow fever which caused by yellow fever virus (YFV), pandemics of Dengue fever
(DF) and Dengue hemorrhagic fever (DHF) associated with Dengue virus (DENV),
encephalitis related to tick-borne encephalitis virus (TBEV) and West Nile virus (WNV)
infection, and newborn defects, such as microcephaly, caused by Zika virus (ZIKV) infection.
These viruses are mainly transmitted by ticks (TBEV), and dedes (DENV, ZIKV, YFV) and
Culex (WNV) mosquitoes (1, 2).

Flaviviruses are characterized by an enveloped, single-stranded positive-sense RNA of
some 10-11 kb genome length. The single-stranded open reading frame (ORF) encodes three
structural proteins [capsid (C), pre-membrane/membrane (PrM/M), and envelope (E)] and
seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5) and is flanked
by 5'- and 3'-untranslated regions (UTRs) (3). Viruses of the genus Flavivirus are mainly
categorized based on their host range, which include mosquito-borne flaviviruses (MBFVs),
tick-borne flaviviruses (TBFVs), no-known vector flaviviruses (NKVs), and insect-specific
flaviviruses (ISFVs) (4).

Zambia, located in southern Africa, is divided into two ecological systems: dryland and
wetland ecosystems. According to an aridity index, the dryland ecosystem is classified by semi-
arid (Southern region), dry sub-humid (Central region) and non-drylands (Northern region),
(5). The wetland ecosystem is found in floodplains, lakes, swamps, and dambos, which are
scattered across Zambia (6). The Barotse floodplain is the biggest natural water source in
Western province, and this provides an aquatic habitat for mosquito breeding (7).

To date in Zambia, human diseases related to flavivirus infection have not been reported.
However, serological studies conducted on humans in Zambia have demonstrated antibodies
against YFV, ZIKV, DENV and WNV suggesting that flaviviruses are circulating in Zambia
(8-11). To develop a strategy to respond to unexpected outbreaks of arboviruses, such as ZIKV,
arbovirus surveillance was conducted. Serological studies of nonhuman-primates (NHPs)
against arboviruses outbreaks of ZIKV and YFV and mosquito surveillance were performed in
Zambia. Recently, several viruses were detected by our research group in Zambia such as
Mwinilunga alphavirus (12) and WNV (13, 14).

In chapter I in this thesis, serological surveillance was conducted in NHPs in Zambia to
assess ZIKV infection. Sera were collected from NHPs in Livingstone (Southern Province) and
Mfuwe (Eastern Province) of Zambia from 2009 to 2010 and subjected to neutralization assay

using plaque reduction neutralization test (PRNT). Neutralization activity against ZIKV was



detected in 33 out of 96 sera samples. Among 33 positive samples for ZIKV, one sample also
showed neutralization for YFV. Furthermore, ZIKV and YFV genomic screening was
conducted using RNAs extracted from spleen samples of the same NHPs examined serum
antibody. Despite neither ZIKV nor YFV RNA was detected in spleen tissue, the presence of
neutralizing antibody against ZIKV in NHPs suggested that ZIKV is maintained among NHPs
in Zambia.

In chapter II, next generation sequencing and rapid amplification cDNA ends were
employed following virus identification and isolation from mosquito samples collected in
Livingstone (Southern Province) and Mongu (Western Province) of Zambia. A new strain of
Barkedji virus (BJV) named BJV Zambia and a novel flavivirus tentatively named Barkedji-
like virus (BJLV) were isolated. Phylogenetic analysis of full genome sequences of both
viruses revealed that both BJV Zambia (10,899 nucleotides: nt) and BJLV (10,885 nt) were
grouped in dual-host affiliated insect-specific flavivirus (dISFVs). Interestingly, even though
BJV Zambia and BJLV were phylogenetically located between human pathogenic MBFVs
none of them could replicate in vertebrate cell lines.

Lastly, characterization of the UTRs of BJV Zambia and BJLV is discussed in chapter III.
Bioinformatic analysis for the 5'- and 3'-UTRs of BJV Zambia and BJLV showed canonical
stem-loop (SL) structures in the 5'-UTRs, and more diverse structures were found in the 3'-
UTRs with exoribonuclease-resistant RNA (xrRNA), SL-I1I, dumbbell (DB) and terminal 3'SL.
Moreover, the predicted xrRNA structures for both BJV Zambia and BJLV were shown to have
capability to stop RNA degradation by exoribonuclease 1 (Xrnl) enzyme by in vitro Xrnl

degradation assay.



Chapter I

Serological Studies of Arbovirus Infection in Zambian Wildlife

Introduction

ZIKV and YFV are enveloped, single-stranded RNA virus, belonging to the family
Flaviviridae, genus Flavivirus. ZIKV was serendipitously isolated from a rhesus monkey
during sentinel screening for YFV in Uganda in 1947 (15). To date, two lineages have been
identified, based on full genome sequence on the open reading frame (ORF), as Asian and
African lineages (16). ZIKV infection was likely underreported in the intervening decades and
considered a benign infection (known as “dengue-like illness”) until a large epidemic in 2007
on Yap Island in Micronesia (16, 17). Thereafter, the Asian lineage of ZIKV infection
expanded to French Polynesia and the Americas and was associated with severe neurological
disease in utero and in adults (18).

YFV infection in human causing yellow fever (YF) with a range of clinical symptoms
from asymptomatic to jaundice and fatal hemorrhagic fever. To date, one serotype and seven
genotypes of YFV have been identified. Seven genotypes of YFV are distribute in African and
American continents, including West Africa [, West Africa II, East Africa, East/Central Africa,
Angola, South America genotype I and South America Genotype II (19, 20). Aedes spp.
mosquitoes play an important role as a vector for YFV transmission in sylvatic, peri-urban and
urban areas in Africa, whereas it has been reported that YFV circulation in NHPs was
transmitted by Haemagogus and Sabethes mosquitoes in south America (20, 21).

ZIKV is mainly transmitted by Aedes mosquito vectors; however, human-to-human
infections have also been reported. In 2008, a scientist, who had recently returned to the United
States from Senegal, sexually transmitted ZIK'V to his wife (22). Maternofetal transmission of
ZIKV lineage Asia was firstly reported in Brazil and was associated with cases of microcephaly,
intrauterine growth restriction (IUGR) and placental insufficiency (23). In vivo experiment
using Asian and African strain of ZIKV in pregnant mice showed that both virus strains could
be transmitted vertically causing IUGR, indicated that both ZIKV lineages infection could
induce fetal defect (24). Cases of ZIKV-associated microcephaly were subsequently
documented in Colombia (25), Thailand and Vietnam (26), and ZIKV-related Guillain—Barré
syndrome (GBS), a severe autoimmune disease, was reported in French Polynesia (27) and
Colombia (28).

Generally, GBS is a severe autoimmune disease where the immune cells attack peripheral

nervous system after falsely detected as invaders. In case of acute motor axonal neuropathy,



the antibody invasion was driven by the similar structure of microbial and axolemmal surface
molecules (29). The patients were experience weakness or tingling sensations begin in legs and
spread ascending to arms and face. In some cases, it could progress to paralysis in legs, arms,
muscle in face or affected chest muscles resulting breath difficulties (30).

ZIKV infection experiments in rhesus macaque (Macaca mulata) and cynomolgus
macaque (Macaca fascicularis) exhibit similar symptoms with those observed in human cases
e.g. rash, fever and conjunctivitis (31-33), suggesting that some NHPs are susceptible to ZIK'V.
While ZIKV infection in wild NHPs showed asymptomatic to mild illness, YFV infection in
NHPs could be fatal (19). Anti-ZIKV antibody has been detected from baboons in Tanzania
and African green monkeys from Gambia, but not from baboons in Zambia using an enzyme-
linked immunosorbent assay (ELISA) (34). Previous serological studies in humans
demonstrated antibodies to ZIKV and YFV in Zambia (8, 9).

Hitherto, little prior knowledge exists for ZIKV infection in NHPs in Zambia. Further
investigation is important to ascertain the sero-status of ZIKV and YFV in Zambian NHPs. In
this study, sera from NHPs in Zambia were examined for the presence of neutralization
antibodies against ZIKV and YFV using a plaque reduction neutralization test (PRNT). In
addition, molecular epidemiological analysis was performed to identify genetic diversity of

arboviruses.



Materials and Methods

Study Site, Sample Collection and Ethics

Blood and splenic tissues were collected from Zambian malbrouck monkeys
(Chlorocebus cynosuros; n=48), chacma baboons (Papio ursinus; n=25) and yellow baboons
(Papio cynocephalus; n=23) in the Livingstone (Southern) and Mfuwe (Eastern) districts
(Figure 1) between 2009 and 2010, as previously described (35) and stored at -80°C prior to
examination. NHPs were speciated by mitochondrial cytochrome b (cyth) gene sequencing as
described by Sasaki et al. (2013) (35). Ethical approval was obtained from the then Zambia
Wildlife Authority (ZAWA), now the Department of National Parks and Wildlife, Ministry of
Tourism and Arts (certificate no. 2604) (36).



Figure 1. Livingstone (Southern Province) and Mfuwe (Eastern Province) showed in the
map (black box, insert map). The map is generated using free software for remote sensing

QGIS v3.



Plaque Reduction Neutralization Test (PRNT)

PRNT was conducted using ZIKV MR-766 and YFV 17D as positive control for
detection of specific antibodies for each virus. PRNT against tick-borne encephalitis virus
(TBEV) Oshima 5-10 reference strain was conducted to examine cross-reactivity between
flaviviruses. Prior to the experiments, all sera were thawed at 37°C, then diluted 1:5, 1:20 and
1:80 in Dulbecco’s Modified Essential Medium (DMEM) for ZIKV and YFV or Minimum
Essential Medium (MEM) for TBEV. The diluted sera were inactivated at 56°C for 30 minutes
and thereafter incubated 1:1 with ZIKV (25 Plaque Forming Unit: PFU/well), YFV (750
PFU/well) or TBEV (50 PFU/well) at 37°C for 30 minutes. The diluted, inactivated sera were
then inoculated onto Vero cells (for ZIKV and YFV) and baby hamster kidney-21 (BHK-21
cells) (for TBEV) and incubated at 37°C for 1 hour. After incubation, the cells were covered
by DMEM supplemented with 1.25% methylcellulose and 2% fetal bovine serum (ZIKV and
YFV) or MEM supplemented with 1.5% carboxymethyl cellulose and 2% fetal bovine serum
(FBS, for TBEV) and incubated for 5 days (ZIKV), 4 days (TBEV) or 8 days (YFV) at 37°C.
Finally, the cells were fixed using 3.7% buffered formaldehyde for 30 minutes at room
temperature and stained using 0.1% (TBEV) or 1% (ZIKV and YFV) crystal violet. The plaque
number was counted, and neutralizing activity was determined by a 50% reduction number of
viral plaques compared to the no serum control (PRNT50). Positive serum samples were judged
by a 4-fold difference between flaviviruses or that, at least, showed PRNT50 >1:40 at the final
dilution. For TBEV PRNT, serum samples, which showed PRNT50 >1:20, were considered to

be positive for neutralization activity (37).

ZIKYV and YFV Genome Detection

Total RNA was extracted from splenic tissues as described by Sasaki et al. (2013) (35)
and employed to screen for the presence of ZIKV and YFV viral RNA. Detection of ZIKV and
YFV genome were examined by quantitative real-time reverse transcriptase PCR (QRT-PCR)
with an Express One-Step Super Script qRT-PCR kit (Invitrogen, Carlsbad, CA) using the
StepOnePlus instrument (Applied Biosystems, Foster City, CA). The oligonucleotide primers
and hydrolysis probe and final concentrations employed for detection of ZIKV were as follows:
500 nM ZIKA2 1176F (5’-GAC ATG GCT TCG GAC AG-3’), 500 nM ZIKA2 1308R (5’-
CTT TGC CAA AAA GTC CAC A-3’) and 250 nM ZIKA2 1209 probe (5’-FAM-GGT GAA
GCC TAC CTT GAC AAG CA-MGB-3’). Our ZIKV primers and probe were designed based
on conserved regions of several ZIKV strains, such as MR-766 (East African, Uganda,

LC002520), FSS13025 (Asian, Cambodia, KU955593), DaKAR 41525 (West African,



Senegal, KU955591) and Brazil/PE243/2015 (American, Brazil, KX197192), by modifying a
widely used ZIKV gqRT-PCR system described by Lanciotti et al. (38). The primers sets and
probe and final concentrations employed for detection of YFV genome were from a previous
report by Domingo et al. (2012) (39): 500 nM 15F (5’-GCT AAT TGA GGT GYA TTG GTC
TGC-3’), 500 nM 103R (5’-CTG CTA ATC GCT CAA MGA ACG-3’) and 250 nM YFV
Probe carboxyfluorescein: FAM 41 (5’-FAM-ATC GAG TTG CTA GGC AAT AAA CAC-
MGB-3’). This primer set detected YFV RNA at 1 PFU with threshold cycle (Ct) values around
33. Thermocycling conditions were 50°C for 15 minutes, 95°C for 2 minutes followed by 45
cycles 95°C for 15 seconds and 60°C for 1 minute for both ZIKV and YFV.



Results

Three species of NHPs were identified based on COI gene, Papio ursinus (Chacma
baboons), Chlorocebus cynocuros (Zambian malbrouck mankey) and Papio cynocephalus
(Yellow baboons). The PRNT revealed that 34.4% (33/96) of sera of NHPs had neutralizing
antibodies against ZIKV with comparable levels of seropositivity in Zambian malbrouck
monkeys in Livingstone (34.8%; 8/23) and in Mfuwe (32.0%; 8/25). Sera from chacma
baboons in Livingstone had a relatively higher seroprevalence (48.0%; 12/25) compared to
yellow baboons in Mfuwe (21.7%; 5/23) (Table 1-3). In addition, we did not detect any
neuralization activity against TBEV in the NHP samples (Table 1). Although we could identify
specific neutralization antibodies for ZIKV, we found one sample had neutralization activity
against both ZIKV and YFV in a chacma baboon serum in Livingstone with sera titer 160 and
40, respectively (Table 2). While the neutralizing antibodies against ZIKV were detected in

NHPs sera, neither ZIKV nor YFV genome were detected in splenic tissues samples.



Table 1. Flavivirus seropositivity in Zambian non-human primates.

Collecting  Non-human primate Number Not PRNT PRNT (+) PRNT (+)
place species ofsera  detected (+) YFV ZIKV TBEV
Chacma baboons 12
(Papio ursinus) 25 13 0 (12/25=48.0%) 0
.. Zambian malbrouck

Livingstone
monkeys 23 15 0 8 0
(Chlorocebus (8/23=34.8%)
CYNOSUros)
Yellow baboons 5
(Papio 23 18 0 (5/23=21.7%) 0
cynocephalus)

Mfuwe Zambian malbrouck
monkeys 8
(Chlorocebus 25 17 0 (8/25=32.0%) 0
CYnosuros)

TOTAL 96 63 0 33 0

(33/96=34.4%)

Not detected: the antibody titer is <1:10 for ZIKV, YFV and TBEV; PRNT (+) YFV: the
antibody titer >1:10 for YFV or 4-fold different to ZIKV and TBEV; PRNT (+) ZIKV: the
antibody titer >1:10 for ZIKV or 4-fold different to YFV and TBEV; PRNT (+) TBEV: the
antibody titer >1:10 for TBEV or 4-fold different to YFV and ZIKV.

10



Table 2. PRNTS50 values for ZIKV, YFV and TBEV from NHP’s sera collected in Livingstone,

Zambia
Sample . PRNT 50 Serological
No. Species ZIKV YFV TBEV interpretation
1 Papio ursinus <10 <10 ND*
2 Papio ursinus 160 10 <10 ZIKV
3 Papio ursinus 40 10 <10 ZIKV
4 Papio ursinus <10 <10 ND
5 Papio ursinus 10 <10 ND
6 Papio ursinus 10 <10 ND
7 Chlorocebus cynosuros <10 <10 ND
8 Papio ursinus 160 <10 <10 ZIKV
9 Papio ursinus <10 <10 ND
10 Papio ursinus 40 <10 <10 ZIKV
11 Papio ursinus 160 40 <10 ZIKV
12 Chlorocebus cynosuros 10 <10 ND
13 Chlorocebus cynosuros 40 <10 <10 ZIKV
14 Chlorocebus cynosuros 10 <10 ND
15 Papio ursinus 40 <10 <10 ZIKV
16 Papio ursinus <10 <10 ND
17 Papio ursinus 160 <10 <10 ZIKV
18 Chlorocebus cynosuros 40 <10 <10 ZIKV
19 Chlorocebus cynosuros <10 <10 ND
22 Chlorocebus cynosuros <10 <10 ND
23 Chlorocebus cynosuros <10 <10 ND
24 Chlorocebus cynosuros 40 <10 <10 ZIKV
25 Chlorocebus cynosuros <10 <10 ND
26 Chlorocebus cynosuros 40 10 <10 ZIKV
27 Chlorocebus cynosuros <10 <10 ND
28 Chlorocebus cynosuros 10 <10 ND
29 Chlorocebus cynosuros 40 <10 <10 ZIKV
30 Chlorocebus cynosuros 10 <10 ND
31 Papio ursinus <10 <10 ND
32 Papio ursinus 10 10 ND
33 Papio ursinus <10 <10 ND
34 Papio ursinus 40 <10 <10 ZIKV
35 Papio ursinus 40 10 <10 ZIKV
36 Papio ursinus 40 <10 <10 ZIKV
37 Papio ursinus 10 <10 ND
38 Papio ursinus <10 <10 ND
39 Papio ursinus 160 <10 <10 ZIKV
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Table 2. Continued.

Sample Species PRNT 50 Serological
No. p ZIKV YFV TBEV interpretation
40 Papio ursinus <10 <10 ND
41 Papio ursinus <10 <10 ND

42 Chlorocebus cynosuros <10 <10 ND
43 Chlorocebus cynosuros <10 <10 ND

44 Chlorocebus cynosuros 40 <10 <10 ZIKV
45 Chlorocebus cynosuros <10 <10 ND

46 Chlorocebus cynosuros 160 <10 ND ZIKV
47 Chlorocebus cynosuros 160 10 <10 ZIKV

48 Chlorocebus cynosuros <10 <10 ND
49 Chlorocebus cynosuros <10 10 ND
50 Papio ursinus 40 <10 <10 ZIKV

Positives are shown in bold. *ND: not determined. ZIKV: Zika virus; YFV: Yellow fever virus;
TBEV: Tick-borne encephalitis virus. The numbers of PRNTS50 are represented as the greatest
dilution with a positive result.
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Table 3. PRNT50 values for ZIKV, YFV and TBEV from NHP’s sera collected in Mfuwe,

Zambia
Sa}ng le Species ZIKV Pl?{\?;; 0 TBEV Interpretation
1 Papio kindae 40 <10 <10 ZIKV
2 Papio kindae <10 10 ND
3 Papio cynocephalus 160 10 <10 ZIKV
4 Papio cynocephalus <10 <10 ND
5 Papio cynocephalus 40 10 <10 ZIKV
6 Papio cynocephalus <10 10 ND
7 Papio cynocephalus <10 <10 ND
8 Papio cynocephalus <10 <10 ND
10 Papio cynocephalus 10 <10 ND
11 Papio cynocephalus <10 <10 ND
12 Chlorocebus cynosuros 10 <10 ND
13 Chlorocebus cynosuros <10 <10 ND
14 Chlorocebus cynosuros <10 <10 ND
15 Chlorocebus cynosuros 10 <10 ND
16 Papio cynocephalus <10 <10 ND
17 Chlorocebus cynosuros 160 <10 <10 ZIKV
18 Papio cynocephalus 10 <10 ND
19 Papio cynocephalus 40 <10 <10 ZIKV
20 Papio cynocephalus <10 <10 ND
21 Papio cynocephalus <10 <10 ND
22 Papio cynocephalus 160 10 <10 ZIKV
23 Papio cynocephalus <10 <10 ND
24 Papio cynocephalus <10 <10 ND
25 Papio cynocephalus <10 <10 ND
26 Chlorocebus cynosuros 160 10 <10 ZIKV
27 Chlorocebus cynosuros <10 <10 ND
28 Chlorocebus cynosuros 10 <10 ND
29 Chlorocebus cynosuros <10 <10 ND
30 Chlorocebus cynosuros 10 <10 ND
31 Chlorocebus cynosuros 40 <10 <10 ZIKV
32 Chlorocebus cynosuros 40 <10 <10 ZIKV
33 Papio cynocephalus <10 <10 ND
34 Papio cynocephalus <10 <10 ND
35 Chlorocebus cynosuros 160 <10 <10 ZIKV
36 Chlorocebus cynosuros <10 <10 ND
37 Chlorocebus cynosuros <10 <10 ND
38 Papio cynocephalus <10 <10 ND
39 Papio cynocephalus <10 <10 ND
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Table 3. Continued.

Sample PRNT 50

No. Species ZIKV YEV  TBEV Interpretation
40 Chlorocebus cynosuros 40 <10 <10 ZIKV
41 Chlorocebus cynosuros 40 <10 <10 ZIKV
43 Chlorocebus cynosuros <10 <10 ND

44 Chlorocebus cynosuros <10 <10 ND

45 Chlorocebus cynosuros 10 <10 ND

46  Chlorocebus cynosuros 10 <10 ND

47 Chlorocebus cynosuros <10 <10 ND

48 Chlorocebus cynosuros <10 <10 ND

49 Chlorocebus cynosuros <10 <10 ND

50 Chlorocebus cynosuros 160 <10 10 ZIKV

Positives are shown in bold. *ND: not determined; ZIKV: Zika virus; YFV: Yellow Fever
virus; TBEV: Tick-Borne Encephalitis virus. The numbers of PRNT50 are represented as the
greatest dilution with a positive result.
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Discussion

The dual-positive PRNT for both ZIKV and YFV was occurred because of either co-
infection of ZIKV and YFV or cross-reactivity of antibodies. Flaviviruses possess similar
structures and epitopes within their envelope proteins that can potentially be recognized by
cross-neutralizing antibodies (40) and cross-neutralization activities among flaviviruses have
been reported previously (41, 42). Therefore, the one sample from a chacma baboon that has
neutralization activities for both of ZIKV and YFV may have cross-neutralization activity. For
genome screening, neither ZIKV nor YFV viral RNA were detected in splenic tissues from
NHPs by qRT-PCR, suggesting that no acute phase viremic samples were present and that the
presence of anti-ZIKV neutralizing antibodies represented prior exposure to a resolved
infection.

Serological studies in NHPs in Malaysia, Brazil and on the African continent revealed
that some species of NHPs, including Bornean orangutans, African green monkeys, baboons,
howler monkeys, marmosets and capuchin monkeys, have been shown to have neutralization
activities against ZIKV(34, 43-46). Along with previous reports, our study has shown
seroprevalence of anti-ZIKV neutralization antibodies in malbrouck monkeys, chacma
baboons and yellow baboons in Zambia. These studies suggest that NHPs play a role in ZIKV
maintenance in nature has previously been proposed by Diallo et al. (2014) and Terzian et al.
(2018) (47, 48).

Currently, neutralization assays are widely used as a method to differentiate arbovirus
infections in human as reported by Fritzell et al. (2018) (49). The neutralization test (PRNT
and microneutralization test) is the most frequently used method compared to other serological
assays such as immunofluorescence assays. Several serological studies for ZIKV infection in
animals are also used neutralization assay and, specifically PRNT (44-46, 50). PRNT (using
live viruses) was used for the determination of type-specific antibodies and differentiation of
the infecting viruses. Even though PRNT is the most specific serological diagnosis for
flavivirus infection, this procedure requires tissue culture facilities and laboratories with
Biosafety Level-3 (BSL-3) or BSL-4 using physical contaminant level 3 (P3) or P4 viruses)
(51).

Serological studies of pathogens in NHPs can be applied as sentinel warning systems to
assess the likelihood of human outbreaks of zoonotic disease. It has been reported that Almeida
et al. succeeded in enhancing vaccine uptake prior to YFV outbreaks in humans by combined
active and passive surveillance in NHPs, which resulted in vaccination being administered

within a 2 km radius from the location where YFV in NHPs was detected (21).
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Spillover events of flaviviruses from NHPs to humans are dependent on several factors,
such as, reservoir hosts and their distribution, infectivity, pathogenicity/transmissibility of
pathogens from infected hosts and survival rates of infected hosts (52). Even though there is a
paucity of information on precisely how sylvatic reservoirs with circulating ZIKV could infect
humans, several urban transmissions, including mosquito-borne, sexually and maternofetal

infection have been reported (53-55).
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Summary

ZIKV and YFV infection in human could proceed to serious health problem with varied
clinical sign from asymptomatic, mild and non-specific illness to hemorrhagic fever. Both
viruses existed in sylvatic, peri-urban and urban area maintained by mosquitoes as vector.
NHPs plays an important role as the primary host in sylvatic area. Spillover event was
happened when interaction between infected NHPs, mosquitoes and human were present. The
presence of anti-ZIKV neutralizing antibodies in NHPs to be the results of prior exposure to
ZIKV infection. These results provide new insights into ZIKV circulation in Zambia and

represent the first report of serologic detection of sylvatic ZIKV in Zambia.
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Chapter 11
Isolation and Identification of Dual-Host Insect-Specific Flaviviruses

from Culex Mosquitoes in Zambia

Introduction

Insect-specific viruses (ISVs) have been discovered worldwide and have been isolated
from a range of mosquito species. These viruses belong to a range of viruses in the order
Bunyavirales and several families, including Birnaviridae, Togaviridae, Rhabdoviridae,
Reoviridae and Flaviviridae. ISVs were initially identified in the supernatants of Aedes aegypti
cell lines and have been named the cell-fusing agent virus (CFAV) of the genus Flavivirus in
the family Flaviviridae (56). Even though the mechanism of transmission of ISVs is still under
investigation, recent studies hypothesized that ISVs is mainly vertically transmitted either
directly from infected female mosquitoes or via venereal transmission from infected male
mosquitoes (56, 57). In addition, horizontal transmission by shared foraging area between
infected mosquitoes with not-infected mosquitoes has been proposed (57).

Identification of ISVs in family Flavivirus called insect-specific flaviviruses (ISFVs)
phylogenetically divided into two groups. The first group consists of the classical ISFVs
(cISFVs) which grouped distantly from human-pathogenic mosquito-borne flaviviruses
(MBFVs) and only identified and isolated from mosquitoes or mosquito-derived cell lines,
including CFAYV and Culex flavivirus (CxFV). The virus isolation of cISFVs has been reported
in Australia, Brazil, Senegal, Japan and several European countries (58). The other ISFVs
shared the same ancestor with MBFVs such as DENV and ZIKV, called dual-host affiliated
ISFVs (dISFVs). To date, dISFVs only isolated and characterized from mosquitoes and
mosquito-derived cell lines. Several viruses such as Nhumirim virus (NHUV), Nounane virus
(NOUYV) and Donggang virus (DONV) were grouped in dISFVs (59).

As detection and isolation of ISFVs is raising in recent years, their interaction with
mosquito host and MBFVs become more concerned. The role of cISFVs in MBFV infection
and dissemination in mosquitoes is poorly understood as the investigation on co-infection
between cISFVs and MBF Vs remain elusive (56). In contrast, co-infection of dISFVs (NHUV)
with MBFVs [West Nile (WNV), St. Louis Encephalitis (SLEV), ZIKV, DENV viruses] in
C6/36 cell lines have suggested that they could suppress MBFV production (59, 60).

dISFVs have mainly been identified in Aedes spp. (61, 62) and Culex spp. (63, 64). Both
groups of these mosquito species are distributed in tropical and sub-tropical regions. The Aedes

spp. are vectors for clinically important flaviviruses, such as DENV, YFV and ZIKV (65).
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Similarly, Culex spp. are also distributed worldwide but are most prevalent in tropical and sub-
tropical regions (66, 67). These mosquitoes are well known as vectors for encephalitic viruses,
including WNV, SLEV, Rift Valley fever virus (RVFV), and Sindbis virus (SINV) (66).
Mosquito surveillance in Zambia was conducted to investigate flavivirus circulation and
assess the potential emergence of MBFVs using a pan-flavivirus RT-PCR for detection genome
of flaviviruses. In this study, a new strain of dISFV and a novel flavivirus were isolated and

their susceptibility in several cell lines were investigated.
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Materials and Methods

Study Site and Sample Collection

Mosquito samples were collected between 2012 and 2017 at several places in Zambia.
Approval for the collection of Mosquitoes was obtained from the Zambia Wildlife Authority,
now known as the Department of National Parks and Wildlife, Ministry of Tourism and Arts
of the Republic Zambia following the study approval by the Excellence in Research Ethics and
Science (ERES) converge ethics committee (IRB No: 00005948) and the National Health
ethics research of the Ministry of Health. In total, six mosquito traps (three CDC light traps
(John W. Hock Co, Gainesville, FL) with CO; produced by yeast fermentation and three BG-
sentinel traps (Biogents AG, Regensburg, Germany) were set up at several sites (Figure 2) from
afternoon until morning for five consecutive nights.

The collected mosquitoes were identified and classified by morphology using the
identification keys of African mosquitoes based on The Walter Reed Biosystematics Unit
(http://www.wrbu.org/VecID MQ.html), Kent RJ (68), and Gillet JD (69). In total, 1-40
individual mosquitoes were pooled based on the species and collection site. All pooled
mosquitoes were stored at —80°C. To confirm the mosquito species, PCR and sequencing of

the cytochrome oxidase I (COI) gene were conducted (70).
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Figure 2. Mosquito sampling areas from 2012 to 2017 in Zambia. Mongu and Livingstone

areas are pointed in the map.
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Flavivirus Genome Screening

All mosquito pools were homogenized in minimum essential medium (MEM) containing
2% fetal bovine serum (FBS) using the BIOMASHER (Nippi, Tokyo, Japan). Total RNA was
then extracted from 100 pL homogenates using the Direct-Zol kit (Zymo research, CA)
according to the manufacturer’s instructions. One-step RT-PCR was employed to detect the
flavivirus genome using the One Step PrimeScript RT-PCR kit Ver.2 (Takara, Shiga, Japan)
with pan-flavivirus primers sets (Table 4), which targeted the NS5 gene of flaviviruses, as
described by Patel et al. (71). The cycling temperature was set as follows: 50°C for 30 min,
94°C for 2 min, 43 cycles of 94°C for 30 s, 53°C for 30 s and 72°C for 30 s, and 72°C for 5
min. For sequencing, the BigDye Terminator v3.0 Cycle sequencing kit was used on an ABI
PRISM 3130 Genetic analyzer (Applied Biosystems, Foster City, CA) with the Sanger

sequencing analysis.

Virus Isolation

The remaining homogenates were filtered and inoculated into mosquito (C6/36) and
mammalian (Vero and BHK-21) cells. The mosquito cells were maintained in MEM
supplemented with 2% FBS, 2 mM L-glutamine, 0.1 mM non-essential amino acid, 100 U/mL
penicillin, 100 pg/mL streptomycin, and 25 pg/mL gentamycin and incubated in 5% CO; at
28°C. The mammalian cells were maintained in MEM supplemented with 2% FBS, 2 mM L-
glutamine, 100 U/mL penicillin, 100 pg/mL streptomycin, and 25 pg/mL gentamycin.

Next Generation Sequencing

RNAs extracted from the culture supernatants of the isolated viruses-infected C6/36 cells
were utilized for the library preparation using the double-stranded cDNA synthesis kit (Takara)
and the Nextera XT DNA Library Prep (Illumina, San Diego, CA), followed by sequencing
using a MiSeq Reagent Kit v3 (600 cycles) and Illumina MiSeq System (Illumina). CLC
Genomics Workbench 10 (CLC Bio, Qiagen, Hilden, Germany) was used for de novo assembly

data analysis.
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Rapid Amplification cDNA Ends Analysis

The isolated viruses were propagated in C6/36 cells and incubated for 3 days. Viral RNA
(VRNA) was extracted using the Direct-Zol kit (Zymo Research), followed by the 5’-end
identification using TaKaRa 5'-full rapid amplification cDNA ends (RACE) Core Set (Takara)
and the 3'-end identification by SMARTer RACE 5'/3" kit (Takara) according to the
manufacturer’s instructions.

Briefly, to identify the 5'-end regions, the first strand cDNA was synthesized using the
phosphorylated-gene specific primer BJVrace 5SP-964R from the target vVRNA through reverse
transcription. The VRNA was degraded using RNase-H, and the first cDNA was circularized
or concatemers were created using RNA ligase. Finally, DNA amplification was performed
using PCR with virus-specific primer sets (Table 4).

For the 3'-end identification, the poly (A) tail was attached to the vVRNA using E. coli poly
(A) polymerase prior to cDNA synthesis. The cDNA was produced by incubating the poly(A)-
tailed-vRNA with a 3'-CDS primer provided by the manufacture at 72°C for 3 min and 42°C
for 2 min. Subsequently, after combining with a mixture containing DTT, dNTPs and RNase
inhibitor, the mixture was incubated at 42°C for 90 min and 70°C for 10 min. Subsequently,
Tris-EDTA buffer was added into the mixture.

The cDNA was then added into the RACE PCR master mix, which contained gene-specific
primers, BJV40race 10,270 F or BJV3lrace 10,270 F (Table 4). Thermal cycling was
conducted as follows: 94°C for 2 min, 30 cycles of 94°C for 30 s, 68°C for 30 s and 72°C for
3 min, and 72°C for 5 min. The PCR products (approximately 500 bp) were visualized on a
0.8% (w/v) agarose gel stained with ethidium bromide.

Finally, the PCR products for the 5'- and 3’-RACE were sequenced using the Sanger
sequencing method and aligned using ATSQ Ver 5.4.1 software. We identified the 5'- and 3'-
UTR sequence using the Genetyx-MAC Ver.19 software.

23



Table 4. Primer sets used in this study.

Primer name Sequence 5'> 3’

Pan-flavivirus primer set

Flavi all S TACAACATGATGGGGAARAGAGARAA
DEN4 F TACAACATGATGGGRAAACGTGAGAA
Flavi all AS 2 GTGTCCCAGCCNGCKGTGTCATCWGC
5'-RACE primer set

BJVrace 5P-964R P- CTCCATTTCCRTGA

BJV40race 820 F1 TGACACTAATGATCGTGATGA
BJV3lrace 825 F1 GACATCGACACCAATGAGC

BJV40race 887 F2 ATGGACGTTGTCAAACTGGA
BJV31race 883 F2 CACTATGGGAGATGTCAAGG
BJV40race 566 R1 TTCAAATCCTTGAGCATGTC
BJV31race 578 R1 CGCTTCCTGGAATTCAGATC
BJV40race 523 R2 CCAAAACTTTGCTACCTTCC
BJV3lrace 523 R2 CCAGAACCTTACTTCCTTCC

3'-RACE primer set

BJV40race 10270 F ACATGGTCACTGCACGGAAA
BJV3lrace 10270 F CACTTGGTCACCTGCATGGAAA
VRNA qRT-PCR primer set

BJVzall 2622F GAAGCACTGGGGAAGGAGAC

BJV L31 2622F GAAGCATTGGGGCAGGAGAC

BJVzall 2807R TCATCATTGTCCTTCTCATTCA
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Phylogenetic Tree Analysis

A phylogenetic tree was constructed using the Mega X software (72, 73) by maximum
likelihood method and Tamura-Nei model (74) and tested by bootstrap analysis with 1,000
replications. Flavivirus genome data for constructing the tree was obtained from NIAID Virus
Pathogen Database and Analysis Resource (ViPR) (75) through the web site at
https://www.viprbrc.org/brc/vipr_genome search.spg and Genbank databases
(https://www.ncbi.nlm.nih.gov/genbank/). All genome sequences were aligned with MUSCLE
(76).

Virus Susceptibility Test

To investigate whether the virus isolates could infect non-mosquito cell lines or only
replicate specifically in mosquito cell lines, confluent mammalian (Vero), avian [Duck embryo
(ATCC CCL-141), CGBQ (ATCC CCL-169) and QT-6 (ATCC CRL-1708)], and insect
(C6/36) cells in 12-well plates were used of virus infection with 10 pL of 1 x 107 copy pL~! of
isolated viruses. These cells were purchased from ATCC (Manassas, VA). Cell supernatants
were collected at 6, 24, 48 and 72 h post infection.

Duck embryo cells were maintained in MEM supplemented with 10% FBS, L-glutamine,
penicillin and streptomycin. CGBQ cells, derived from goose, were maintained in Ham’s F-
12K medium supplemented with 10% FBS, penicillin, and streptomycin; QT-6 cells, derived
from quail, were maintained in Ham’s F-12K medium supplemented with 10% FBS, 10%
tryptose phosphate broth, penicillin, and streptomycin.

For the quantification of vVRNA, the one-step qRT-PCR master mix was prepared using
the TaKaRa One Step TB Green II kit (Takara) with BJV and BJLV-specific primer sets (Table
4). The final concentration of the oligonucleotide primers employed for BJV Zambia and BILV
were as follows: 0.4 uM BJVzall 2622 F, 0.4 uM BJV L31 2622 F, and 0.4 mM BJVzall 2807
R. The qRT-PCR was run using the StepOnePlus instrument (Applied Biosystem).
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Results

Flavivirus Genome Detection and Virus Isolation

Mosquitoes were collected from various districts in Zambia from 2012 to 2017. In 2017,
3,304 female mosquitoes were collected which were tested in 207 pools. Employment of a pan-
flavivirus RT-PCR screening assay (71) led to the identification of partial NS5 gene sequences,
which shared homology with BJV in one pool of Culex quinquefasciatus (zmql7L31) collected
in Livingstone (Southern Province), two pools of Culex univittatus (zmql7M54 and
zmq17M115), and one pool of Culex annulioris (zmql7M40) collected in the Mongu districts
(Western Province).

The sequence homology of 250 bp of RT-PCR products of the BJV NS5 gene was 99%
for zmq17L31 and 81% for zmql17M40, zmql17M54, and zmq17M115 (Table 5). Furthermore,
virus isolation from the filtered homogenates of positive mosquito pools was performed using
C6/36, Vero and BHK-21 cells. Virus propagation could only be detected in C6/36 cells using
RT-PCR, and the virus infection did not produce a clear cytopathic effect in C6/36 or the
mammalian cells.

Next generation sequencing (NGS) was used to identify the whole-genomic sequences of
the isolated viruses from mosquito lysates. Based on the NGS results, two different viruses
were identified, with a nucleotide identity of 96% (zmql7L31) and 75% (zmql7M40,
zmql7M54, and zmql7M115) compared to the BJV originally isolated from Culex spp.
mosquitoes in Israel (GenBank accession no. KC496020). Based on the flavivirus classification
by Kuno et al. (77), isolate zmql7L31 was considered a strain of BJV (now named BJV
Zambia), and isolates zmql7M40, zmql17M54 and zmql7M115 were novel flavivirus species
which we have tentatively named Barkedji-like virus (BJILV). For further characterization of

BJLV, isolate zmq17M40 to following experiments was employed.
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Table 5. Number of mosquito species and pools collected in 2017.

No. of Nucleotide
. Mosquito Pool Flavivirus Identit
Month — Place Species no. no.  Positive  with BV
Pools (%) * Israel
Culex . 780 34 1(2.9)® 99%
quinquefasciatus
Culex univittatus™ 15 3
Culex nebulosus™ 5 3
Culex tigripes” 11 3
April Livingstone Z?ibtlclzee)rcziorhync hus® 1 1
Aedes aegypti 5 5
Aedes spp.” 7 3
Mansonia sp. 2 2
Anopheles spp.” 72 15
Total 898 69 1
Culex 285 22
quinquefasciatus
Culex univittatus”™ 309 15 2(13.3)° 81%
Culex annulioris™ 41 5 1 (20)° 81%
Culex tigripes” 2 2
Culex spp.” 109 5
Aedes macintoshi* 10 3
Aedes aegypti 1 1
Coquillettidia 9 )
May Mongu aurites”*
Coquillettidia 7 )
metarika”
Coquillettidia
fuscopenata* 46 >
Mansonia sp. 132 8
Uranotaenia sp.” 1 1
Aedeomya sp. 10 2
Anopheles spp.” 1444 65
Total 2406 138 3

* Positive pools: 2zmq17L31; ®zmq17M54 and zmq17M115; € zmq17M40.

“Mosquito species was confirmed by sequencing of COI genes in this study.

27



Barkedji-Like Virus (BJLV)

The BJLV genome has 10,885 nucleotides (nt) length of RNA genomes, consisting of
10,320 nt ORF and flanked by 103 nt in the 5’-UTR and 462 nt in the 3’-UTR. BJLV shares
76% and 66% nucleotide identity with BJV Zambia and NHUYV, respectively. The polyprotein
of BJLV would be expected to have 3439 amino acids with three structural proteins (C, PrM/M,
and E) and eight non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, 2K, NS4B, and
NSS5). Cleavage sites predictions of BJLV were determined by comparison with other BIV
isolates: BJV Israel (GenBank accession no. KC496020.1), BJV Oman (GenBank accession
no. AUS91146.1), and BJV Zambia (Table 6).

Pairwise amino acid comparison ranged from 62.6% (NS4A) to 77.4% (NS5) for NHUV
(GenBank accession no. KJ210048) and from 81.5% (NS2A) to 92.4% (NS3) for BJV Zambia
(Table 7). The complete genome sequence was submitted to GenBank with accession no.
LC497469.

A phylogenetic tree analysis of the full-length nucleotide sequence revealed that BILV is
closely related to BJV, NHUV and NOUV. This virus group share ancestral roots with MBF Vs,
such as Dengue and the Yellow fever virus complex, but is distinct from cISFVs, such as CFAV

(Figure 3).

Barkedji Virus Zambia (BJV Zambia)

The whole RNA genome of BJV Zambia (GenBank accession no. LC497470) is
10,899 nt long and is flanked by 102 nt in the 5'-UTR, 483 nt in the 3'-UTR, with 10,314
nt in the ORF. BJV Zambia shares 96.2% and 99.5% nucleotide and amino acid identity,
respectively, with BJV Oman (GenBank accession no. AUS91146.1). This virus is almost
identical to the BJV isolated in Israel, with a nucleotide identity coverage of up to 96.8%.
The protein identity comparison between BJV Zambia and other flaviviruses are shown in

Table 8.
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Table 6. Cleavage site prediction of Barkedji (BJV) and Barkedji-like virus (BJLV).

Virus C/Anch C Anch C/prM PrM/M M/E
BJV Israel ~ KTSKR/GLQQS TMAAC/ATLGM RRSKR/SVAIA  APAYS/LHCSR
BJVOman KTSKR/GLQQS TMAAC/ATLGM RRSKR/SVAIA  APAYS/LHCSR
BJV Zambia KTSKR/GLQQS TMAAC/ATLGM RRSKR/SVAIA  APAYS/LHCSR
BILV RTAKR/GLGQS TMAAC/ATLGM RRSKR/SVAIA  APAYS/LHCAR
Virus E/NS1 NS1/NS2A NS2A/NS2B NS2B/NS3
BJV Israel TTVAG/DVGCN SWTTA/GNATG GSGKR/SVSMG KGTQK/AGAMW
BJVOman TTVAG/DVGCN SWTTA/GNATG GSGKR/SVSMG KGTQK/AGAMW
BJV Zambia TTVAG/DVGCN SWTTA/GNATG GSGKR/SVSMG KGTQK/AGAMW
BJLV TTVAG/DVGCN  SWSTA/GNISG  AAGRR/SVSMG KPAQK/AGAMW
Virus NS3/NS4A NS4A/2K 2K/NS4B NS4B/NS5
BJV Israel ~ AEGRR/GASDI  AEKQR/SAIDN LAVTA/NEKGL KSARK/GTPGG
BJVOman  AEGRR/GASDI AEKQR/SAIDN LAVTA/NEKGL KSARK/GTPGG
BJV Zambia AEGRR/GASDI  AEKQR/SAIDN LAVTA/NEKGL KSARK/GTPGG
BILV AEGRR/GAHDL AEKQR/SAIDN LAVTA/NEKGL KSARK/GTPGG
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Table 7. Pairwise amino acid (aa) comparison based on amino acid sequences

between BJLV, BJV Zambia, and Nhumirim virus (NHUV).

AnchC-C prM M Envelope NS1 NS2A
Virus ID 1D 1D 1D 1D 1D
M () (%) %) ™ ) M () (%)
BILV 127 - 92 - 75 - 503 - 350 - 233 -
BJV Zambia 125 86.6 992 913 75 &88.0 503 904 350 92.2 233 &1.5
NHUV 128 679 94 645 75 720 503 64.7 351 714 232 668
NS2B NS3 NS4A NS4B NS5 TOTAL
Virus 1D 1D 1D 1D 1D 1D
aa (%) aa (%) aa (%) aa (%) aa (%) aa (%)
BILV 129 - 621 - 126 - 255 - 905 - 3439 -
BJV Zambia 129 90.6 621 924 126 84.9 255 91.7 905 92.1 3437 90.6
NHUV 130 639 622 744 149 62.6 255 73.7 907 774 3446 71.2
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Figure 3
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Figure 3. Phylogenetic tree of full-length nucleotide sequence flaviviruses. BJIV
Zambia (zmql7L31) and BJLV (zmql7M40) (marked in the red triangle) are
clustered between MBFVs. The phylogenetic tree was constructed using Mega X
software with a maximum likelihood method based on nucleotide sequence. Bootstrap

percentage is shown on the nodes.
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Table 8. Nucleotide and amino acid identity comparison between BJV Zambia, BJLV and other flaviviruses.

5- AnchC-C prM M protein Envelope NS1 protein
Ref. number Virus UTR D ID ID ID ID

@) (%) ) M (%) (%) (%)
LC497470 BJV Zambia 102 125 - 92 - 75 - 503 - 350 -
LC497469 BILV 103 127 86.6 92 91.3 75 88.0 503 904 350 922
AUS91146.1 BJV strain Oman 44* 125 100.0 92 100.0 75 100.0 503 100.0 350 100.0
YP 009056848.1 Lammi virus** - 122 254 93 47.1 76 46.0 499 439 353 492
ARO84721.1 DENV 1 TM 248 160 114 370 91 433 75 39.7 495 438 352 472
AIU47320.1 DENYV 2 New Guinea C 96 114 343 91 422 75 41.0 495 424 352 468
ADC35596.1 DENV 3 GZ1D3 94 114 372 91 43.0 75 424 493 42,6 352 468
AKQO00028.1 DENYV 4 BR/SJRP/500/2012 112 113 370 91 41.1 75 426 495 446 352 485
YP 002790881.1 ZIKV MR766 106 122 376 93 39.0 75 41.3 500 43.8 352 536
YP 004734464.1 Tembusu virus 94 120 359 92 388 75 426 501 456 352 502
AAS59402.1 Usutu virus strain Vienna 2001 96 126 299 92 444 75 52.0 500 481 352 502
NP _059434.1 JEV 95 127 31.0 92 40.0 75 480 500 464 352 514
AIW82672.1 WNV BD-AUT 96 123 336 92 46.1 75 46.6 501 462 352 517
AIZ07889.1 YFV strain 8A-2014%* - 121 29.1 89 38.0 75 40.0 493 395 352 48.1
NP _619758.1 Modoc virus 109 110 206 87 33.8 75 187 482 324 353 392
NP _043135.1 TBEV 132 112 19.0 93 40.0 75 333 496 36.0 352 394
NP_620099.1 Powassan virus 111 110 282 93 40.7 75 2800 497 362 353 387
YP 899469.2 Culex flavivirus 91 138 196 84 263 60 46.1 427 173 393 287
NP_891560.1 Kamiti River virus 96 143 30.7 81 344 62 185 432 198 390 279

*sequence was not complete; **sequence only including open reading frame
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Table 8. Continued

NS2A

NS2B

NS3

NS4A

Ref. number Virus protein protein protein protein 2K NS4B

) aa ID ID ID ID ID ID
(%) (%) (%) (%) (%) (%)

LC497470 BJV Zambia 233 - 129 - 621 - 126 - 23 - 255 -
LC497469 BILV 233 815 129 90.6 621 924 126 849 23 100.0 255 91.7
AUS91146.1 BJV strain Oman 233 99.1 129 100.0 621 99.5 126 99.2 23 100.0 255 992
YP_009056848.1 Lammi virus** 227 375 131 292 621 548 126 35.6 23 45.0 255 36.0
ARO84721.1 DENV 1 TM 248 218 28.0 130 28.0 619 54.0 127 385 23 45.0 249 385
AIU47320.1 DENV 2 New Guinea C 218 259 130 349 618 545 127 382 23 350 248 385
ADC35596.1 DENV 3 GZ1D3 218 257 130 353 619 553 127 373 23 45.0 248 393
AKQ00028.1 DENYV 4 BR/SJRP/500/2012 218 259 130 29.8 618 54.1 127 36.5 23 214 245  39.1
YP_002790881.1 ZIKV MR766 226 403 130 309 617 553 127 40.8 23 40.0 251 413
YP _004734464.1 Tembusu virus 227 36,5 131 250 619 564 126 43.6 23 39.1 254 441
AAS59402.1 Usutu virus strain Vienna 2001 227 36,5 131 329 619 549 126 40.8 23 39.1 258  38.7
NP_059434.1 JEV 227 363 131 27.1 619 56.5 126 42.6 23 39.1 255 378
AIWS82672.1 WNV BD-AUT 231 354 131 284 619 549 122 39.6 27 478 256 375
AlZ07889.1 YFV strain 8 A-2014** 224 289 130 229 623 509 126 309 23 40.0 250 347
NP_619758.1 Modoc virus 221 17.1 132 297 618 46.1 121 27.8 23 294 254 222
NP_043135.1 TBEV 230 233 131 272 621 450 126 314 23 307 252 26.1
NP_620099.1 Powassan virus 230 22.6 131 241 622 429 126 325 23 222 252 277
YP 899469.2 Culex flavivirus 202 169 146 13.1 588 342 156 314 23 263 257 282
NP_891560.1 Kamiti River virus 207 16.6 149 229 587 328 135 19.1 23 454 260 545

*sequence was not complete; **sequence only including open reading frame

34



Table 8. Continued

NS5 3'- TOTAL
Ref. number Virus ID UTR 1D

aa %) (nt) aa (%)
LC497470 BJV Zambia 905 - 483 3,437 -
LC497469 BILV 905 92.1 462 3,439 90.6
AUS91146.1 BJV strain Oman 905 99.3 338* 3,437 99.5
YP _009056848.1 Lammi virus** 908 61.9 - 3,434 484
ARO84721.1 DENV 1 TM 248 899 62.1 404 3392 473
AIU47320.1 DENYV 2 New Guinea C 900 62.5 454 3,391 47.1
ADC35596.1 DENV 3 GZ1D3 900 61.8 443 3,390 47.5
AKQO00028.1 DENYV 4 BR/SJRP/500/2012 900 61.7 152 3,387 47.7
YP_002790881.1 ZIKV MR766 903 63.0 431 3,419 500
YP _004734464.1 Tembusu virus 905 622 621 3,425 499
AAS59402.1 Usutu virus strain Vienna 2001 905 64.1 668 3,434 50.1
NP _059434.1 JEV 905 634 585 3,432 498
AIW82672.1 WNV BD-AUT 905 622 630 3,434 49.6
AlZ07889.1 YFV strain 8A-2014** 905 59.1 - 3,411 45.0
NP 619758.1 Modoc virus 898 523 369 3,374 374
NP 043135.1 TBEV 903 57.7 767 3,414 40.5
NP _620099.1 Powassan virus 903 58.0 483 3415 402
YP_899469.2 Culex flavivirus 889 422 657 3,363 284
NP 891560.1 Kamiti River virus 888 442 1,208 3,357 283

*sequence was not complete; **sequence only including open reading frame
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BJV Zambia and BJLV Growth in Mosquito and Vertebrate Cell Lines

To analyze the susceptibility of BJV Zambia and BJLV in mammalian and avian cell
lines, the isolated viruses were inoculated in C6/36, duck embryo, CGBQ, QT-6 and Vero cells.
Production of viral genome RNA for BJV Zambia and BJLV were detected only in the C6/36
cells. In the other cell lines, the number of viral RNA (VRNA) copies was gradually decreased
(Figure 4).
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Figure 4. BJV and BJLV growth in several cell lines. BJV (a) and BJLV (b) infection
in mosquito (C6/36), mammalian (Vero) and avian (CCL-141, CGBQ and QT-6) cell
lines revealed that these viruses only can replicate effectively in mosquito derived cell

line. Data represent the mean (+SD) of three independent experiments.

37



Discussion

Based on the phylogenetic analysis, BJV Zambia and BJLV were grouped into the
dISFV clade along with NHUV, NANV, NOUV and Kampung Karu virus (KPKV), forming
a monophyletic group related to the MBFVs (Figure 3). Notably, dISFVs represent a group of
ISFVs, which are genetically distant from cISFVs (78). BJV was initially identified in the
Barkedji area of Senegal in 2007 (unpublished), and the virus genome was first characterized
in Israel in 2011 (64). BJV has also been identified in Oman (unpublished), Senegal, and the
United Arab Emirates (79, 80). This virus has been mainly identified in Culex mosquito species,
such as Culex perexiguus (64, 80), Culex neavei (79) and Culex quinquefasciatus, with the
exception of Aedes sudanensis in Senegal (79).

Previously, Garcia-Rejon et al. reported that 82% engorged female Culex
quinquefasciatus contain avian derived blood meals and the remaining 18% contain blood
mammalian derived blood meals (81). To examine the possibility that birds act as possible
natural reservoirs of BJV Zambia and BJLV, which were isolated from Culex spp. similar to
WNV, the susceptibility of these viruses to avian cell lines, together with C6/36 and Vero cells
were tested. However, it could be shown that BJV Zambia and BJLV replicated exclusively in
mosquito cells but not in bird and mammalian cells (Figure 4). These findings are similar to
those described in a previous report (64), which demonstrated that BJV Israel only replicated
in mosquito cells. Also, other dISFVs, i.e., NHUV and NOUV, have been reported to replicate
well in mosquito-derived cells but not in mammalian cells (63, 82). Further research on dISFVs
are needed to investigate the evolution and origins of Flavivirus, and especially the emergence
of MBFVs.

The transmission mechanism of dISFVs was not identified yet. Kenney et al. (59)
hypothesized about three possibilities for the emergence of dISFVs: First, these viruses
represent a distinct group of ISFVs, which did not evolve an ability to replicate in a vertebrate
host; second, these viruses were part of a dual-host mosquito-vectored virus but have lost their
ability to infect vertebrates; third, these viruses were part of the dual-host mosquito-vectored
clade but the non-mosquito secondary host has not yet been identified. The current available
data related to the dISFVs genome and their biological characteristics were inadequate to
speculate the evolutionary trait of dISFVs nor addressed one of hypotheses above. Even though
in vitro experiments of dISFVs infection in various cell lines were indicated that these viruses
only replicate in mosquito cells, further investigation need to be conducted to determine

possibility of vertical transmission by transovarial or venereal.
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Summary

Numerous ISFVs have been isolated and identified both in field-caught mosquitoes and
in mosquito-derived cell lines. In this study, a new strain of Barkedji virus (BJV Zambia) and
a novel flavivirus tentatively named Barkedji-like virus (BJLV) were identified and isolated
from mosquitoes in Zambia. Both viruses were assigned to dISFVs based on a phylogenetic
analysis. BJV Zambia and BJLV could replicate effectively in mosquito cell line (C6/36) but

not in mammalian and avian cell lines.
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Chapter I1I
Characterization of the Untranslated Regions of Barkedji and Barkedji-Like Virus

Introduction

RNA plays important roles in cellular process and gene regulation (83), immune
response (84, 85) and intercell communication by extracellular RNA (exRNA) (86). Besides,
RNA encodes genetic information for several viruses, including family Flaviviridae. Viral
RNA is formed secondary and tertiary structures, similar to RNA in cells, that have important
function during viral infection and host immune modulation process.

The RNA secondary structure is formed by folding of RNA sequence or primary
structure which has basic structure motifs such as helices, loops, bulges and junctions (87). The
RNA folding is supported by base-pairing [Watson-Crick base pairing (Adenine-Uracil and
Guanin-Cysteine) and non-Watson-Crick base pairing such as Guanin-Uracil]. Moreover, the
RNA folding then further formed tertiary structure. Both secondary and tertiary structures of
the RNA are stabilized by positive charge metal ion, such as K* and Mg?*. (88)

Studies on the secondary structure of RNA viruses is raising in past decade, and the
untranslated regions (UTRs) have been focused in some viruses, including flaviviruses. Each
flavivirus shares common structure in the UTRs such as stem-loop (SL), dumbbell (DB) and
terminal 3’-SL. While the 5’-UTR has canonical structure such as stem-loop A (SLA), SLB and
cis-acting capsid hairpin (cHP) structures, the 3’-UTRs demonstrate more diverge structure
with variety number of SL and DB, and terminated by terminal 3'SL.

The secondary structure and functions of the UTRs of flaviviruses have been well
studied, specifically for human-pathogenic MBFVs and TBFVs (89). Functional RNA
elements are typically evolutionarily conserved at the level of their secondary structure, and
manifested by structure-preserving nucleotide substitutions (90). These covariation patterns are
used by comparative genomics approaches for identification of structurally homologous RNAs
in phylogenetically related species (91). The secondary structure of the 5'-UTRs is conserved
among many flaviviruses, and comprised of two SL structures, SLA and SLB, which promote
viral replication in DENV (92, 93). Downstream of the 5'-UTR, a conserved cis-acting capsid
hairpin (cHP) structure is found at the beginning of the coding region and this is involved in
virus cyclization and replication along with the 3'-UTRs (94).

In contrast, the flavivirus 3’-UTRs show a more varied pattern of evolutionarily

conserved secondary structure elements, in particular in the SL and DB elements, which are
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typically formed single or repeated entities (95). Importantly, secondary structure elements in
flavivirus 3'-UTRs, i.e., exoribonuclease-resistant RNA (xrRNA), can block RNA degradation
by endogenous 5'-3' exoribonucleases (exoRNase), such as Xrnl, resulting in accumulation of
subgenomic flavivirus RNAs (sfRNAs) in infected cells (96).

The secondary structure that formed in the 5'- and 3’-UTRs of flavivirus is used for
creating a pan-handle-like structure through long-range RNA-RNA interaction. This structure
is facilitated circularization of flavivirus genome so the virus could begin replication process
by synthesizing negative-strand RNA. Furthermore, sfRNA produced by incomplete RNA
degradation by Xrnl have been shown to interfere with the host immune responses, thereby
modulating viral pathogenesis (97).

Despite the 5'- and 3'-UTRs have been well studied in MBF Vs, studies on the UTRs on
dISFVs are limited. In particular, a functional characterization of predicted xrRNAs in dISFVs
has not been previously reported to our knowledge. Here, the 5'- and 3'-UTRs of BJV Zambia
and BJLV were analyzed in silico and functional analysis of their xrRNAs showed that both
BJV Zambia and BJLV xrRNAs could halt Xrnl degradation.

41



Materials and Methods

Flavivirus Genome Dataset

For the comparative genomics screen, dISFV genomes were obtained from the public
National Center for Biotechnology Information (NCBI) RefSeq
(https://www.ncbi.nlm.nih.gov/refseq/) and Genbank
(https://www.ncbi.nlm.nih.gov/genbank/) databases. All complete virus genomes under
taxonomy ID 11,051 (genus Flavivirus) were filtered as outlined previously (95). For species
without RefSeq annotation, the longest complete genome was selected from the Genbank and

set as representative sequence.

Characterization of Structurally Homologous RNAs

An in silico comparative genomics assay was employed, combining thermodynamic
modeling by single sequence folding and consensus structure prediction as well as homology
detection by utilizing covariance models (CMs). CMs are statistical models of RNA structure
that extend classic Hidden-Markov-Models (HMMs) to represent sequence and secondary
structure simultaneously (98). They provide a powerful mechanism for identification and
characterization of homologous RNA structures and allow for a rapid screening of large RNA
sequence databases to find even weakly conserved sequence-only or structurally homologous
RNAs (99).

The Rfam database (https://rfam.xfam.org/) lists several functional flaviviral RNAs. In
particular, CMs of the Rfam families RF00185 (Flavivirus 3’-UTR cis-acting replication
element, Flavi CRE), RF00465 (Japanese encephalitis virus hairpin structure), RF00525
(Flavivirus DB element), RF01415 (Flavivirus 3’-UTR stem loop IV) and RF00617 (Flavivirus
capsid hairpin cHP) show hits in dISFV genomes, despite the fact that many of these models
have been built from MBFV sequences. Following the manuscript by Ochsenreiter et al. (95),
all hits produced by Rfam CMs were adopted for consistency reasons and used them to build
dISFV-specific CMs.

In parallel, structural multiple sequence alignments of dISFV 5-UTR and 3'-UTR
regions were computed with locarna (100) and generated consensus structures with RNAalifold
(101). For identification of conserved elements, locally stable secondary structures were
computed using RNALalifold from the ViennaRNA package (102). Novel CMs were then built
for all conserved RNA elements in dISFVs.
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The custom Perl scripts were used for the semi-automatic characterization and
annotation of functional RNAs in dISFV UTR sequences, building on the ViennaRNA scripting
language interface for thermodynamics calculations and the ViennaNGS (103) toolbox for
extraction of genomic loci and processing of infernal output. All secondary structure plots were

rendered using the RNAplot utility (102).

In Vitro Xrnl Resistance Assay

The ability of BJV Zambia and BJLV xrRNA-like structures to block Xrnl was
analyzed by an in vitro Xrnl degradation assay as described by Dilweg et al. (104) and
Chapman et al. (105). Briefly, the template of BJV Zambia and BJLV xrRNA sequences (BJV
Zambia 10,450-10,570 nt, BJLV 10,422-10,558 nt) were produced by PCR using PrimeSTAR
GXL DNA polymerase (Takara) with specific primer sets with T7 promoter listed in
Supplement Table 9. Thermal cycling was conducted as 5 cycles of 98°C for 10 s, 55°C for 15
s and 68°C for 30 s followed by 30 cycles of 98°C for 10 s, 60°C for 15 s and 68°C for 30 s,
and 68°C for 5 min. After confirming the sequence by Sanger sequencing, in vitro transcription
was conducted using MEGA script T7 (Ambion, CA) following manufacturer’s instruction to
obtain 3'-UTR xrRNA constructs.

The purified 3'-UTR RNA was then folded at 90°C for 2 min and 20°C for 5 min. Xrnl
digestion was performed with 2 pg RNA in 10x NEB3 buffer [100 mM NaCl, 50 mM Tris-
HCI (pH 7.9), 10 mM MgClz, 1 mM DTT], 0.25 unit of 5'pyrophosphohydrolase (RppH) (NEB,
Japan) and 1 pL of 31merRNA was added as control. The RNA mixture was divided into two
tubes (each 20 pL), one was incubated with Xrnl (1 unit, NEB, Japan) and the other was used
as negative control. Thereafter, the RNA mixtures were incubated at 37°C for 2 h. After
addition of equal volume of 2% loading buffer containing formamide, the mixtures were
incubated at 80 °C for 5 min. Finally, the samples were run onto 15% TBE-urea gel (Invitrogen,
CA) in 1x TBE buffer with pre-run stage at 180 V for 30 min and sample running at 180 V for
90 min. The gel was visualized under UV light after staining with ethidium bromide for 10

min.

Identification of Xrnl Stop Point

The RNA products of RNA degradation assay were extracted from the gel using ZR
small-RNA PAGE recovery kit (Zymo research) following the manufacturer’s protocol. Then,

reverse transcription was performed using SuperScript IV Reverse Transcriptase (Invitrogen)
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with approximately 2 pmol of RNA. The RNA annealing was conducted using 5'-FAM-labeled
primer (Table 9) in the mixture of deoxyribonucleoside triphosphates (dNTPs),
dideoxynucleoside triphosphates (ddNTPs) and RNAse free-water, then incubate at 95°C for 5
min and 65°C for 5 min. After that, reverse transcription mixture (5% buffer, DTT, SS IV, and
RNase inhibitor) was added into the mixture containing hybridized primer-RNA and incubated
at 50°C for 10 min and 80°C for 10 min. The reaction was stopped by incubation with equal
volume of the mixture of 95% formamide and 10 mM EDTA at 80°C for 5 min.

The cDNA product was then analyzed using 15% urea-PAGE following previous
protocol for pre-run stage and the running stage was performed at 180 V for 270 min. The gel
was then visualized using ChemiDoc Touch imaging system (Bio-Rad Laboratories, CA) and

Image Lab Ver. 5.2 software (Bio-Rad) was used for image processing.
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Table 9. Primer sets used in this study

Primer name Sequence 5'> 3’

In vitro Xrnl resistance assay primer sets

BJV L31 T7-10450F ATGTAATACGACTCACTATAGGGAAAAAGAAATC
AGAATAAGG

BJLV M40 T7-10422F ATGTAATACGACTCACTATAGGGAAATTTGAAAGA
AAGTGGGA

BJLV M40 T7-10422F ATGTAATACGACTCACTATAGGGAAATTTGAAAGA

dHP10452-10467 AAGTGGGAAAAAGAAAAAACGACACGAGT

BJLV M40 10558R TAAGCGGCCCAACAATTTCC

BJV L31 10570R TTAGCGGTCCAACTCAATCC

Xrn1 stop point identification primer
BJV/BJLV xrRNA sequence FAM-AGAGGUGGCAAGCAUAAGCC
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Results

Secondary Structure Analysis of 5’-Untranslated Regions (UTRs)

Single sequence predictions of the 5-UTRs of both BJV Zambia and BJLV revealed a
pattern of secondary structures similar to the MBFVs. In particular, homologs of the functional
elements SLA and SLB, which have been attributed to promoting viral replication in Dengue
viruses (92, 93), were found at the 5'-end of both virus isolates. While the SLA element is
located entirely within the 5'-UTR, the SLB element overlaps the canonical start codon (Figure
5). Interestingly, the SLB elements in dISFV's appear longer than homologous structures in the
MBFVs.

Immediately downstream of the SLB element, a cHP structure is present within the capsid
(C) protein nucleotide sequence. Being located between two AUG codons, the cHP structure
has been shown to mediate translation initiation by modulating start codon selection, while also
being required for virus replication (106, 107).

Comparative genomics approach was used as described by Ochsenreiter et al. (95) and de
Bernardi Schneider et al. (95, 108) to identify the patterns of covariation by looking for
homologous RNAs in phylogenetically related viruses. The predicted consensus structures of
the conserved elements SLA, SLB and cHP have been computed from structural multiple
sequence alignments of homologous regions in related viruses (Figure 6). Here, the rich
coloring of base-paired columns indicates a high degree of covariation, thus supporting

structural conservation.
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Figure 5. Secondary structure prediction of the genomic upstream regions of BJV
Zambia (zmql7L31, left) and BJLV (zmq17M40, right), comprising 5'-UTRs and the
distal parts of the capsid protein nucleotide sequences. The canonical start codon is
highlighted in red. Both 5’-UTRs contain the conserved sequence elements SLA and
SLB, the latter partially overlapping the beginning of the coding regions. The
conserved cHP structure is present in both sequences, while a small downstream

hairpin is only predicted in BJV Zambia.
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Figure 6
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Figure 6. Consensus structures of conserved RNA elements in dISFV 5'-UTRs. (a—¢)
Consensus structure prediction of the conserved RNA elements in dISFV 5-UTRs
and adjacent capsid protein coding regions, SLA, SLB and cHP. For each predicted
consensus structure, a structural alignment is provided that was built from
homologous sequences in related viral species. (d) Color coding scheme sensu
RNAalifold for paired columns in alignments. Circled nucleotides in the consensus
structure plots mark compensatory mutations in the corresponding columns of the
alignment, encompassing cases where both positions of a base pair mutated at once,

such as GC and CG or GU and UA.
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Secondary Structure Analysis of 3'-UTRs

The phylogenetic proximity of the dISFV group to the well-studied group of MBFVs
provide basic information for analysis of the overall architectural traits of dISFV 3’-UTR in a
recent study by means of Rfam CMs (95). In the present study, the availability of additional
sequence data allowed for a more fine-grained investigation of the individual 3’-UTR elements,
which revealed a varied pattern of evolutionarily conserved, functional RNAs. Single sequence
folding of the BJV Zambia/BJLV 3'-UTR regions, together with consensus structure
predictions provided evidence for the presence of a cascade of conserved RNA structures,
which have been associated with qualitative protection of downstream nucleotide sequences
against exoRNase degradation. These RNAs, termed xrRNAs have been described and verified
in several different MBFVs (105, 109-113) and, subsequently, in TBFVs, ISFVs and NKVs
(114).

Secondary structure predictions of the 3'-UTR regions of different flaviviruses were shown
in Figure 5. Different naming and numbering schemata were proposed for these stem-loop-like
structures in the literature, causing difficulties in comparison among different flavivirus
species. Therefore, a functionally descriptive naming system was adopted by designating
experimentally verified exoRNase-resistant RNAs as xrRNAs, and in silico-predicted
structures that are homologous to experimentally verified exoRNase-resistant stem loop
structures as xrRNA-like (xrRNA*) elements. MBFV xrRNAs are referred to as SL-II and SL-
IV.

The secondary structure predictions of the entire 3’-UTRs of BJV Zambia and BJLV was
shown in Figure 8. The terminal regions of the genomes can be subdivided into three
autonomously folded parts, i.e., domains I-III, which typically contain one or two copies of
conserved structured elements in many flaviviruses.

Domain I located at the beginning of the 3'-UTR, downstream of the translation stop codon
commonly appears as variable region. Here, variability manifests as an intrinsic
unstructuredness at the beginning of the region, where BJV Zambia shows a longer
unstructured-region than BJLV. Downstream of the unstructured-region, a three-way junction
element is present, which is structurally homologous to known xrRNAs (95) and whose
exoRNase stalling capacity is reported here. The consensus structure prediction of this element
with xrRNA-like elements in other dISFV's was demonstrated in Figure 7. Notably, the closing
stem of this element is longer in BJV Zambia and BJLV than in other dISFVs (Figures 7 and
8).
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Downstream of the xrRNA element, and yet within domain I, a hairpin of approximately
70 nt length, which is interspersed with multiple bulges and interior loops, is found in both
isolates. Comparison with other flavivirus 3'-UTRs revealed that this structure is essentially
homologous to a long hairpin structure, which was initially shown in WNV (110) and termed
SL-III. No biological function has been reported for this structure so far; however, the adjacent
xrRNAs SL-II and SL-IV in WNV provide qualitative protection against exoRNase
degradation (111). Interestingly, among dISFVs the SL-III element is only conserved in BJV
Zambia, BJLV and NOUV. A consensus structure prediction of SL-III within dISFVs is shown
in Figure 9b. The secondary structure comparison of 3'-UTRs is shown in Figures 7 and 8.

Domain II of the BJV Zambia/BJLV 3'-UTRs contains small hairpin structures as well as
a single copy of a canonical DB element, which is found in many flaviviruses (89, 115). The
consensus structure prediction of the DB elements found in dISFVs, highlights the previously
observed pattern of significant covariations in the proximal SL (positions 6—50), and almost
perfect sequence conservation in the distal SL (positions 50-70) (Figure 9C). A defining
feature of domain II1 is the presence of the sHP and a terminal 3'SL structure, which have been
shown to be essential for virus replication (116). Both show rich covariation patterns in the

consensus structure prediction (Figure 9d).
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Figure 7. Secondary structure predictions of the 3'-UTRs of different flaviviruses. (a)
Culex flavivirus NC _008604.2, (b) Donggang virus NC 016997.1, (¢) Nhumirim
virus NC_0204017.1, (d) Ecuador Paraiso Escondido virus (EPEV) NC 027999.1, (e)
Kyasanur forest disease virus HMO055369, (f) St. Louis encephalitis virus
NC _007580.2, (g) West Nile virus (WNV Kunjin strain) AY 274504.1, (h) Dengue
virus (DENV) 2 NC_001474.2, and (i) Modoc virus NC 003635.1. [.LRa/I.Rb: Insect
Repeat Element a/b; SL: Stem Loop; DB: Dumbbell; xrRNA: exoRNase resistant
RNA; RCS: Repeat Conserved-sequence; CS: Conserved Sequence; T.SL: TBFV SL-
shaped element; Y1:TBEV Y1; Black arrows: closing stem. Asterisks mark: in silico
predicted xrRNA-like structures, whose exoRNase stalling capacity has not been

experimentally verified.
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Figure 8
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Figure 8. Comparison of BJV Zambia/BJLV 3'-UTRs. Secondary structure prediction
of the 3'-UTRs of BJV Zambia (zmql17L31, top) and BJLV (zmql7M40, bottom),
encompassing structural homologs to xrtRNA, DB and long terminal 3'SL structures,
respectively, in domains I-III. A novel conserved SL structure (SL-III), which has not
been reported in dISFVs before, is located between the xrRNA and DB elements.

Black arrows: closing stem.
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Figure 9
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Figure 9. Consensus structure prediction of the conserved RNA elements in dISFV
3’-UTRs. (a—d) Structural alignments and consensus structure prediction of the
conserved elements d.xrRNA, d.SL-III, d.DB and d.3SL (d indicating dISFVs). The
xrRNA-like consensus structure shown in (a) encompasses the apical three-way
junction of BJV Zambia and BJLV (shown in Figure 8). Grey bars below the structural
alignments indicate for each column the level of sequence conservation. (e)

RNAalifold coloring scheme; see Figure 6 for details.
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xrRNA Structures of BJV Zambia and BJLV can Block Xrnl Enzymatic Activity

The in silico analysis suggest that both BJV Zambia and BJLV have a three-way junction
element that is structurally homologous to xrRNAs known in MBFVs. To investigate whether
the xrRNA structures of BJV Zambia and BJLV have the same capability to stall Xrnl, the
xrRNA structure (BJV 3’-UTR xrRNA and BJLV 3'-UTR xrRNA AHP), which were produced
by in vitro transcription, were challenge with Xrnl enzyme [Figure 10a (1,3)]. Both BJV
Zambia and BJLV xrRNA structures blocked RNA degradation by the enzyme (Figure 10b).

In addition, functional analysis of the hairpin structure located upstream of the BJLV
xrRNA was conducted to determine their capacity to stopping Xrnl (BJLV 3’-UTR xrRNA)
(Figure 10a(2)). As the results, the RNA product was similar to BJLV 3’-UTR xrRNA AHP.
These results highlight that the hairpin structure was degraded by Xrnl enzyme activity.

Determination of Stop Site of Xrn1 Enzymatic Activity

The RNA product was then used for further analysis to determine the stop site of Xrnl
degradation. Reverse transcription was conducted to determine the RNA sequence, followed
by nucleotide separation using urea-PAGE gel. Lastly, the nucleotide was detected by the
emission of fluorescence signal. The results showed that the Xrnl enzyme activity was stopped
at A10,483 three nucleotides upstream of the BJV Zambia 3'-UTR xrRNA (Figure 10c and e)
and was terminated at A10,471, one nucleotide ahead of the BJLV 3’-UTR xrRNA (Figure 10d
and f).

58



Figure 10
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Figure 10. Xrnl degradation assay and determination of Xrnl stop point. (a)
Schematic diagram of the BJV and BJLV 3'-UTR xrRNA degradation assay. xtRNA
structures (shown in the box) were challenged with Xrnl enzyme. 1) BJV 3'-UTR
xrRNA 2) BJLV 3’-UTR xrRNA 3) BJV 3'-UTR xtRNA AHP. (b) In vitro Xrnl
degradation assay against xrRNA structure of BJV and BJLV, and the hairpin structure
of BJLV. Data show a representative result of two independent experiments.
Examination of BJV (c,e) and BILV (d,f) Xrnl stop points, which we could
unambiguously locate directly at upstream of the xrRNA structures. Red arrows: Stop

points.
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Discussion

The conserved RNA secondary structure elements in the untranslated regions of BJV
Zambia and BJLV were characterized. Specifically, RNA structural alignments were employed
to compute consensus structures and derived covariance models, which were used to
complement the picture of evolutionary conservation in flavivirus UTRs.

A comparison of predicted 5'-UTR structures of BJV Zambia and BJLV with previously
annotated elements in other dISFVs revealed a high degree of covariation, which is a strong
evolutionary trait of the structural conservation of functional RNA elements. The conserved
canonical 5'-UTR SLA and SLB elements were identified in BJV Zambia and BJLV, which
can be found in many MBFVs and have been attributed to promoting viral replication in DENV
(92, 93). The SLA consensus structure (Figure 6a) has a large central multi-loop that contains
several gap symbols. This is caused by a variable length of this unpaired region in some related
viruses, in particular, EPEV, and partially Marisma mosquito virus and DONV. The majority
of sequences exhibit gap symbols in this part of the alignment, resulting in the given consensus
structure. A conserved SLB element is found at the downstream of the SLA structure in all
viruses analyzed in this study. The cHP hairpin element is found at the beginning of the capsid
protein coding region in both BJV Zambia and BJLV.

BJV Zambia and BJLV phylogenetically form an independent group which is closely
related to the MBFVs, with the exception of YFV complex. This proximity is well represented
in the MBFV-like organization of conserved RNA elements in the 3’-UTR of these viruses
(Figure 12). While the 3'-UTRs of BJV Zambia and BJLV, which are 483 nt and 462 nt,
respectively, are the longest among all known dISFVs, they contain a set of conserved elements
that have been associated either with pathogenicity or with specific roles in the flavivirus life
cycle. The comparative genomics screen revealed structural homologs to previously
characterized, functional structures in the 3'-UTRs of BJV Zambia and BJLV, including the
xrRNA, DB and terminal 3'SL elements (114). The structural alignments and consensus
structure predictions of these elements exhibit rich covariation support (Figure 9).
Experimental verification of the predicted exoRNase-stalling activity revealed that the xrRNA
elements of BJV Zambia and BJLV could halt degradation by Xrn1. The presence of functional
xrRNA in BJV Zambia and BJLV suggest that dISFVs have potency to produce stfRNA which
could alter the cellular immune response and promote flavivirus transmission by mosquitoes
(117). Further investigation is needed to investigate the formation of the sfRNA and their

molecular interactions with host factors in dISFVs.
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The diversity of xrRNA structure in genus Flavivirus has been investigated by MacFadden
et al. (114), who reported different types of xrRNA structures that could stop several types of
exoRNases. It was shown that the production of sfRNA was not due to specific interactions of
proteins and RNA but more likely mediated by the xrRNA structure itself, representing a
general mechanical block for exoRNases. This led to a classification of xtRNAs in flaviviruses,
with xrRNAs in cISFVs, MBFVs and several NKVs, i.e., Yokose virus, representing class 1
flavivirus xrRNA. The class 2 flavivirus xrRNA was included in the TBFVs and NKVs (Modoc
virus, Montana myotis leukoencephalitis virus and Apoi virus) (114). Here, we classify BJV
Zambia and BJLV xrRNAs as class 1 flavivirus xrRNA, characterized by the Xrn1 stop site
located upstream of the xrRNA structure, the three-way junction shape was symmetric, and the
pseudoknot was formed between L4 and S2 near the end of xrRNA sequence (Figure 11).

In addition, the presence of a SL-III was identified, which has not been previously
functionally characterized in dISFV 3'-UTRs. Structural alignments of the relevant regions
identified by CMs showed that an SL-III element is conserved in the 3’-UTRs of BJV, BJLV
and NOUYV, but not in any other known dISFV species (Figures 9b and 12). This is particularly
interesting since SL-III hairpins have been predicted in some species of the JEV virus complex.

Based on the current data, the evolutionary emergence of the SL-III element in distinct
branches of flavivirus phylogenetic tree was infeasible. One possibility could be that co-
infection with different flaviviruses, and subsequent recombination events resulted in increased
fitness and the fixation of an SL-III element in ancestral viral species. Successive gene loss
events by purifying selection could be one explanation for the presence of SL-III elements in
divergent clades of the flavivirus tree today. In this regard, a functional characterization of SL-
III and its association with specific roles in the viral life cycle will help make the underlying

evolutionary traits more accessible.
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Figure 11. Diagrams of xrRNA structure. xrRNA structure of (a) BJV Zambia and
(b) BJLV. Arrows indicate the three-way junction structure and arrowheads indicate

Xrnl stop point; PK: pseudoknot. Red arrows: stop points.
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sequence of NOUV is incomplete and marked with an asterisk.
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Summary

Structural RNA studies on MBFVs have been shown that the long-range RNA-RNA
interaction between the 5'- and 3'-UTRs was crucial for virus infection and replication. Virus
replication is altered when the UTRs are modified. Furthermore, the sSfRNA of MBFVs could
modulate host immune response and support virus infection. In this study, in silico analysis of
the 5'- and 3’-UTRs of BJV Zambia and BJLV revealed that the 5'-UTRs of both viruses were
similar to those MBFVs with canonical SLA, SLB and cHP structures which are conserved
among Flavivirus. In the other hand, the secondary structure of Flavivirus 3'-UTRs was more
diverse. Even though BJV Zambia and BJLV only replicate effectively in mosquito derived
cells, their 3’-UTRs structure were homolog to those MBFVs compared to cISFVs with
xrRNA, SL-III, DB and terminal 3'SL.

Functional analysis of BJV Zambia and BJLV xrRNA structures showed that the structure
could halt RNA degradation at adenine base upstream of the xrRNA structure. Those xrRNA
structures were classified as class 1 flavivirus xtRNA. This finding implies a possibility that
these viruses may produce sfRNA which can help them to infect and replicate more efficiently.
Intensive investigation to identify the emergence of SL-III structure could address the

evolutionary trait of flaviviruses.
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Conclusions

Arbovirus infection in human provokes mild to severe disease from asymptomatic to
jaundice, hemorrhagic fever and death. To prevent further infection, surveillance of arbovirus
infection both in sylvatic and urban areas is crucial to identify the outbreak potential in human
and creating a strategy to minimize number of patients. Flavivirus, one of virus genus which
classified as arbovirus, has been identified to be able infect both NHPs and human. As ZIKV
and YFV firstly identified in NHPs decades ago, their transmission in human is still on going
with mosquitoes as their vector.

In chapter I, ZIKV infection in NHPs was detected by serologic examination using
PRNT. Sera which collected from three NHPs species in Livingstone and Mfuwe areas in
Zambia have neutralizing antibodies against ZIKV. One of the sera samples showed cross
reactivity between ZIKV and YFV, which indicating that either the NHP have been infected
by ZIKV and YFV or the antibody is cross-reactive with one of the viruses.

Chapter II showed further investigation or arbovirus in mosquitoes. BJV Zambia and
BJLV were identified and isolated from Culex spp. mosquitoes collected in Livingstone and
Mongu areas in Zambia, respectively. Both viruses, phylogenetically, clustered in dISFVs
which shared same ancestor with MBFVs. Susceptibility test for both viruses revealed that
even though Culex spp. is an ornithophilic mosquito, BJV Zambia and BJLV only could
replicate efficiently in mosquito-derived cells.

Detail investigation of BJV Zambia and BJLV genome is shown in chapter III which
focused on the characterization of the 5'- and 3'-UTRs. In silico analysis of the secondary
structure of BJV Zambia and BJLV revealed that both viruses 5- UTRs have canonical
structure of SLA, SLB and cHP with MBFVs. Those structures were shared among Flavivirus.
Different from the 5'-UTRs, Flavivirus 3'-UTRs were more diverse. The secondary structure
of BJV Zambia and BJLV 3’-UTRs were similar as those of MBFVs with xrRNA, SL-III, DB
and terminal 3'SL. Functional analysis of the xrRNA structure showed that both viruses had

functional class 1 flavivirus xrRNA in their 3’-UTRs.
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