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ABSTRACT
Zika virus (ZIKV) has been circulating in human networks over 70 years since its first appearance in Africa, yet little is
known about whether the viral 3′-terminal sequence and nonstructural (NS) protein diverged genetically from
ancient ZIKV have different effects on viral replication and virulence in currently prevailing Asian lineage ZIKV. Here
we show, by a reverse genetics approach using an infectious cDNA clone for a consensus sequence (Con1) of ZIKV,
which represents Asian ZIKV strains, and another clone derived from the MR766 strain isolated in Uganda, Africa in
1947, that the 3′-end sequence –UUUCU-3′ homogeneously present in MR766 genome and the –GUCU-3′ sequence
strictly conserved in Asian ZIKV isolates are functionally equivalent in viral replication and gene expression. By gene
swapping experiments using the two infectious cDNA clones, we show that the NS1–5 proteins of MR766 enhance
replication competence of ZIKV Con1. The Con1, which was less virulent than MR766, acquired severe bilateral
hindlimb paralysis when its NS1–5 genes were replaced by the counterparts of MR766 in type I interferon receptor
(IFNAR1)-deficient A129 mice. Moreover, MR766 NS5 RNA-dependent RNA polymerase (RdRp) alone also rendered the
Con1 virulent, despite there being no difference in RdRp activity between MR766 and Con1 NS5 proteins. By contrast,
the Con1 derivatives expressing MR766 Nsps, like Con1, did not develop severe disease in wild-type mice treated
with an IFNAR1 blocking antibody. Together, our findings uncover an unprecedented role for ZIKV NS proteins in
determining viral pathogenicity in immunocompromised hosts.
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Introduction

Zika virus (ZIKV) has emerged as a global health
security threat since the recent outbreaks in Brazil
and the Americas from 2015 to2016. ZIKV infection
can cause not only rash, fever, dizziness, anorexia,
and arthralgia but also various severe neurological dis-
orders including microcephaly in infants and Guil-
lain- Barré syndrome, meningoencephalitis, and
myelitis in adults [1,2].

ZIKVwas first discovered from rhesusmonkey in the
Zika forest of Uganda in 1947 (MR766/Uganda/1947;
NC_012532.1) [3]. After the first confirmed human
infection reported in Uganda in 1962 [4–6], ZIKV was
isolated from Aedes aegypti mosquitoes in Malaysia in
1966 (P6-740/Malaysia/1966; HQ234499.1) [7,8],
which was the first case of ZIKV detection in Asia.
The first human case was then reported in 1977 in Cen-
tral Java Indonesia by the diagnosis of seroconversion
[9]. Following less than 20 sporadic cases of ZIKV infec-
tion in African and Southeast Asian countries [10], a

significant outbreak of ZIKV infection began in 2007
on Yap Island (Yap/Micronesia/2007; EU545988.1),
Micronesia, affecting ∼73% of the Yap residents [11].
In 2013–2014, ZIKV spread to French Polynesia,
infected about 11% of the population, and caused large
epidemics in the South Pacific regions [12,13]. Most
recently, a large epidemic occurred in Brazil in May
2015when there was amarked increase inmicrocephaly
cases reported among newborn infants [14]. Over the
last 7 decades, ZIKV has been crossing host barriers to
invade humans, generating two phylogenetically dis-
tinct lineages, namely African and Asian lineages [15].

ZIKV has a single-stranded positive sense RNA
genome of about 10.8 kb in length. The viral genome
consists of 5′-untranslated region (UTR), a single
open reading frame (ORF), and 3′-UTR. The ORF
encodes a single polyprotein that is processed by
viral and host proteases into three structural proteins
(capsid, pre-membrane/membrane, and envelope)
and seven nonstructural proteins (Nsps including
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NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5),
which are involved in viral genome replication and
evasion of host antiviral immune responses. Among
the Nsps, NS5 with RNA-dependent RNA polymerase
(RdRp) activity is the key enzyme required for viral
replication [16,17]. ZIKV has been undergoing signifi-
cant evolutionary changes since it was first discovered
Uganda [18]. In both UTRs and a single ORF of ZIKV
genome, there are substantial sequence variations
between the African and Asian lineage ZIKVs. Evol-
ution through gradual or step-gradient changes in
viral genome is inevitably associated with altered
viral phenotypes such as growth and virulence,
enabling a virus to adapt to a new host and evade its
immune responses. It is still largely unknown to
what extent genetic differences between the two dis-
tinct ZIKV lineages affect disease severity in human
[19].

The clinical symptoms observed in patient with an
early discovered African lineage ZIKV is limited.
However, the disease severity observed during recent
ZIKV outbreak in Brazil in 2015 points that, although
infected patients still develop various real-world clini-
cal outcomes such as encephalitis etc., ZIKV appears
to become less pathogenic and lethal in vitro and in
both type-I interferon receptor knockout (A129)
mice and immunocompetent mice. Furthermore,
brain tropism of ZIKV was more evident for African
lineage ZIKV [6,20–22].

Viral pathogenicity is determined by viral genome
replication competence and thereby viral gene pro-
ducts. ZIKV structural proteins have been con-
sidered to be major determinants of viral
pathogenicity [23–25]. Considering their essential
roles in viral replication and gene expression, non-
coding cis-acting RNA elements in the viral genome
can also play a role in the determination of ZIKV
pathogenicity. The 3′-end of ZIKV and other flavi-
viruses terminates with a conserved CUOH instead
of a poly(A) tract. The 3′-terminal dinucleotide
CUOH functions as the recognition site for the den-
gue virus RdRp [26,27]. While this dinucleotide is
highly conserved in flaviviruses, there are evolution-
ally diverged sequences 2-nt upstream of this cis-act-
ing RNA element in ZIKV genome. Asian/American
lineage ZIKV strains have the –GUCU-3′ sequence
diverged from the –UUUCU-3′ sequence found in
the prototype African lineage ZIKV strain MR766.
Currently, little is known about the impact of this
3′-end sequence change during the course of ZIKV
evolution.

In this study, we investigated whether the ZIKV
lineage-specific 3′-end sequences and Nsps play criti-
cal roles in determining viral replication capability
and pathogenicity, using a reverse genetics approach
using infectious cDNA clones derived from the Afri-
can ZIKV strain MR766 and a consensus genome

sequence (Con1) of ZIKV, which represents an
Asian lineage ZIKV. Our results provide evidence
that the two 3′-terminal sequences, –GUCU-3′ and –
UUUCU-3′ are functionally compatible with both
African and Asian lineages of ZIKV and that ZIKV
Nsps are virulence determinants associated with Afri-
can lineage ZIKV neurovirulence in interferon (IFN)
α/β receptor knockout (IFNAR−/−) mice and wild-
type (WT) C57BL/6 mice transiently blocked in type
I IFN signaling.

Materials and methods

Cell culture and virus infection

Human hepatocellular carcinoma Huh7, human
alveolar epithelial A549 (CCL 185), and African
green monkey kidney-derived Vero E6 (CRL 1586)
cells were cultivated in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), 100 U/ml of penicillin and 100
µg/ml streptomycin at 37°C in 5% CO2. Similarly,
Aedes albopictus C6/36 mosquito cells (CRL 1660)
were also cultivated in complete DMEM at 28 °C in
5% CO2. All cell lines were obtained from the Ameri-
can Type Culture Collection (ATCC, Rockville, MD,
USA). The ZIKV MR766 (ATCC VR-84) and
PRVABC59 (ATCC VR-1843) strains with unknown
passage history were obtained from the ATCC. After
titering these stocks, passage 2 (P2) virus stocks for
MR766 and PRVABC59 were prepared and used in
infection experiments and RNA sequencing. ZIKV
was propagated in Vero E6 cells grown in DMEM con-
taining 2% FBS. Unless otherwise specified, cells were
seeded in a 10-cm dish, cultured overnight, and then
infected with viruses at an MOI of 0.1 or 0.01 by incu-
bating at 37 °C for 2 h. After washing, the infected
cells were maintained in a complete medium sup-
plemented with 10% FBS for the indicated periods as
specified in figure legends.

Construction of full-length cDNA clones of ZIKV

A full-length cDNA clone for a consensus sequence of
ZIKV (Con1) was initially constructed in a low-copy
number plasmid pMW119 (Nippon Gene, Tokyo,
Japan). Three chemically synthesized cDNA frag-
ments, Con1-1, Con1-2, and Con1-3, which represent
ZIKV genome nucleotides (nt) 37–3,445, 3,426–5,870,
and 5,851–8,430, respectively, (according to nt num-
ber of Con1 strain; GenBank accession number
ON123673), and the synthetic DNA Con1-B were
obtained from Bioneer (Daejeon, South Korea). The
Con1-B is composed of a T7 promoter; 51-nt 5′-end
region of ZIKV genome; a multiple cloning site
(MCS) containing NheI, ApaLI, KasI, and SfiI sites;
2,392-nt 3′-region sequences (nt 8,416–10,806) of
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viral genome; and a reverse-oriented EciI site fused to
the 3′-end of a 11-nt random sequence (designed to
generate authentic 3′-end viral genome sequence fol-
lowing run-off transcription of an EciI-linearized
full-length cDNA clone). The cassette vector
pMW119-Con1-5′–3′ was generated by assembling
PCR-amplified Con1-B cDNA fragment and Hin-
dIII/SmaI-digested pMW119, using In-Fusion HD
cloning kit (Takara Bio, Tokyo, Japan). Then the
three cDNA fragments, Con1-1 to Con1-3 were
digested with selected restriction enzymes, gel-pur-
ified, and sequentially cloned into the MCS of
pMW119-Con1-5′–3′ to generate a full-length cDNA
clone, termed pMW-T7-ZK-Con1. The primers used
to generate pMW-T7-ZK-Con1 infectious cDNA
clone are presented in Supplementary Table S1.

The full-length Con1 cDNA was subcloned into a
pBeloBAC11 vector derivative, pBAC-T7-HDVr con-
taining a T7 promoter and an HDVr sequence [28]
followed by SacII site. The pBAC-T7-HDVr vector
was generated by insertion of a T7 promoter-tagged
HDVr gene into the pBAC-Vec cassette derived
from pSARS-REP-Feo [29]. The full-length cDNA
clone of Con1 was PCR-amplified using Herculase II
Fusion DNA polymerase (Agilent technologies,
Santa Clara, CA, USA) and then subcloned into a lin-
ear pBAC-T7-HDVr cassette using In-Fusion HD
cloning kit (Takara Bio) to generate pBAC-T7-ZK-
Con1. The primers used to generate pBAC-T7-ZK-
Con1 infectious cDNA clone are presented in Sup-
plementary Table S2.

Similarly, a full-length cDNA clone of ZIKV
Uganda strain MR766 was constructed by assembling
cDNA into a linear form of pBAC-T7-HDVr cassette
vector generated by inverse-PCR using pBAC-T7-
HDVr as a backbone and the primers pBAC-T7-
HDVr_F (forward primer) and pBAC-T7-HDVr_R
(reverse primer). The total RNA used for cDNA syn-
thesis was extracted from a culture adapted MR766
(passaged four times in Vero E6 cells after receiving
ATCC VR-84 viral stock) using TRIzol LS reagent
(Invitrogen, Carlsbad, CA, USA). Three cDNA frag-
ments synthesized using SuperScript III First-Strand
Synthesis System (Invitrogen) were used to construct
a full-length clone of MR766 (GenBank ON123672).
The primers used to generate pBAC-T7-ZK-MR766
infectious cDNA clone are presented in Supplemen-
tary Table S3.

The full-length ZIKV cDNA clones with 3′-end
sequence variations or with a heterologous NS5 or
NS1–5 genes were generated using In-Fusion HD
cloning kit (Takara Bio). The primers used to generate
derivatives of Con1 and MR766 cDNA clones bearing
heterologous 3′-end sequences are presented in Sup-
plementary Tables S2 and S3.

All works using ZIKV genes were approved by the
Institutional Biosafety Committee (IBC) at Yonsei

University (IBC-A-202106-282-03, June 25, 2021 and
IBC-A-202103-270-02, 2 March 2021). The genetic
integrity of all the cDNA clones constructed in the
present study was confirmed by sequencing analysis.

Construction of a ZIKV subgenomic replicon
expressing Renilla luciferase

To construct CMV promoter-based ZIKV subgenomic
replicon (sgRep), initially the CMV-ZK-Con1-HDVr
cDNA fragments amplified from pBAC-T7-ZK-Con1
and pBAC-T7-ZK-Con1(TTTCT) were cloned into a
linear pBAC-CMV-5′–3′ cassette to produce pBAC-
CMV-ZK-Con1 and its derivative pBAC-CMV-ZK-
Con1(TTTCT) using In-Fusion HD Cloning Kit
(Takara Bio). A Renilla luciferase (Rluc) gene fused to
puromycin resistance gene (Puro), Puro-2A-Rluc-2A,
in which Rluc and Puro genes were fused to FMDV
2A sequence for self-processing, was generated by
two sequential bridging PCRs. The reporter-coding
gene was cloned into the linear sgRep cassettes using
In-Fusion HD Cloning Kit (Takara Bio) to generate
ZIKV sgReps [pBAC-CMV-ZK-Con1_sgRep, pBAC-
CMV-ZK-Con1_sgRep(TTTCT), and pBAC-CMV-
ZK-Con1_sgRep(NS5_GAA)]. Primers used to
generate pBAC-CMV-ZIKV-Con1 and its derivatives,
including ZIKV subgenomic replicons, are listed in
Supplementary Table S4.

Plasmids and reagents

TheRluc geneflanked byZIKV5′-UTR and 3′-UTR (ter-
minatingwith–GTCT-3′ or–TTTCT-3′)was fused to the
T7promoter and inserted intopcDNA3.1plasmid topro-
duce an Rluc-expressing Con1-derived minigenome ter-
minating with –GTCT-3′ [Con1-minigenome(GUCU)-
Rluc] or –TTTCT-3′ [Con1-minigenome(UUUCU)-
Rluc], which was used to test the effect of ZIKV 3′-end
sequence variances on viral gene expression. To express
NS5 proteins of ZIKV MR766 and Con1 in E. coli,
pTrcHisB-ZK-MR766_NS5 and pTrcHisB-ZK-
Con1_NS5 plasmids were constructed by inserting the
corresponding NS5-coding cDNAs, which were
amplified by RT–PCR using two NS5-specific primer
sets (MR766_NS5 forward primer 5′-GCTAGCG-
GAGGTGGGACGGGAGAG-3′ and reverse primer 5′-
GAATTCTTACAACACTCCGGGTGTGGAC-3′ or
Con1_NS5 forward primer 5′-GCTAGCGGGGGTG-
GAACAGGAGAG-3′ and reverse primer 5′-
GAATTCTTACAGCACTCCAGGTGTAGACC-3′)
and MR766 (P2) viral RNA or pMW-T7-ZK-Con1 as a
template, into the NheI and EcoRI sites of pTrcHisB vec-
tor (Invitrogen).

For the generation of a mammalian vector expressing
ZIKV pre-membrane and envelope protein (prME, aa
123–794) fused to the membrane-anchored Capsid (Cap-
sid anchor, Ca; aa 105–122), CaprME-encoding gene was

EMERGING MICROBES & INFECTIONS 2449



PCR-amplified from infectious cDNA clones for Con1
andMR766 ZIKVs using two different strain-specific pri-
mer sets (MR766CaprME, forward primer 5′-TTTAAAC
TTAAGCTTGCCACCATGGGCGCAGACACCAGCA
TCG-3′ and reverse primer 5′-ATATCTGCAGAATTC
TTACTATCAAGCAGAAACAGCCGTGGAGAGG-3′;
Con1 CaprME, forward primer 5′-TTTAAACTTAAGC
TTGCCACCATGGGCGCAGATACTAGTGTCGGA-3′

and reverse primer 5′-ATATCTGCAGAATTCTTACTA
TCAAGCAGAGACGGCTGTGGATAAG-3′). pUMVC
(# 8449) and pBABE-puro (# 1764) plasmids used to gen-
erate murine leukaemia virus (MLV)-based pseudotype
virus loaded with ZIKV prME were obtained from
Addgene (Addgene, Watertown, MA, USA).

The nucleoside analogue 2′-C-methyladenosine (2′-
CMA) [30] was obtained from Cayman Chemical
(Ann Arbour, MI, USA). A murine monoclonal anti-
body (MAb) preventing type I IFN signaling MAb-
5A3 was purchased from Leinco Technologies
(St. Louis, MO, USA).

In vitro RNA transcription

For preparation of ZIKV RNA by in vitro transcrip-
tion (IVT), ZIKV infectious cDNA clone was linear-
ized with SacII restriction enzyme. Following
phenol–chloroform extraction, the linearized DNA
was transcribed in vitro using a T7 mMESSAGE
mMACHINE kit (Ambion, Austin, Texas, USA).
After removal of DNA template by DNase I treatment,
viral RNA transcript was extracted with phenol–
chloroform.

To obtain a full-length (FL) 3′-UTR (428 or 429 nt)
and the 3′-terminal stem-loop (SL) RNA (3′-SL, 82 or
83 nt) that were used in an in vitro RNA decay assay,
DNA templates were generated using pBAC-T7-ZK-
Con1 and its derivative pBAC-T7-ZK-Con1(TTTCT)
as templates by PCR using a forward primer contain-
ing the T7 promoter sequence (underlined) 5′-TAA-
TACGACTCACTATAGCACCAATCTTAATGTTG
TCAGG-3′ (for FL 3′-UTR) or 5′-TAATACGACT-
CACTATAGACTCCATGAGTTTCCACCAC-3′ (for
3′-SL) and a reverse primer containing the sequence
complementary to –GTCT-3′ or –TTTCT-3′, 5′-AG
ACCCATGGATTTCCCCAC-3′ (ZK-Con1_R; the
sequence complementary to the 3′ terminal sequence
is underlined) or 5′-AGAAACCATGGATTTCCCC
AC-3′ (ZK-Con1_R(TTTCT)). The templates for
ZIKV-derived subgenomic flavivirus RNAs [sfRNA1
(412 nt) and sfRNA2 (328 nt)], which were used as
size markers, were PCR-amplified from pBAC
-T7-ZK-Con1 using a set of primers specific to the
sfRNA start site (T7_sfRNA1_forward primer
5′-TAATACGACTCACTATAGTGTCAGGCCTGCT
AGTCAGCCACAG-3′ or T7_sfRNA2_forward primer
5′-TAATACGACTCACTATAGGTCAGGCCGAGAA
CGCCATGGCAC-3′; the G in italic is an extra

sequence added for efficient IVT) and the same reverse
primers used to generate the template for the FL 3′-
UTR. The resulting PCR products were resolved by
electrophoresis on a 2% agarose gel, purified using
HiYield Gel/PCR DNA Mini Kit (Real Biotech Corp.,
Taipei, Taiwan), and used for in vitro transcription
using T7 MEGAscript kit (Ambion). A mixture of
rNTPs including 0.15 µM rGTP, 10 µCi [α-32P] of
rGTP (3,000 Ci/mmol, Amersham Pharmacia Biotech)
was used for radioisotope labelling of FL 3′-UTR and
3′-SL.

Rescue of recombinant viruses from infectious
cDNA clones

Recombinant ZIKVs were rescued from infectious
cDNA clones, as previously described [31]. Briefly,
2.2 × 106 Vero E6 cells seeded on a 10-cm dish were
grown overnight and transfected with 10 µg of in
vitro transcripts of viral genome using Lipofectamine
2000 (Invitrogen). After incubation for 4 h, cells
were washed twice with PBS and cultured in fresh
media containing 2% FBS, 100 U/ml of penicillin
and 100 µg/ml streptomycin until clear signs of cyto-
pathic effects (CPE) were seen. Approximately 3–5
days after transfection, culture supernatant was har-
vested by clearing cell debris by centrifugation to
obtain P0 (passage 0) viral stock for further analyses.
The first passage (P1) from Vero E6 cells was used
for infection experiments.

Plaque assay

Viral titre was determined by plaque-forming assay as
previously reported [32]. Briefly, Vero cells were
seeded in a 6-well plate, cultured overnight, and
infected with 10-fold serially diluted virus samples in
a serum-free medium for 1 h. After washing with
PBS, cells were overlaid with DMEM containing 1%
low-melting agarose (Sigma-Aldrich, St. Louis, MO,
USA), 2% FBS, 100 U/ml of penicillin, and 100 µg/
ml streptomycin. After incubation for 3–4 days until
clear plaques were observed, cells were fixed with
10% formaldehyde and stained with 1% crystal violet
solution.

Real-time reverse-transcription quantitative
PCR (RT-qPCR)

Total RNA was extracted using TRIzol Reagent (Invi-
trogen). ZIKV genomic RNA copy number was deter-
mined as previously described [33] with minor
modifications. Briefly, 1 µg of total RNA was subjected
to cDNA synthesis using ImProm-II reverse transcrip-
tase (Promega, Madison, WI, USA). Real-time RT-
qPCR was carried out using TOPreal qPCR 2X Pre-
MIX (SYBR Green with low ROX) (Enzynomics,
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Daejeon, South Korea) and a set of primers [a forward
primer gRNA-3478F (5′-GTATGGAATGGAGA-
TAAGGCCCA-3′) and a reverse primer gRNA-
3669R (5′-GCACATCAATGGCAGTGCTGGT-3′)]
[34] on a Bio-Rad CFX real-time PCR detection sys-
tem (Bio-Rad). Standard RNA was prepared by in
vitro transcription using a T7 promoter-fused DNA
template representing nt 3442–3701 of ZIKV NS1-
NS2A gene.

Immunoblotting

Virus-infected cells were resuspended in a lysis buffer
[50 mM Tris–HCl (pH 8.0), 150 mM NaCl, and 1%
NP-40] supplemented with an EDTA-free protease
inhibitor cocktail (Roche Diagnostics, Mannheim,
Germany) and incubated on ice for 20 min. After cen-
trifugation at 12,000 × g for 20 min, cleared cell lysates
were subjected to sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis, followed by immunoblot
analysis using an appropriate set of primary and sec-
ondary antibodies. Antibodies were obtained as fol-
lows: rabbit polyclonal anti-NS5 (Lab made; 1:1,000
dilution), rabbit polyclonal anti-NS3 (GeneTax Inc.,
Irvine, CA, USA; GTX133309 at 1:1,000 dilution),
and rabbit polyclonal anti-Capsid antibody (GeneTax;
GTX133317 at 1:1,000 dilution), and mouse mono-
clonal anti-α-tubulin antibody (Calbiochem, La Jolla,
CA, USA; DM1A at 1:5,000 dilution). Proteins were
visualized using enhanced chemiluminescence.

Luciferase assay

Transfected cells were lysed using Glo Lysis buffer
(Promega). Cleared cell lysates were obtained by cen-
trifugation at 12,000 × g for 20 min at 4 °C. The
protein concentrations of the lysates were determined
using Bradford assay and the Rluc activity was
measured using Glo Luciferase assay kit (Promega)
in a GloMax-Multi Detection System (Promega).

NS5 protein expression and purification

ZIKV NS5 protein was expressed in E. coli Rosetta
cells (Sigma-Aldrich) transformed with pTrcHisB-
ZK-MR766_NS5 or pTrcHisB-ZK-Con1_NS5 and
purified by affinity chromatography using Ni-NTA
(nickel-nitrilotriacetic acid) resin (Qiagen, Valencia,
CA, USA) followed by ion-exchanger chromatography
using a SP-Sepharose column (GE Healthcare Life
Sciences), as described previously [17].

Rdrp assay

In vitro RdRp assay was performed as described pre-
viously [35]. Briefly, 5 pmol of recombinant ZIKV
NS5 in a total volume of 25 µl reaction buffer

[50 mM Tris-HCl (pH 8.0), 50 mM NaCl, 2.5 mM
MnCl2, 1 mM DTT, 10% glycerol, and 20 units of
RNase inhibitor] containing 1 µg of poly(A) RNA
template, 5 µM complementary rUTP, 5 µCi [α-32P]
of rUTP (3.000 Ci/mmol, Amersham Pharmacia Bio-
tech). The reaction mixture was incubated for 2 h at
30°C. After the RdRp reaction, products were resolved
on a denaturing 7.5% polyacrylamide gel containing 8
M urea, prior to autoradiography and quantification
using a PhosphorImager.

RNA decay assay

In vitro RNA decay assay was performed as described
previously [36]. Briefly, synthetic ZIKV FL 3′-UTR
RNA (nt 1–428 or 1–429) or 3′-terminal SL RNA (nt
347–428 or 347–429) (10 pmol each) was incubated
at 37°C with Vero E6 (40 µg) or C6/36 cell lysates
(10 µg) in a 130 µl reaction buffer [50 mM Tris–HCl
(pH 8.0), 150 mM NaCl, 0.1% NP-40, and 10% gly-
cerol] supplemented with complete EDTA-free 1×
protease inhibitor cocktail (Roche Diagnostics) for
the times indicated in the figure legends. After the
reaction, RNA was extracted from a 25-µl aliquot of
the reaction mixture and resolved on a denaturing 5
or 10% polyacrylamide gel containing 8 M urea.
After electrophoresis, the gel was exposed to a Phos-
phorImager plate for quantification of radioactive
signals.

RACE-PCR for ZIKV 3′′′′′-end sequence analysis

RNA was extracted from ZIKV (MR766 or
PRVABC59) with TRIzol LS (Invitrogen) and purified
according to the manufacturer’s protocol. RNA was
ligated to the 5′-adenylated DNA adaptor (5′-
TGGAATTCTCGGGTGCCAAGG-3′) using a trun-
cated T4 RNA ligase 2, (NEB, UK) and was reverse-
transcribed to cDNA using an RT primer (5′-
GCCTTGGCACCCGAGAATTCCA-3′). The cDNA
was amplified using a forward primer targeting 3′-
UTR of viral genome (nt 10,607–10,627) (5′-
CCCTTCAATCTGGGGCCTGAA-3′) and the RT pri-
mer targeting the 5′-adenylated adaptor. The amplified
PCR products were size-fractionated by electrophoresis
on an agarose gel to recover DNA fragments and sub-
jected to sequencing analysis on an Illumina Nextseq
instrument (Illumina, San Diego, CA, USA).

Next generation sequencing

ZIKV (PRVABC59, P2) RNA was extracted from the
culture supernatant of Vero E6 cells with TRIzol LS
(Invitrogen) and purified according to the manufac-
turer’s protocol. The sequencing libraries were pre-
pared using the TruSeq Stranded Total RNA with
Ribo-Zero H/M/R_Gold kit (Illumina, San Diego,
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CA, USA). Libraries were sequenced using an Illumina
NovaSeq platform (NovaSeq 6000 system, Macrogen
Inc. South Korea) as 295-nt paired ends. The FastQC
(v0.11.8) was used to check the read quality. Trimmo-
matic (v0.38) was used to remove adapter sequences
and low quality read sequences. ZIKV RNA-seq data
in fastq format were deposited in the NCBI Sequence
Read Archive (SRA) under the accession number
SRR20766619. After mapping filtered data to the refer-
ence genome sequence using the BWA-MEM algor-
ithm (BWA v0.7.17) [37], duplicated reads were
removed with Sambamba (v0.6.7). Genome coverage
analysis, mapping ratio calculation, and variant calling
were performed using SAMtools (v.1.6) and BCFtools
(v.1.6). At this step, SNPs and short indels candidates
with a phred score above 30 (base call accuracy of
99.9%) were captured and annotated using SnpEff
(v.4.3t) to assess mutation profile.

Phylogenetic analysis

Multiple sequences of ZIKV were aligned using
MUSCLE (v3.8.31). The phylogenetic tree was con-
structed using Molecular Evolutionary Genetics
Analysis (MEGA) v11 software by the maximum like-
lihood method with 1,000 bootstrap replicates.

Pseudotyped virus entry assay

ZIKV prME protein-pseudotyped MLV expressing
nanoluciferase was generated as previously described
[35,38]. Briefly, HEK293T cells were transfected with
pUMVC, pBABE-puro-NanoLuc, and a mammalian
vector expressing the ZIKV CaprME. The culture
supernatant harvested 2 days after transfection was
centrifuged at 1500 × g for 10 min and passed through
0.45 μm filter to remove cell debris. Pseudotyped MLV
titre was quantified using qRT-PCR. Packaged viral
RNA was extracted using TRIzol LS reagent (Invitro-
gen) according to the manufacturer’s instructions and
subjected to reverse transcription and qRT-PCR using
primers targeting the 5′ LTR region of MLV RNA (for-
ward primer 5′-ATTGACTGAGTCGCCCGG-3′ and
reverse primer 5′-AGCGAGACCACAAGTCGGAT-
3′). To transduce HEK293T cells with the pseudotyped
virus, target cells were seeded in a 12-well cell culture
plate and inoculated with 0.5 ml media containing
pseudotyped virus for 9 h. Cells were then washed
and further cultivated in fresh complete media for
48 h prior to measuring reporter activity using a
Nano-Glo Luciferase assay kit (Promega) and the Glo-
Max-Multi Detection System (Promega).

Histopathological analysis

Brain tissue samples from mice were fixed in 10% for-
malin in PBS, paraffin-embedded, sectioned at 4 µm

thickness, stained with hematoxylin and eosin
(H&E). Digital images captured were analyzed using
an Aperio AT2 scanner (Leica Biosystems, Nussloch,
Germany).

Animal experiments

A129 mice (seven- to eleven-week-old), which lack the
type I IFN α/β-receptor, were obtained from the Woo-
jung Bio (Suwon, South Korea). C57BL/6 mice (six-
week-old) were purchased from the Jabio (Suwon,
South Korea). Mice of different genders were housed
in separate cages. A129 mice (n = 12 per each group
with 4 female and 8 male mice) infected in both hind
foot pads with 102 plaque forming units (PFU) of
recombinant ZIKV [Con1, Con1/MR_NS5, Con1/
MR_NS1–5, rMR766] in 100 μl (50 μl/foot pad) of
PBS. Wild-type C57BL/6 mice (n = 10 per each group
with 5 female and 5 male mice) were infected with
104 PFU of recombinant ZIKV [Con1, Con1/
MR_NS5, Con1/MR_NS1–5, rMR766] via ip route in
a total volume of 100 μl. The C57BL/6 were injected
ip with a total of 3.0 mg/kg of a monoclonal antibody
5A3 (Mab-5A3) targeting the IFNAR-1 subunit of the
mouse IFN-α/β receptor [Leinco Technologies,
St. Louis, MO, USA; 2.0 mg/kg first dose at −1 day
post-infection (dpi) followed by two 0.5 mg/kg sub-
sequent doses at 1 and 4 dpi] to interfere with type I
IFN-induced intracellular signaling. Mice were moni-
tored daily for clinical illness (hindlimb and forelimb
paralysis) for 15 days and humanely euthanized when
losing >20% of initial body weight. Blood was collected
at the time points indicated in each figure by tail
incision to monitor viral loads in sera or from eutha-
nized mice via intracardiac bleeding. Following per-
fusion with PBS, tissues (brain, testis, kidney, liver,
and spleen) were harvested, homogenized in PBS, and
centrifuged to harvest supernatants. Sera were separ-
ated by centrifugation at 6,000 × g for 5 min and stored
at −80°C until used. Viral loads in tissues and sera were
determined by RT-qPCR and plaque assay.

Ethics statement

All animal experiments were performed in accordance
with the Korean Ministry of Food and Drug Safety
guidelines. Experimental procedures were reviewed
and approved by the Institutional Animal Care and
Use Committee of the Yonsei University (IACUC-A-
202108-1313-03 and IACUC-A-202207-1501-02). At
the end of experiments, all mice were euthanized by
CO2 inhalation.

Statistical analysis

Statistical analysis was performed using GraphPad
Prism 8 (GraphPad Prism Software Inc., La Jolla,
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CA, USA). Differences in means were analyzed using a
two-tailed, unpaired Student’s t-test or one-way
ANOVA, as indicted in the figure legends. The
Kaplan-Meier survival curves were analyzed by the
log-rank (Mantel–Cox) test. Unless otherwise
specified, quantitative results were presented as
mean ± standard deviation (SD) of at least three inde-
pendent experiments. A P value of less than 0.05 was
considered statistically significant.

Results

Construction of a full-length cDNA clone for a
consensus genome sequence of ZIKV

In this study, we generated an infectious cDNA clone
for a ZIKV consensus sequence by inserting its cDNA
fragments into a BAC vector (Figure 1A). We used 12
full-length ZIKV genome sequences, including the
ones for which infectious cDNA clones were estab-
lished, and 38 additional nearly complete genome
sequences with complete ORF sequences of various
African and Asian lineage ZIKVs (Supplementary
Table S5) to retrieve a consensus, full-length genome
sequence, termed Con1 (GenBank accession number
ON123673). The Con1 sequence was more similar to
the genome sequence of the currently isolated Asian
lineage ZIKV PRVABC59 (KU501215.1) in compari-
son to that of the prototype African strain MR766
(AY632535.2) (98.5% vs. 93.5% in sequence identity),
as can be seen in aZIKVphylogenetic tree (Supplemen-
tary Figure S1), since the sequence sets used to generate
the consensus sequence Con1 were skewed toward
Asian strains for which more full-genome sequences
are available. The Con1 cDNA fragments were chemi-
cally synthesized and initially joined to a cassette vector
derived from a low copy number plasmid pMW119 to
generate pMW-T7-ZK-Con1, from which the full-
length cDNA clone was subcloned into a modified
BACvector to obtain pBAC-T7-ZK-Con1, as described
in detail in Materials and methods.

Infectivity of rescued, recombinant ZIKV Con1

Rescue of recombinant ZIKV Con1 was carried out by
transfecting Vero E6 cells with in vitro synthesized T7
transcripts generated from SacII-linearized pBAC-T7-
ZK-Con1. The progeny virus (passage number 0, P0)
was harvested when CPE was clearly seen (ca. ∼3–5
days post-transfection) in the transfected cells and
passaged consecutively to prepare P1 and P2 viral
stocks. All of these rescued and passaged viruses pro-
duced infectious viruses as evidenced by the high viral
titres (ca. over 105 PFU/ml in P1 and P2) while the
Con1(NS5_GAA) with a GAA substitution at the
NS5 active site, as expected, failed to generate infec-
tious virus (Figure 1B).

Infectivity of the rescued virus (P3) was further ver-
ified in Huh7 cells, in which viral RNA levels peaked
to >109/µg total RNA within the infected cells and
>1010/ml culture supernatant at 3 dpi (Supplementary
Figures S2A and B). Expression of both viral nonstruc-
tural proteins (NS3 and NS5) and the capsid were
confirmed by immunoblotting (Supplementary Figure
S2C). Altogether, these results demonstrated the infec-
tivity of the rescued recombinant ZIKV Con1.

Growth attenuation property of ZIKV Con1

Since ZIKV Con1 has no parental strain, we used an
Asian lineage ZIKV PRVABC59 isolated in Puerto
Rico in 2015 to compare their replication capability.
While these two viruses only differ from each other
in two amino acids (Ile80 in Capsid and Ala2611 in
NS5 within Con1 ORF) (Supplementary Figure S3),
Con1 grew significantly slower than PRVABC59 in
Vero E6 and A549 cells over a 3-day culture period
after infection with 0.01 MOI of each virus (Figure
1C). Similar growth attenuation was also observed at
3 dpi in the same cells after infection with a higher
MOI (MOI of 0.1) (Supplementary Figures S4A and
B).

Back mutations of the two amino acid changes pre-
sent in the recombinant Con1 into the PRVABC59
reference (KU501215.1) sequences (namely Thr80
and Val2611) still rendered the resulting recombinant
ZIKV Con1 (I80T/A2611V) less efficient than
PRVABC59 (ATCC VR-1843; P2) in growth, in both
Vero E6 and A549 cells (Figure 1D and E, and Sup-
plementary Table S6).

The results prompted us to check genome
sequences of PRVABC59 used in the infection exper-
iments. We found, by sequencing analysis, that the P2
virus stock of PRVABC59 (passaged twice in Vero E6
cells after receiving the viral stock from ATCC) has
subpopulations bearing five amino acid changes in
envelope (E), NS1, and NS3 genes, compared to its
reference sequence (Figure 1E) and Supplementary
Table S7). The enhanced growth fitness of the
PRVABC59 is thus likely due to heterogeneity of
viral genome population in the PRVABC59 stock
used in this study. Individual variants within these
viral quasispecies might cooperate to increase the
growth rate of PRVABC59 with a concomitant
increase in its average plaque size (Figure 1F).

Effect of the 3′′′′′-end genome sequence variance
between MR766 and Con1 on viral replication
and translation

When determining a conserved ZIKV full-genome
sequence, we had to choose one from two distinct
viral 3′-end sequences found in Asian and African
lineage ZIKV isolates. Analysis of full-genome
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sequences of ZIKV in the public databases revealed
that the 3′-end sequence –UUUCU-3′ detected in
the East African strain MR766 is no longer found in
Asian lineage ZIKV isolates and even in a West Afri-
can isolate, DAK AR 41525 strain isolated in Senegal
in 1984 (Figure 2A and Supplementary Table S8).
The contemporary Asian lineage ZIKV has a con-
served –GUCU-3′ sequence, indicating that the UU
at the 4–5 nt upstream of the 3′-end was evolutionally
changed to a single G residue in all Asian lineage
ZIKV isolates.

It is currently unknown if this 3′-end sequence
change introduced early in the course of ZIKV inva-
sion into human populations had influenced on viral
growth property and/or viral gene expression. To
address this possibility, we first wanted to confirm
that these two distinct 3′-end sequences are stably
maintained in MR766 and PRVABC59 P2 stocks.

Using the viral genomic RNA prepared from cul-
ture media and the total RNA from infected cells, we
constructed, by RACE-PCR, cDNA amplicons repre-
senting the 3′-end region (201-nt for MR766 and

Figure 1. Construction of a full-length cDNA clone for a consensus sequence of ZIKV. (A) Schematic illustration of the full-length
cDNA clone pBAC-T7-ZK-Con1, which harbours ZIKV cDNA fragments (Con1-1, Con1-2, and Con1-3 representing the ZIKV Con1
genome nt 37–3,445, 3,426–5,870, and 5,851–8,340, respectively) fused to T7 promoter and the cDNA of the last 2,392-nt (nt
8,416–10806) of the Con1 sequence followed by HDV ribozyme (HDVr) and SacII restriction site. The four unique restriction
enzyme sites used to assemble the cDNA fragments (Con1-1–3) into a modified pMW119 vector, prior to subcloning the resulting
full-length cDNA into a BAC vector, are presented. (B) Infectivity of recombinant ZIKV Con1 rescued from Vero E6 cells transfected
with T7 in vitro transcripts of pBAC-T7-ZK-Con1. Infectious viral titres of the Con1 viral stocks with indicated passage numbers were
determined by plaque assay. Con1(NS5_GAA), a replication-defective mutant containing a GAA substitution at the active site of
NS5 viral RdRp. ND, not detected (limit of detection, 10 PFU/ml). (C) Growth kinetics of PRVABC59 and Con1 in Vero E6 and A549
cells infected by each virus at an MOI of 0.01. (D) Growth attenuation features of Con1 and its derivative Con1(I80T/A2611V) in
comparison with PRVABC59 strain in Vero E6 and A549 cells infected with each virus at an MOI of 0.01. (E) Differences in amino
acid sequences between PRVABC59 reference sequence (GenBank KU501215.1), the PRVABC59 stock used in infection exper-
iments in this study, and Con1. (F) Relative diameters of plaques from Con1 and the cell culture-adapted PRVABC59 (n = 60 pla-
ques from 3 independent experiments). Plaque diameters were measured digitally using plaque images taken with the sizing bar.
Right, representative images showing plaques 4 days after infection. In panels B–D, the results are the mean ± SD from three
independent replicates. Statistical analyses were performed using unpaired Student’s t-test (C and F) or one-way ANOVA test
(D) on log10-transformed data. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.
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200-nt for PRVABC59) of the genomes of these
viruses (Figure 2B). The results of sequencing analysis
showed that the lineage-specific terminal sequences
are highly (> 99%) conserved, underscoring that this
important cis-acitng signal is stably inherited although
the MR766 sequence appears to be evolved into the
current –GUCU-3′ end sequence now strictly con-
served in contemporary Asian lineage ZIKV strains
including PRVABC59 (Figure 2C).

We sought to address a question of why ZIKV
was then evolved to alter its 3′-end sequences. We
hypothesized that this terminal sequence divergence
may have impact on viral replication and/or gene
expression. To test this possibility, we constructed
two subgenomic replicons derived from pBAC-
CMV-ZK-Con1 that carry the authentic Con1 3′-
end “–GTCT” and the East African lineage MR766
“–TTTCT” sequence alternatively (Figure 3A). The
replicon expresses Renilla luciferase (Rluc), which
was engineered to be processed from its precursor
(Puro-2A-Rluc-2A) by the FMDV 2A autocleavage
site [39]. This reporter-expressing ZIKV subgenomic
replicon (Con1-sgRep) was sensitive to a broad-spec-
trum nucleoside analogue 2′-CMA, which was shown
to display inhibitory activity against ZIKV [40]
(Figure 3B). Using the verified replicon assay, we
found that the replicon and its derivative with a

UUUCU substitution at the 3′-end [Con1_sgRep
(UUUCU)] replicated to very similar levels (Figure
3C). As expected, Con1_sgRep(NS5_GAA) with a
GAA substitution at the active site of NS5 RdRp
failed to increase the reporter expression on day 2
above the baseline levels determined at 8 h post-
transfection.

Further, viral gene expression was not affected
upon replacing the –GUCU-3′ at the 3′-UTR of a
Con1 genome-derived Rluc-expressing ZIKV minige-
nome [Con1-minigenome-Rluc] with the –UUUCU-
3′ sequence (Figure 3D). Finally, an in vitro RNA
decay assay using the Con1 FL 3′-UTR and its deriva-
tive with a UUUCU substitution revealed that their
stability was not substantially altered by the 3′-term-
inal nucleotide change (–GUCU-3′ to –UUUCU-3′)
(Figure 3E). Subgenomic flaviviral RNAs (sfRNAs)
of various lengths (sfRNA1, sfRNA2, and sfRNA3),
which are produced by the host 5′→3′ exonuclease
XRN1, are known to be critical for productive viral
infection in both mammalian and mosquito cells
[41]. The decay assay results also showed no difference
in the kinetics of ZIKV-derived sfRNA accumulation.
Furthermore, decay rate of the 3′-SL RNA was not
influenced by these 3′-terminal sequences (Figure
3F). Similar results were also obtained with C6/36
mosquito cell lysates (Supplementary Figures S5).

Figure 2. Conservation of the last 4-nt of ZIKV 3′-end genome sequence in contemporary Asian strains, diverged from the ancient
African lineage MR766 strain. (A) Diverged 3′-end viral genome sequences in African and Asian lineage ZIKV isolates. (B and C)
Schematic procedure of RACE-PCR. RNA was extracted from ZIKV MR766 strain (GenBank KX830960) and PRVABC59 (GenBank
KU501215.1), ligated to the 5′-adenylated DNA adaptor, and reverse-transcribed to cDNA. The cDNA was amplified using a forward
primer targeting the 3′-UTR of viral genome (nt 10,607–10,627) and a reverse primer targeting the 3′-adapter (B). The amplicon
libraries were sequenced on an Illumina Nextseq platform. Shown in (C) are the proportions of the last 4–5 nucleotides at the 3′-
end of PRVABC59 and MR766 genomes.
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Figure 3. Effect of the ZIKV 3′-end sequence variance on viral replication and gene expression. (A) Schematic illustration of the pBAC-
CMV-ZK-Con1 subgenomic replicon and its derivative terminating with a heterologous –TTTCT-3′ end sequence originated fromMR766.
The puromycin resistance gene (Puro) and Renilla luciferase (Rluc) genes, which are separated from each other by FMDV 2A peptide-cod-
ing sequence, were in-frame fused downstream of the first 38 amino acids of the viral capsid gene (C38). (B) Inhibition of subgenomic
replicon (Con1_sgRep) replication by 2′-C-methyladenosine (2′-CMA), an NS5 inhibitor. Rluc activity was measured at 24 and 36 h post-
transfection of Huh7 cells with pBAC-CMV-ZK-Con1_sgRep. (C) Effect of the ZIKV 3′-end sequence variance on subgenomic replicon repli-
cation, assessed at the indicated time as described in (B). Con1_sgRep(NS5_GAA), a negative control expressing a defective NS5. (D) Effect
of the ZIKV 3′-end sequence variations on viral RNA translation. Rluc activitywasmeasured at 24 hpost-transfection ofHuh7 cellswith the
indicated Rluc-expressing in vitro transcribed ZIKV minigenomic RNAs where the Rluc gene was fused to the N-terminal part (38 amino
acids) of capsid-coding gene placed in between viral 5′-UTR and 3′-UTR. (E and F) Schematic representation of the secondary structures of
ZIKV FL 3′-UTR (E) and 3′-SL (F). SL, stem-loop; DB, dumbbell; sfRNA, subgenomic flavivirus RNA; XRN1, 5′→3′ exoribonuclease 1. Decay
kinetics of radioisotope-labeled in vitro transcripts of ZIKV FL 3′-UTR (E) and3′-SL RNA (3′-SL) (F)with either–GUCUor–UUUCU3′-terminal
sequence in Vero E6 cell lysates (40 ug). The intensity of intact input RNA (mean ± SD from three independent experiments) quantified
using a Phosphorimager was presented below representative autoradiography images. Statistical analyses were performed using
unpaired Student’s t-test (B and D) or one-way ANOVA test (C) on log10-transformed data. *P< 0.05; ***P< 0.001; ns, not significant.
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Altogether, our results provide evidence that the
3′-end viral genome sequence variation has little
effect on viral replication and gene expression.
Further, the 3′-end sequence variation did not alter
decay rates of 3′-UTR or 3′-SL RNA, nor did it
affect generation kinetics for sfRNA species in Vero
E6 and C6/36 cells.

The African and Asian lineage-specific 3′′′′′-end
sequences are functionally equivalent in
supporting viral propagation

In order to investigate whether the two distinct Afri-
can and Asian lineage-specific 3′-end sequences are
functionally equivalent in supporting viral propa-
gation in the context of full-length viral genome, we
constructed a pBAC-T7-ZK-Con1 derivative, pBAC-
T7-ZK-Con1(TTTCT) where the 3′-end of Con1 was
replaced by the MR766 3′-end sequence (–TTTCT-
3′). The two recombinant viruses Con1 and Con1
(UUUCU) replicated to similar levels on day 3 in
Vero E6 and A549 cells (Figure 4A), suggesting that
these two 3′-end sequences are compatible with the
Con1-derived viral RNA replicase complex or NS5
RdRp.

We sought to further test whether a similar out-
come can be also seen when the 3′-end of the proto-
type African strain MR766 is replaced by the Asian
lineage counterpart, namely –GUCU-3′. To this end,
we generated an infectious cDNA clone for MR766
strain (ATCC VR-84) using the viral RNA extracted
from the P4 viral stock (passaged 4 times in Vero
E6) and its derivative bearing the Asian lineage-
specific 3′-end sequence (Supplementary Figures S6A
and B). The rescued recombinant rMR766 was infec-
tious and, as shown in Supplementary Figure 6C,
there was no significant difference in growth between
rMR766 (P1) and its parental virus (P2 of MR766
ATCC VR-84). The MR766 infectious cDNA clone
(GenBank ON123672) had four nt changes as com-
pared with the MR766 reference sequence
(KX830960.1), with 2 nonsynonymous mutations in
NS3 and one dinucleotide change (UU→AG) within
the 3′-UTR 3′ stem-loop (3′-SL) region (Supplemen-
tary Figures 7A and B). Although these mutations
did not affect viral growth, it remains to be studied
whether the variant with these mutations outcompetes
its parental virus during subsequence passages in vitro
and if these variants generated via culture-adapted
mutations or their mixtures can alter the virulence
of MR766 in vivo.

Importantly, the two rescued recombinant viruses
(P1), rMR766 and rMR766(GUCU) showed no dis-
cernible difference in viral loads at 3 dpi of Vero E6
and A549 cells (Figure 4B). Based on the results
from experiments using recombinant Con1 and
MR766 viruses with heterologous 3′-end sequence

substitutions, we concluded that the two evolutionally
diverged ZIKV 3′-end sequences are equally compati-
ble with African and Asian lineage ZIKVs in support-
ing their propagation in vitro.

African lineage ZIKV MR766 is equipped with a
viral replicase complex more efficient than that
of contemporary ZIKV

In the course of analysis of the potential evolution-
ary role of viral 3′-end sequence variations, we
found that rMR766 grew faster than Con1 irrespec-
tive of the types of 3′-end sequence (Figures 4A and
B). We wondered if this faster growth feature of
MR766 was attributed to better replication compe-
tence of MR766 viral RNA replicase. To test the
possibility, we constructed chimeric viruses between
Con1 and rMR766 using their infectious cDNA
clones (Figure 5A). The gene swapping experiments
revealed that MR766 Nsps (NS1–NS5) in fact
enabled the Con1 virus to gain increased replication
capability, as evidenced by an increase in Con1/
MR_NS1–5 viral loads. Notably, this replication
enhancement effect could not be achieved by NS5
alone in the Con1/MR_NS5 chimeric virus (Figure
5B). In agreement with this, NS5 proteins of
Con1 and rMR766 displayed similar in vitro RdRp
activity in a primer-dependent poly(A)-copying
assay, even though there are 34 amino acid differ-
ences (96.2% identity) between them (Supplemen-
tary Figure S8).

By contrast, rMR766 became less competent for
replication when its Nsps were replaced by Con1
counterparts (rMR766 vs. rMR766/Con1_NS1–5)
(Figure 5C). Taken together, these results demonstrate
that MR766 is equipped with a more active viral repli-
case complex than Con1. Nevertheless, it should be
noted that rMR766 viral load was significantly higher
than that of the chimeric virus Con1/MR_NS1–5,
suggesting that MR766 structural proteins also con-
tribute to its better competence in propagation (Figure
5B). Supporting this possibility, a viral entry assay
using Con1- and MR766-derived prME pseudotyped
viruses revealed that the pseudotype MLV loaded
with MR766 structural proteins was indeed superior
to the one bearing Con1 prME in viral entry into
host cells (Supplementary Figure S9).

Under the presumption that replication of African
and Asian lineage ZIKVs can be influenced by the cellu-
lar protein milieu of mosquito cells, we compared
growth kinetics of Con1 and its derivative expression
MR766 NS1–5 (Con1/MR_NS1–5), along with
rMR766 and its derivative expressing Con1_NS1–5
(rMR766/Con1_NS1–5) in C6/36 cells. The results
showed that even in mosquito cells the African lineage
MR766-derived Nsps (NS1–5) were capable of support-
ing ZIKV replication better than the counterparts of

EMERGING MICROBES & INFECTIONS 2457



Con1 (Supplementary Figure S10A). By contrast, the
degree of viral titre difference between Con1 and
rMR766 at 3 dpi was substantially reduced in this mos-
quito cell line than in Vero E6 (Supplementary Figure
S10B). Strikingly, unlike what was observed in Vero E6
cells,Con1 andCon1/MR_NS1–5 replicatedwitha simi-
lar growth kinetics. The differences on viral amounts at
1, 2, and 3 dpi were not statistically apparent between
Con1 and Con1/MR_NS1–5, whereas substitution of
Con1_NS1–5 in rMR766 delayed its replication (Sup-
plementary Figure S10A). Based the results from Vero
E6 and C6/36 cells, we concluded that African-lineage
ZIKV Nsps support viral replication more efficiently
than the counterparts of Asian lineage ZIKV in both
mammalian and mosquito cells.

ZIKV NS5 and Nsps (NS1–NS5) are virulence
determinants in A129 mice

Having found that MR766 is more competent than the
Con1 for replication in vitro and that its nonstructural

proteins (NS1–5), but not the viral RdRp NS5 alone,
are required to confer this growth feature, we then
hypothesized that the enhanced replication capacity
of MR766 might be translated into virulence pheno-
type of this representative African lineage ZIKV strain.
We tested the hypothesis by infecting the type I IFN-
receptor-deficient A129 mice with a set of four recom-
binant ZIKV viruses, rMR766 and Con1 along with its
two derivatives expressing MR766 NS5 (Con1/
MR_NS5) or NS1–5 (Con1/MR_NS1–5) (Figure 6A).
Weight loss in these infected mice was monitored
over 15 days. On days 3 and 5, viral loads in sera (n
= 8) were determined by plaque assays. On day 5,
mice (n = 6) were sacrificed to determine viral RNA
copy numbers in spleen, testis, kidney, brain, and
liver tissues.

As shown in Figures 6B and C, rMR766 was highly
virulent, leading to more than 20% weight loss in all of
the infected mice (n = 6 with one female mouse dead)
on day 7. Despite being delayed for 2 days, all mice
infected with Con1/MR_NS1–5 also lost > 20% of

Figure 4. Functional equivalence of the evolutionally diverged ZIKV 3′-end sequences in viral genome replication. Comparisons of
growth kinetics of Con1 (A) and rMR766 (B) with their derivatives Con1(UUUCU) and rMR766(GUCU) in Vero E6 and A549 cells
(MOI = 0.01). ns, not significant (by unpaired Student’s t-test).

Figure 5. Growth kinetics of Con1, rMR766, and their chimaera expressing heterologous nonstructural viral proteins. (A) Sche-
matics of ZIKV Con1 and MR766 chimeric viruses. (B and C) Growth kinetics of the indicated, rescued recombinant viruses in
Vero E6 (MOI = 0.01, using P1 stock of each virus). Shown are the results (mean ± SD) from three independent replicates. Statistical
analyses were performed using one-way ANOVA test with multiple comparisons (B) or unpaired Student’s t-test (C) on log10-trans-
formed data. **P < 0.01; ***P < 0.001; ns, not significant.
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their initial body weight on day 9, with all displaying
bilateral hind limb paralysis starting on day 7. Two
out of six of Con1/MR_NS5-infected mice survived

15 days, while the mice with > 20% weight loss exhib-
ited staggered steps and hind-leg paralysis starting on
day 8.

Figure 6. Virulence and neuropathogenicity of Con1 and Con1-derived chimeric viruses in A129 mice. (A) Infection and sample
collection schedule (top). Schematics of chimeric viruses derived from Con1 and rMR766 (bottom). (B and C) For survival analysis,
IFNAR−/− A129 mice (n = 12 with 4 female and 8 male) were infected with each ZIKV (102 PFU) by sc injection into the footpad.
Body weight was monitored daily for 15 days (B). Combined data from two independent experiments are shown as mean ± SEM.
Comparisons of Kaplan-Meier survival curves between different groups were performed by log-rank analysis (C). Shown in dough-
nut charts is the frequency of paralysis observed in infected mice. (D–F) Viral loads in sera on days 3 and 5 (D) and in indicated
tissues on day 5 (E). The dotted lines in (D) shows the limit of detection (LOD). Shown in (F) are fold-changes in viral genome copy
number in tissues with mean values indicated at the top of each bar. Each dot represents a result from a separate animal. Stat-
istical analyses were performed using unpaired Student’s t-test (B) or one-way ANOVA test with multiple comparisons on log10-
transformed data (D and E). *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.
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The serum viral loads for rMR766 viral loads were
∼106 PFU/ml on day 3, followed by a decline to 2.4 ×
105 PFU/ml on day 5, while mean values of viral loads
for Con1, Con1/MR_NS5, and Con1/MR_NS1–5 were
less than 105 PFU/ml on days 3 and 5 (Figure 6D). In
mice (n = 6) sacrificed on day 5, rMR766 viral RNA
levels in all examined tissues, except spleen, were
higher than those of Con1, Con1/MR_NS5, Con1/
MR_NS1–5 (Figure 6E). Notably, viral RNA copy
number of rMR766 was 712-fold higher in brain
than that of Con1 (Figure 6F). Higher titres of
rMR766 viruses in brain as well as in other organs
explain the differences in virulence between this Afri-
can lineage of ZIKV and the Con1.

Similarly, both paralysis and mortality rate
increased in mice exposed to Con1/MR_NS5 or
Con1/MR_NS1–5, although a statistically significant
difference in serum viral loads was only observed
between Con1 and Con1/MR_NS1–5 at 3 dpi. At
5 dpi, the difference became marginal although a sig-
nificant difference in viral RNA levels was still
observed in kidney and liver tissues. Collectively,
the results imply that the virulence enhancement
caused by MR766 NS1–5 in the Con1 chimaera
(Con1/MR766 NS1–5) appears to be associated with
its replication competence, while MR766 NS5 alone
was not sufficient to explain the striking correlation
between MR766 Nsp’s replication competence and
virulence.

Replication competence and virulence of rZIKVs
in wild-type C57BL/6 mice transiently blocked
in type I IFN signaling

We further investigated the potential impact of ZIKV
Nsps on brain pathogenesis in C57BL/6 mice (n = 10)
transiently blocked in IFN signaling pathway by
injecting (ip) an anti-type I IFN receptor (IFNAR1)
antibody MAb-5A3 [42]. The clinical performance
and body weight of the infected mice were monitored
daily for 15 days (Figure 7A). We collected sera at
different time points post-infection (4 and 7 dpi),
and sacrificed the mice (five male mice to determine
viral RNA levels in testes) at 7 dpi to determine viral
loads in sera and tissues and to analyze the pathologi-
cal changes in the brain. As shown in Figures 7B–D,
around 60% of mice exposed to rMR766 died on day
7, accompanied by a gradual hindlimb weakness pro-
gressed to complete paralysis with a complete mor-
tality rate (100%) by day 8. These recapitulate the
severe symptoms caused by rMR766, as also observed
in A129 mice.

In contrast to the results observed in A129 mice, the
mice exposed to Con1 or even its two derivatives
expressing MR766 Nsps (Con1/MR_NS5 and Con1/
MR_NS1–5) survived with no clinical signs of distress,
such as shaking/shivering or limb paralysis during the

course of experiment (Figure 7D). A significant body
weight loss, only observed on days 7 and 8 post-infec-
tion of the mice exposed to Con1/MR_NS1–5, slowly
started to be normalized by day 15. Likewise, we
observed no significant decreases in body weight in
the mice exposed to Con1/MR_NS5.

Despite there being no discernible difference in
virulence among Con1 and its two derivatives Con1/
MR_NS5 and Con1/MR_NS1–5, a substantial differ-
ence in growth rate between Con1/MR_NS5 (more
dramatically with Con1) and Con1/MR_NS1–5 was
observed in the WT C57BL/6 mice treated with
MAb-5A3 antibody (Figures 7E–G)). In this mouse
infection model mimicking a partial type I IFN signal-
ing blocking state caused by ZIKV NS5-mediated
human, but not mouse, STAT2 degradation [43],
Con1 replication, as observed in Vero cells known to
be defective in IFN production [44,45], was enhanced
by MR766 NS1–5 and even by NS5 alone, as evidenced
by increased viral loads (RNA genome and infectious
virus levels) on 4 and 7 dpi.

However, differing from the results from A129
mice, Con1/MR_NS1–5 infection caused no death of
the mice by day 8, although its RNA levels in all ana-
lyzed tissues (except for kidney) were comparable to
those of rMR766 by up to day 7 post-infection (Figures
7H and I). Histopathological analysis with H&E stain-
ing of cerebral cortex showed dense perivascular cuffs
of lymphocytes and necrotic loci in rMR766-infected
mice (Figure 7J). Con1-MR_NS1–5 infection was
also characterized by a perivascular cuff of inflamma-
tory cells at day 7 post-infection. Altogether, our
results suggest that the MR766 Nsps, which are
capable of enhancing Con1 replication, and its struc-
tural proteins, which we showed to be more effective
than the Con1 counterparts in viral entry into host
cells (Supplementary Figure S9) contribute together
to the full virulence of the highly pathogenic African
lineage ZIKV MR766, with the former ones displaying
their virulence phenotypes more substantially in
immunocompromised hosts.

Discussion

The data presented here provide insights into evol-
ution of ZIKV 3′-terminal sequences and virally
encoded Nsps including NS5 RdRp. We found that
the 3′-end viral genome sequence –GUCU-3′,
which is conserved in currently prevailing Asian
ZIKV strains, is functionally equivalent to the –
UUUCU-3′ sequence of the prototype African strain
MR766 identified over 70 years ago. Our results also
reveal an unprecedented role of ZIKV Nsps in deter-
mining ZIKV virulence. Based on our findings, we
propose that the genetic drifts within the Nsps or
NS5, which have been introduced in large numbers
during African lineage ZIKV evolution, may alter
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interplays between these proteins and host factors,
resulting in virulence attenuation in contemporary
ZIKV strains.

Our results show that the G and UU sequences 4 nt
upstreamof the 3′-endof viral genome are interchange-
able between African andAsian lineage ZIKVs. It is not

Figure 7. African lineage ZIKV structural proteins account for the enhanced pathogenicity of MR766 in wild-type C57BL/6 mice
transiently blocked in type I IFN signaling. (A) Schematic of experimental design showing the infection, antibody injection, and
sample collection schedule. (B and C) Body weight changes and survival analysis of C57BL/6 mice (six-week-old, n = 10 per each
group with 5 female and 5 male mice) treated with an anti-type I IFNR antibody MAb-5A before and after being exposed to 104

PFU (ip injection) of indicated rZIKVs. Statistical analysis methods are identical to those described in Figures 6B and C. (D) Clinical
disease in mice infected with indicated rZIKVs on different days of post-infection. Bar charts show the frequency of five different
clinical signs of disease. (E–I) Comparison of viral RNA levels (E, F, H, and I) or infectious viral loads (G) in sera (E, F, and G) and
tissues (H and I) between mice on 4 and 7 dpi with indicated rZIKVs. Each dot represents a result from a separate animal. (J) Brain
tissue samples of infected mice were collected on 7 dpi, stained with H&E for histopathological evaluation. Representative micro-
graphs of the cortex of mock- and rZIKV-infected mice, with higher magnification images (inset) of the area outlined by the white
box. Arrows, perivascular cuffing with infiltration of inflammatory cells in the brain tissues (cerebral cortex) of infected mice; aster-
isk, necrotic cellular debris. Scale bars, 100 µm. In (E–H), statistical analyses were performed using one-way ANOVA test with mul-
tiple comparisons on log10-transformed data. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.
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clear when the UU→G change was introduced during
ZIKV evolution, due to the very limited number of
complete genome sequences of African lineage ZIKV
strains. However, by gene swapping experiments
using infectious cDNA clones for MR766 and Con1,
we demonstrate that both African (MR766) and
Asian (Con1) lineage ZIKV are compatible with the
two different 3′-end sequences, namely –UUUCU-3′

and –GUCU-3′. The data are consistent with previous
studies onmultiple infectious cDNA clones for African
and Asian lineage ZIKV isolates [23,31,46–55]. All the
clones of MR766 constructed previously had the –
UUUCU-3′ terminal sequence [46–48], while the
other clones for Asian or American isolates included
the –GUCU-3′ sequence [23,31,47,49–55]. Interest-
ingly, DAK AR 41525 strain isolated in Senegal in
1984, which has an Asian lineage-specific terminal
sequence –GUCU-3′, could be rescued from a cDNA
clone bearing this 3′-terminal sequence [23]. The
results from these previous studies suggested the
potential compatibility of these sequences in both
ancient and contemporary ZIKVs. In agreement with
this, our results provide direct evidence that these
two distinct sequences are functionally equivalent in
the context of full-length genomes of African and
Asian lineage ZIKVs. We did not observe obvious
differences in viral replication and gene expression
between the two Con1 (or MR766) viruses with –
GUCU-3′ or –UUUCU-3′ terminal sequence.

Although it is currently unclear if there are any
beneficial outcomes of this UU → G change during
ZIKV evolution, we observed conservation of these
sequence variations in both MR766 and PRVABC59
strains. Flaviviruses have a unique 3′-end sequence
terminating with a conserved CUOH instead of a
poly(A) tract. Reverse genetics studies revealed that
the 3′-terminal dinucleotides CUOH are critical resi-
dues that cannot be replaced by other nonconserved
sequences in various flaviviruses such as Kunjin virus
and dengue virus [26,27]. Our RNA sequencing
results confirmed that the 3′-terminal dinucleotides
CU is maintained stably during ZIKV evolution
and passages. Of note, although the –GUCU-3′ and
–UUUCU-3′ sequences are functionally interchange-
able, there was no emergence of variants with any
mutations on these terminal sequences. Taken
together, our results posit that the last 4–5 nt con-
served sequences at the 3′-SL of ZIKV 3′-UTR are
critical cis-acting RNA element needed to be stably
inherited for viral replication.

Although severe disease manifestation in human
cases had not been reported for African lineage
ZIKV, it was shown to be more virulent than
Asian lineage ZIKV in mouse infection models as
well as in vitro [21–24,34]. The degrees of ZIKV
virulence would be influenced by genetic variances
between these two lineages that can alter their

replication competence and/or functions of viral
gene products in addition to the outcomes of inter-
plays between mutated viral proteins and their cellu-
lar targets [41]. African and Asian strains differ from
each other by approximately 3.5% at the amino acid
level [56]. Flavivirus structural proteins are primarily
engaged in binding, entry, and assembly of virus
particles. ZIKV structural proteins (capsid, prM,
and E) were suggested to account for the virulence
of African lineage ZIKV in an IFN-α/β receptor
knockout mouse model [23,24]. Nakayama et al.
[24] reported that the lethality of MR766 in the
IFNAR−/− mice was attributed to its prM protein
with increased ability to cross the blood–brain
barrier [24]. Expanding on these earlier reports,
our results show that nonstructural proteins are
additional critical factors of virulence and neurologi-
cal symptoms displayed by MR766, particularly in
immunocompromised hosts.

Such virulence phenotypes including limb paraly-
sis with high mortality risk were not seen in mice
exposed to Con1. In A129 mice, rMR766 were
more pathogenic (100% mortality) than Con1 strain
(100% survival). Importantly, substitution of Con1
Nsp genes with MR766 counterparts dramatically
increased morbidity and mortality of the resulting
chimaera of Con1. These results suggest that the
attenuated virulence of Con1 can be attributed to
multiple adaptive mutations in nonstructural pro-
teins. Further, even MR766 NS5 alone increased
the chance of hind limb paralysis and mortality of
Con1. There are 77 amino acid differences in Nsps
between Con1 and MR766 (Supplementary Figure
S11). Thus, one may envision that these amino
acid differences might account for the severe paraly-
sis and mortality associated with MR766 NS5 or
NS1–5. Of the 7 different Nsps, NS5 showed the
greatest level of genetic drift. Despite there being
34 amino acid differences between MR766 and
Con1 strains, their NS5 proteins showed a similar
RdRp activity in vitro (Supplementary Figure S8E).

In A129 mice, viral amounts produced by Con1 and
Con1/MR_NS5 were not significantly different from
each other. In C57BL/6 mice transiently blocked in
type I IFN signaling, the difference in viral RNA levels
in tissues between these two rZIKVs were negligible,
despite there being a significant difference in sera.
Notably, in the C57BL/6 mice pretreated with an
IFNAR1 antibody, Con1/MR_NS5 infection did not
cause paralysis. In addition, no lymphocyte infiltration
was evident in the brain of infected mice. The lack of
the severe clinical signs in this partially immunocom-
promised mouse suggests that the serious symptoms
developed upon infection with Con1/MR_NS5 in the
IFNAR−/− mice might not be associated with
increased viral loads or not be strictly dependent on
replicating competence of the NS5 RdRp. Similar
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attenuated symptoms were also observed for Con1/
MR_NS1–5 in the IFNAR1 antibody-pretreated
C57BL/6 mice. Therefore, the virulence directed by
African a lineage ZIKV NS5 or Nsps (NS1–5) could
be the outcome of dysregulated interplays of these
Nsps with host cells in type I IFN signaling-compro-
mised states.

Besides their roles in viral RNA replication, ZIKV
Nsps (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and
NS5) are used to evade host immune responses via var-
ious mechanisms. The NS1, NS2A, NS2B, and NS4B of
ZIKV inhibit phosphorylation of TANK-binding kinase
I (TBK1), NS2B inhibit phosphorylation of IRF3, NS2B
interferes with JAK/STAT signaling pathway by pro-
moting JAK1 degradation, and NS5 antagonizes type I
IFN signaling by degrading human, but not mouse,
STAT2, and suppresses the IFN signaling at a down-
stream step of IRF3 phosphorylation [43,57,58]. In
addition to these multifunctional roles of NS5, with its
primary role in virus RNA replication taking place in
the cytoplasm, presence of ZIKV NS5 in unique spheri-
cal shell-like structures within the nuclei of infected cells
[59] suggest as-yet-unidentified regulatory functions of
NS5 in the nucleus. The results fromC57BL/6 andA129
mice demonstrate that the degree of virulence promoted
by theMR766Nsps can be influenced by host type I IFN
signaling. Further studies are needed to understand the
underlying mechanisms behind the virulence conferred
by NS5 as well as the rest of the Nsps.

Conclusions

In conclusion, we propose a hypothesis of function-
ally compatible evolution of the Asian lineage ZIKV
3′-end sequence –GUCU-3′ diverged from the Afri-
can lineage ZIKV 3′-terminal sequence –UUUCU-
3′. Our reverse genetics-based studies define the
role of viral Nsp-coding genes in determining
ZIKV virulence. The results of this study suggest
that the genetic drifts accumulated within ZIKV
Nsps during evolution account for the attenuated
virulence features of currently circulating Asian
strains of ZIKV, identifying an additional mechan-
ism besides the previously disclosed prM-mediated
virulence trait of MR766. Moreover, we show for
the first time that viral RdRp NS5 of MR766 is a
virulence factor that increases the risk of paralysis
and mortality in mice defective in type I IFN signal-
ing. Our findings uncover an unprecedented role of
ZIKV Nsps in determining viral pathogenicity in
immunocompromised hosts. Identification of a criti-
cal determinant of ZIKV neuropathogenesis and elu-
cidation of its impact in individuals defective in the
interferon signaling pathway and immunocompro-
mised hosts will provide insights into how neurotro-
pic flaviviruses cause profound and life-long
neurological defects.
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