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African and Asian Zika Virus Isolates Display Phenotypic Differences Both In Vitro and In Vivo
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Abstract. Zika virus (ZIKV) is amosquito-bornemember of the genus Flavivirus that has emerged since 2007 to cause
outbreaks in Africa, Asia, Oceania, andmost recently, in the Americas. Here, we used an isolate history as well as genetic
and phylogenetic analyses to characterize three low-passage isolates representing African (ArD 41525) and Asian (CPC-
0740, SV0127-14) lineages to investigate the potential phenotypic differences in vitro and in vivo. The African isolate
displayed a large plaque phenotype (∼3–4 mm) on Vero and HEK-293 cells, whereas the Asian isolates either exhibited a
small plaque phenotype (∼1–2 mm) or did not produce any plaques. In multistep replication kinetics in nine different
vertebrate and insect cell lines, the African isolate consistently displayed faster replication kinetics and yielded ∼10- to
10,000-fold higher peak virus titers (infectious or RNA copies) compared with the Asian isolates. Oral exposure of Aedes
aegypti mosquitoes with the African isolate yielded higher infection and dissemination rates compared with the Asian
isolates. Infection of Ifnar1−/−mice with the African isolate produced a uniformly fatal disease, whereas infection with the
Asian isolates produced either a delay in time-to-death or a significantly lower mortality rate. Last, the African isolate
was>10,000-foldmore virulent than theAsian isolates in an interferon type I antibodyblockademousemodel. These data
demonstrate substantial phenotypic differences between low-passage African andAsian isolates both in vitro and in vivo
andwarrant further investigation. They also highlight the need for basic characterization of ZIKV isolates, as the utilization
of the uncharacterized isolates could have consequences for animal model and therapeutic/vaccine development.

INTRODUCTION

Zika virus (ZIKV) is a mosquito-borne member of the
Spondweni complex of the genus Flavivirus, family Flavivir-
idae. The genus Flavivirus comprises many important human
pathogens suchasSaint Louis encephalitis, yellow fever virus,
dengue virus (DENV1–DENV4), West Nile virus, Japanese
encephalitis virus, and tick-borne encephalitis virus.1 The
ZIKV genome comprises a single-strand, positive-sense RNA
of approximately 11 kb in length. The genome consists of a
59 untranslated region (UTR) (∼107 nt), an open reading frame
(ORF) ∼10.2 kb in length, and a 39 UTR (∼428 nt). The sin-
gle ORF encodes three structural proteins: capsid (C),
premembrane/membrane (prM), envelope (E), and seven
non–structural proteins (NS1, NS2A, NS2B, NS3, NS4A,
NS4B, and NS5).1 Similar to other flaviviruses, ZIKV enters
cells through receptor-mediated endocytosis, and the low
endosomal pH induces fusion to release the genomic RNA
into the cytoplasm. The genomic RNA is translated into a
single polyprotein that is processed to facilitate replication,
virion assembly, and release of mature virions. The mature
ZIKV virion structure is similar to that of other flaviviruses,

comprising a nucleocapsid core consisting of C protein and
genomic RNA and an icosahedral shell consisting of 180
copies of E and M proteins (or prM) embedded in a host-
derived lipid bilayer.2

ZIKV was first isolated from the blood of a sentinel rhesus
macaque in 1947 in the Zika Forest in Uganda.3 In the fol-
lowing year, ZIKV was isolated from pools of Aedes africanus
mosquitoes, and subsequent studies demonstrated virus
transmission by Aedes aegypti to both mice and rhesus ma-
caques.4 In the following decades (1950s–1980s), ZIKV was
isolated from humans and multiple mosquito species in sub-
Saharan Africa and Southeast Asia, and suggesting mainte-
nance in both sylvatic (primarily Aedes spp. mosquitoes and
nonhuman primates [NHPs]) and urban cycles (mainly
A. aegypti and humans).5–19 ZIKV consists of a single sero-
type, with isolates comprising two geographic lineages (Afri-
can and Asian) that have caused sporadic or underreported
human outbreaks.20,21 However, starting in 2007, outbreaks
were reported in the Yap island in the Federated States of
Micronesia and in Gabon, and by 2013 ZIKV was imported
from French Polynesia into northeast Brazil resulting in the
largest reported epidemic to date and its subsequent expan-
sion to many parts of Americas including mainland USA
(Florida and Texas).22–27 Since the start of the 2007 epidemic,
ZIKV has spread to or been detected in 84 countries and
territories in the Americas, Asia, and Africa, with reported
evidence of autochthonous transmission (http://apps.who.
int/iris/bitstream/10665/254714/1/zikasitrep10Mar17-eng.
pdf?ua=1).
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Most human ZIKV infections are asymptomatic.28,29

Symptomatic infections typically present as a self-limiting
acute febrile illness with symptoms ranging from fever,
headache, myalgia, and rash; however, severe clinical mani-
festations including congenital microcephaly and other fetal
defects, Guillain–Barré syndrome (GBS), and death have been
reported.30,31 Although ZIKV is transmitted primarily through
mosquito/human cycle, the virus can also be transmitted
through sexual contact and blood transfusions.32–34

Before its arrival in the Americas, ZIKV was an obscure and
understudied pathogen; as a consequence, few virus isolates
were accessible for research and vaccine/therapeutic devel-
opment. In addition, little or no basic in vitro and/or in vivo
characterization data were available on accessible isolates. In
the present study, we investigated the potential phenotypic
differences between low-passage African (ArD 41525) and
Asian isolates (CPC-0740 and SV0127-14) in vitro and in vivo.

MATERIALS AND METHODS

Viruses and cells. ZIKV isolates were obtained from the
World Reference Center for Emerging Viruses and Arbovi-
ruses at theUniversity of TexasMedical Branch (UTMB) (SEN/
1984/ArD 41525), the Armed Forces Research Institute of
Medical Sciences (AFRIMS) (PHL/2012/CPC-0740, THA/
2014/SV0127-14), and the Centers for Disease Control and
Prevention (CDC) (PRVABC59) (Table 1). The three strains are
abbreviated as ArD 41525, CPC-0740, and SV0127-14. All
three viruses were titrated on Vero monolayers three separate
times to ensure accuracy of virus stocks. The titers obtained
from each titration were within 2-fold. Virus stocks were also
deep sequenced to ensure purity.
Vero-WHO, RK-13, DEF, and HEK-293 cell lines were

obtained from the American Type Culture Collection
(Bethesda, MD). RML-12 (A. aegypti ), C7/10 (Aedes albo-
pictus), AP-61 (Aedes pseudoscutellaris), Anopheles gam-
biae, and PP-9 (Phlebotomus papatasi ) cells were obtained
from the World Reference Center for Emerging Viruses and
Arboviruses at UTMB. Vero-WHO cells were obtained from
internal collection. Cell lines were propagated at 37�C (verte-
brate) or 28�C (insect) with 5% CO2 in Dulbecco’s Minimal
Essential Medium (DMEM) containing 10% (v/v) fetal bovine
serum (FBS), sodium pyruvate (1 mM), 1% (v/v) nonessential
amino acids (AAs), and 50 μg/mL gentamicin. PP-9 cells were
maintained in Schneider media (Sigma, St. Louis, MO) sup-
plementedwith10%(v/v)FBSand50μg/mLgentamicin. Insect
cell media were additionally supplemented with 1% (v/v) tryp-
tose phosphate broth (Sigma).
Phylogenetic analysis. Sequences of ZIKV strains were

downloaded from GenBank (Table 1) and aligned in SeaView
using the MUSCLE algorithm.35,36 The sequences were
aligned using deduced AA sequences from ORFs and then

returned to nucleotide (NT) sequences for subsequent analy-
ses to preserve codon homology. Maximum likelihood (ML)
analysis was performed using the PHYLIP package.37 Model-
test in PAUP was used to identify the best-fit NT substi-
tution model, GTR+I+G model.38 The robustness of ML
phylogeny was evaluated by bootstrap resampling with 500
replicates.
Real-time reverse transcription polymerase chain

reaction (RT-PCR) assay. The ZIKV 106-nt 59 UTR TaqMan-
MGB probe assay used the six complete ZIKV genome se-
quences from GenBank available on December 9, 2015
(LC002520 [isolate MR766-NIID], NC_012532 [isolate
MR766], AY632535 [isolate MR766], KF268949 [isolate
ARB15076], KF268948 [isolate ARB13565], and KF268950
[isolate ARB7701]). The six complete ZIKV genome se-
quences were aligned using Clustal Omega (http://www.ebi.
ac.uk/Tools/msa/clustalo/) as DNA with the format “Clustal
w/numbers.” All other parameters were left as the default
settings. Any nt mismatches were noted, and the reference
target sequence (Accession NC_012532) was loaded into the
Primer Express Version 3.0.1 for Windows 7 (Applied Bio-
Systems®/Life Technologies, Carlsbad, CA) as a “TaqMan®-
MGB Quantification” assay. Specific amplification detection
was accomplished using a forward primer (59-GARTCA
GACTGCGACAGTTCGA-39), reverse primer (59-CCAAATC
CAAATTAAACCTGTTGA-39), and TaqMan-MGB probe
(6FAM-ACTGTTGTTAGCTCTCGC–MGBNFQ). The resulting
primer/probe pairs were initially tested using genomic RNA
from the Zika isolate MR-766 (UCC# R4481T). All positive
pairs were then screened for inclusivity with eight different
ZIKV isolates available atUSAMRIID:MR-766 (Uganda, 1947);
ArD 41525 (Senegal, 1984); ArD 41662 (Senegal, 1984); ArD
41671 (Senegal, 1984); IBH 30656 (Nigeria, 1968); SV0127-14
(Thailand, 2010); CPC0740 (Philippines, 2010); andFSS13025
(Cambodia, 2010). The down-selected primer/probe pair was
then optimized for primer concentration, tested for limit of
detection (LOD) on both the LightCycler 480 (Roche Diag-
nostics, Indianapolis, IN) and the Bio-Rad QX200 droplet
digital polymerase chain reaction (ddPCR) system (Bio-Rad,
Hercules, CA). The LOD on the LightCycler 480 was 2 plaque
forming units (PFUs)/mL by real-time polymerase chain re-
action (PCR) and 69,900 target copies/mL by ddPCR using
the ZIKV isolate MR-766. Finally, the assay was tested for
specificity against genomic RNA from 65 virus isolates and
genomic DNA from 11 bacterial strains and with human/
mouse/mosquito genomicDNA. Thecycling conditionson the
LC480were as follows: 1 cycle at 50�C for 15minutes; 1 cycle
at 95�C for 5 minutes; followed by 45 cycles at 95�C for
5 seconds and 55�C for 20 seconds; and last 1 cycle at 40�C
for 30 seconds for cooling. A single read of the platewas taken
at the end of each 55�C/20 second step. The QX200 ddPCR
was run according to the manufacturer’s instructions.

TABLE 1
Detailed histories of three ZIKV isolates

Isolate Source Location Year of collection Passage history Titer (PFU/mL)

CPC-0740 Homo sapiens Philippines 2012 Toxorhynchites splendens mosquito (1),
C6/36 cells (1), Vero (1)

1 × 106

SV0127-14 H. sapiens Thailand 2014 Toxorhynchites splendensmosquito (1),
C6/36 cells (1), Vero cells (1)

5 × 105

ArD 41525 Aedes africanus Senegal 1984 AP-61 cells (1), C6/36 cells (1), Vero cells (4) 2 × 106

PFU = plaque forming unit; ZIKV = Zika virus.
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Multistep replication kinetics. Replication kinetics were
assessed on vertebrate and insect cell lines in triplicate on
90%confluentmonolayers in T-25 cm2

flasks. Virus infections
were performed at a multiplicity of infection (MOI) of 0.1 PFU/
cell in triplicate, and virus was adsorbed for 1 hour at 37�C
(vertebrate cells) or 28�C (insect cells). After incubation, the
inoculum was removed; monolayers were rinsed three to four
times with room temperature (RT) DMEM to remove unbound
virus; and 5 mL of growth medium was added to each flask.
Aliquots of 0.5 mL were taken immediately afterward as a
“time 0” sample and replaced with 0.5 mL of fresh medium.
Flasks were incubated at 37�C or 28�C, and further samples
were taken at 6, 24, 48, 72, 96, 120, and 144 hours post-
infection (hpi), flash frozen in dry ice/ethanol bath, and stored
at −80�C.
Plaque assay. Virus titrations were performed on 100%

confluent Vero or HEK-293 cell monolayers seeded overnight
in six-well plates. Duplicate wells were infected with 0.1 mL
aliquots of serial 10-fold diluted virus in growth medium;
0.4 mL of growth medium was also added to each well to
prevent cell desiccation, and virus was adsorbed for 1 hour at
37�C. After adsorption, the virus inoculum was aspirated, and
cell monolayers were overlaid with 3 mL of 0.8% w/v Sea-
Plaque agarose (Cambrex Bio Science, Basel, Switzerland) in
DMEM containing sodium pyruvate (1 mM), 1% (v/v) non-
essential AAs, and50μg/mLgentamicin.Cellswere incubated
at 37�C under 5% CO2 for 5 days to allow for plaque devel-
opment. After incubation, cells were fixed with 4% formalde-
hyde inPBS for 24hours; overlaywas removed; and cellswere
stained with 2% crystal violet in 70% methanol for 5–10
minutes at RT; the excess stain was removed under running
water, and plaques were counted.
Oral mosquito infections. Strains of A. aegypti (Orlando,

Florida strain) were obtained from the United States De-
partment of Agriculture inGainesville, FL. Cohorts of 100 adult
females 5–6 days after emergence from the pupal stage were
sugar starved for 24 hours. They were fed an artificial meal
consisting of defibrinated sheep blood (Colorado Serum
Company, Denver, CO) and ZIKV at ∼6.0 log10 PFU/mL.
Mosquitoes were allowed to feed for 1 hour, and after feeding
the mosquitoes, they were cold-anesthetized and sorted.
Fully engorged mosquitoes at or higher than stage 3 were
retained for the study.39 Mosquitoes were given 10% sucrose
in cotton balls and held for an extrinsic incubation period of
7 days at 28�C. After extrinsic incubation, mosquitoes were
cold-anesthetized, and bodies and legs/wings were removed.
Mosquito bodies and legs/wings were triturated separately in
500 μL of 1 × DMEM containing 20% FBS (v/v), penicillin (200
U/mL), streptomycin (200 μg/mL), 100 μg/mL gentamicin, and
5 μg/mL amphotericin B, using a Mixer Mill 300 (Retsch, Haan,
Germany).9 Sampleswere then centrifuged at 18,000 × g for 15
minutes, andsupernatants fromeachsamplewere immediately
analyzed by plaque assay to detect ZIKV. Monolayers were
infectedwith supernatants, and0.4mLof1×DMEMcontaining
penicillin (200 U/mL), streptomycin (200 μg/mL), 100 μg/mL
gentamicin, and 5 μg/mL amphotericin B was also added to
each well to prevent cell desiccation. After a 1 hour incubation,
themonolayers were rinsed with 2mL of 1 × DMEMcontaining
penicillin (200 U/mL), streptomycin (200 μg/mL), 100 μg/mL
gentamicin, and 5 μg/mL amphotericin B. The cell mono-
layers were overlaid with 3 mL of 0.8% w/v SeaPlaque aga-
rose (Cambrex Bio Science) in 1 × DMEM containing

penicillin (200 U/mL), streptomycin (200 μg/mL), 100 μg/mL
gentamicin, and 5 μg/mL amphotericin B. All mosquito
samples were assayed twice to confirm positive samples.
Ethics statement. This work was approved by the IACUC.

Researchwas in compliancewith theAnimalWelfareAct, PHS
Policy, and other Federal statutes and regulations relating to
animals and experiments involving animals. The facility where
this research was conducted is accredited by the Association
for Assessment and Accreditation of Laboratory Animal Care
International and adheres to the principles stated in the Guide
for the Care and Use of Laboratory Animals, National Re-
search Council, 2011.
Mouse studies.Wild-type and Ifnar−/− C56BL/6 mice were

obtained from Jackson Laboratories and used for infection
studies. Cohorts of 10 Ifnar−/−male and femalemice 10weeks
of age were infected with ArD 41525, CPC-0740, or SV0127-
14 isolates in 200 μL of PBS by intraperitoneal (IP) injection.
Mice were observed daily for weight loss, signs of clinical ill-
ness, and were euthanized with the onset of severe clinical
symptoms.Micewere assigned a clinical score (0–3) basedon
the following observations: normal appearance (0); lethargy,
ruffled fur, hunchedposture, or slowmovement (1); decreased
mobility or no longer socializing with other animals or 20%
weight loss from initial weight (2); labored breathing or inability
to move when stimulated or 25% weight loss or hind limb
paralysis resulting in decreased mobility (3). Animals were
assigned a score based on the most severe clinical sign
observed.
Cohorts of 10 wild-type C57BL/6 female mice at 5- or

10-weeks of age were used in the interferon (IFN) antibody
blockademodel. Mice were injected, through an IP route, with
a total of 3.0 mg (2.0 mg first dose and 0.5 mg subsequent
doses) of MAb-5A3 (Leinco Technologies, St. Louis, MO)40,41

or PBS on day −1, day +1, and day 4. On day 0, mice were
infected with ArD 41525, CPC-0740, or PRVABC59 through
an IP route in a total volume of 200 μL 1× PBS. Mice were
monitored for weight loss, signs of clinical disease, and were
euthanized with the onset of severe clinical signs as per the
above criteria.
Statistics. GraphPad Prism version 7.00 for Windows

(GraphPad Software, La Jolla, CA, www.graphpad.com)
software was used for statistical analysis. Significant dif-
ferences in mean titers between the African and Asian
strains were determined using two-way analysis of vari-
ance for all viruses followed by a Tukey test. A two-tailed
Fisher exact test was performed to determine significant
differences in mosquito infection rates, weight loss, and
clinical scores. Survival curve analysis was determined by
performing Mantel–Cox and Gehan–Breslow–Wilcoxon
tests.

RESULTS

ZIKV isolate passage history and genetic and
phylogenetic analyses. The available ZIKV isolates and ac-
companying histories were obtained fromUTMBandAFRIMS
(Table 1). Lowest passaged isolates from both African (ArD
41525) and Asian (CPC-0740, SV0127-14) lineages were
identified and amplified on Vero cells. The African isolate, ArD
41525, was isolated from a pool of A. africanusmosquitoes in
1984, Senegal. Both Asian isolates were collected from hu-
manpatients in 2012 and 2014 in thePhilippines andThailand,
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respectively. The virus stocks were deep sequenced to de-
termine sequences and to confirm the purity of virus
stocks.40,42

The available ZIKV isolate sequences from Africa, Asia, and
America were downloaded from GenBank and aligned (Sup-
plemental Table 1). Genetic analysis was performed by com-
paring both NT and deduced AA sequences of the ORF
(Table 2). Nucleotide and AA sequence identities of the iso-
lates ranged from 88.3–99.8% to 96.3–99.9%, respectively.
The NT and AA divergence between African and Asian/
American isolates was∼12%and∼4%, respectively. The ArD
41525 isolate displayed ∼12% NT and ∼3% AA divergence
from ZIKV isolates from the Americas. The CPC-0740 and
SV0127-14 isolates displayed ∼2.3% and ∼1% NT, and
∼0.6% and ∼0.4% AA divergence compared with isolates
from the Americas, respectively (Table 2).
A detailed genetic analysis was performed comparing iso-

lates ArD 41525, CPC-0740, SV0127-14, and PRVABC59
(Supplemental Tables 2–4). There were 119 AA differences
spread throughout the entire polyprotein, and the majority (75
of 119) distinguished the Asian and African lineages of ZIKV.
One of these AA differences (NS4A-L4F) is found in the NS3/
NS4A polyprotein site recognized by the viral protease. A total
of 7 AA differences (prM-S17N, E-V473M, E-T487M, NS3-
N400H, NS3-Y584H, NS4B-M98I, and NS5-M114V) were
shared by contemporary Asian lineage viruses isolated in
South/Central America and the Caribbean. There was one
unique AA difference each for ZIKV strains ArD 41525 (NS3-
I460V) and PRVABC59 (C-I80T). The ZIKV strain SV0127-14
had four unique AA differences (E-A227T, E-S368G, NS1-
A45V, and NS5-I181V). The ZIKV strain CPC-0740 had seven
unique AA differences (prM-A141V, NS2B-V67I, NS3-I115T,
NS3-S347T, NS4A-M7I, NS4A-I78M, and NS4B-M26T)
(Supplemental Tables 2–4).
To study the evolutionary relatedness of ZIKV isolates,

phylogenetic trees were generated using the ML method.
Similar to previous analyses, two main clades were observed:
one main branch consisting of African isolates and another
consisting of Asian/American isolates (Figure 1). The ArD
41525 isolate grouped with a 1968 isolate from Nigeria. The
CPC-0740 and SV0127-14 isolates grouped with a 1966 iso-
late from Malaysia, basal to isolates from the Americas. The
phylogenetic placement of the Asian isolates suggests mul-
tiple introduction of ZIKV from Mainland Southeast Asia to
islands in thePacificOcean. Last, the high genetic identity and
phylogenetic placement of SV0127-14 with isolates from the
Americas demonstrate that it is a close relative of the parental
virus introduced into the Americas from French Polynesia.
Based on low-passage history, deep sequence confirma-

tion, and genetic and phylogenetic analysis, ArD 41525, CPC-
0740, and SV0127-14 isolates were selected for in vitro and
in vivo characterization to investigate potential phenotypic
differences.
In vitro characterization of ZIKV isolates. Three low-

passage isolates ArD41525,CPC-0740, andSV0127-14were
amplified on Vero cells (Table 1). The ArD 41525 isolate readily
induced cytopathic effects (CPEs) by 4 days post-infection
(dpi), whereas 50%CPE was observed 6–8 dpi for CPC-0740
or SV0127-14. However, all three viruses yielded similar titers
at 6 dpi (Table 1).
The plaque phenotype of all isolates was also investigated

on Vero and HEK-293 cells. The ArD 41525 isolate produced

plaques 3–4mm in diameter by 5 dpi on Vero cell monolayers,
whereas plaque sizeswere 1–2 and < 1mm for CPC-0740 and
SV0127-14, respectively (Figure 2). Similar results were
obtained in HEK-293 cells, with plaque sizes of 3–4 mm and
1–2 mm produced by ArD 41525 and CPC-0740, respectively
(Figure 2). In contrast to infection of Vero cell monolayers, the
SV0127-14 isolate did not produce visible plaques on HEK-
293 by 5 dpi (Figure 2).
Multistep replication kinetics of ArD 41525 and CPC-0740

were investigated on four cell lines representing diverse ver-
tebrate hosts; Vero-WHO (NHP), HEK-293 (human), DEF
(avian), and RK-13 (rabbit) cells (Figure 3). Monolayers were
infected at anMOI of 0.1, and virus replicationwasdetermined
by plaque assays on Vero cell monolayers and quantitative
RT-PCR (qRT-PCR). The ArD 41525 isolate yielded peak titers
and genome copies of ∼4.0–8.0 log10 PFU/mL and ∼6.0–10.0
log10 ge/mL in all four cell lines, whereas the CPC-0740 titers
and genome copies ranged from ∼2.0–7.0 log10 PFU/mL to
∼4.0–8.0 log10 ge/mL (Figure 3). The difference in peak titer
and genome copies of ArD 41525 and CPC-0740 ranged from
10–10,000-fold to 100–100,000-fold, respectively (Figure 3).
The CPC-0740 isolate also displayed delayed replication ki-
netics relative to ArD 41525, by 24–72 hours in Vero-WHOand
HEK-293 cells (Figure 3). In addition, only minimal replication
of the CPC-0740 isolate could be detected in DEF by either
plaque assay or qRT-PCR.
Replication kinetics of both isolates were also investigated in

five cell lines representing insect hosts; C7/10 (A. albopictus),
RML-12 (A. aegypti), AP-61 (A. pseudoscutellaris), A. gambiae,
and PP-9 (P. papatasi) cells (Figure 4). Similar to infection of
vertebrate cell lines, the ArD 41525 isolate yielded higher
peak titers and genome copies, ∼4.0–9.0 log10 PFU/mL and
∼5.0–11.0 log10 ge/mL, respectively (Figure 4). By contrast,
CPC-0740 isolate yielded peak titers and genome copies,
∼2.0–8.0 log10PFU/mLand∼3.0–8.3 log10 ge/mL, respectively
(Figure 4). CPC-0740 also displayed a delay in replication ki-
netics by 24 to 96 hours in C7/10, AP-61, and PP-9 cells
(Figure 4). Last, minimal replication of CPC-0740 isolate was
detected in A. gambiae cells by either plaque assay or
qRT-PCR.
These data demonstrated that ArD 41525 isolate displayed

greater fitness than CPC-0740 in vitro in the cells we tested.
We next investigated whether the reduced fitness was also
present in another low-passage Asian isolate, SV0127-14.
Replication kinetics were performed with ArD 41525, CPC-
0740, and SV0127-14 in Vero-WHO, HEK-293, C7/10, and
AP-61 cells at an MOI of 0.1 (Figure 5). Similar to previous
results, the peak titers of ArD 41525 isolate in Vero and HEK-
293 were ∼8.0 and ∼7.0 log10 PFU/mL, respectively. By
contrast, both CPC-0740 and SV0127-14 peak titers were
∼7.0 and ∼3.0 log10 PFU/mL, respectively, in Vero and HEK-
293 cells (Figure 5). The difference in peak virus titer between
ArD 41525 and either CPC-0740 or SV0127-14 isolates
ranged from 10 to 1,000-fold throughout the course of in-
fection (Figure 5). In addition, both CPC-0740 and SV0127-14
isolates displayed delayed replication kinetics by 24–96 hpi.
ArD 41525 also achieved higher peak titers ∼6.0 and ∼8.0

log10 PFU/mL in both C7/10 and AP-61 cells, respectively
(Figure 5).Whereas peak titers inC7/10 cells of CPC-0740 and
SV0127-14 were ∼4.7 and ∼2.7 log10 PFU/mL, respectively.
Similarly, CPC-0740 andSV0127-14 yielded titers of∼6.7 and
∼4.7 log10 PFU/mL, respectively, in AP-61 cells (Figure 5). The

CHARACTERIZING PHENOTYPIC DIFFERENCES OF ZIKV ISOLATES 435



TA
B
LE

2
P
ai
rw

is
e
co

m
p
ar
is
on

of
op

en
re
ad

in
g
fr
am

e
of

Z
IK
V
is
ol
at
es

U
ga

nd
a

19
47

N
ig
er
ia

19
68

C
en

tr
al

A
fr
ic
an

R
ep

ub
lic

19
76

S
en

eg
al

19
84

(4
15

19
)

S
en

eg
al

19
84

(4
15

25
)

M
ic
ro
ne

si
a

20
07

M
al
ay

si
a

19
66

C
am

b
od

ia
20

10
P
hi
lip

p
in
es

20
12

Th
ai
la
nd

20
14

Fr
en

ch
P
ol
yn

es
ia
20

13
S
ur
in
am

e
20

15
P
ue

rt
o
R
ic
o

20
15

G
ua

te
m
al
a

20
15

M
ex

ic
o

20
16

H
ai
ti

20
14

B
ra
zi
l

20
15

U
ga

nd
a

19
47

–
97

.9
98

.4
98

.4
98

.4
96

.4
97

96
.3

96
.4

96
.4

96
.5

96
.4

96
.4

96
.3

96
.3

96
.4

96
.4

N
ig
er
ia

19
68

93
.1

–
98

.4
98

.9
98

.9
96

.2
97

96
.5

96
.6

96
.6

96
.6

96
.6

96
.6

96
.5

96
.4

96
.5

96
.5

C
en

tr
al

A
fr
ic
an

R
ep

ub
lic

19
76

94
.8

93
–

98
.9

98
.9

96
.8

97
.6

97
97

.2
97

.1
97

.2
97

.1
97

.1
97

97
97

.1
97

.1

S
en

eg
al

19
84

(4
15

19
)

93
.1

96
.8

93
.2

–
99

.9
96

.7
97

.4
96

.9
97

97
97

.1
97

97
96

.9
96

.9
97

97

S
en

eg
al

19
84

(4
15

25
)

93
.2

96
.9

93
.3

99
.6

–
96

.6
97

.4
96

.9
97

97
97

.1
97

97
96

.9
96

.9
97

97

M
ic
ro
ne

si
a

20
07

88
.7

88
.4

88
.6

88
.6

88
.6

–
98

.6
99

.2
99

.2
99

99
.2

99
.1

99
.1

99
98

.9
99

99
.1

M
al
ay

si
a

19
66

89
.8

89
.7

90
90

90
95

.8
–

98
.8

98
.9

98
.7

98
.9

98
.9

98
.9

98
.8

98
.7

98
.9

98
.8

C
am

b
od

ia
20

10
88

.4
88

.3
88

.6
88

.5
88

.6
98

.3
95

.7
–

99
.4

99
.4

99
.6

99
.5

99
.5

99
.4

99
.4

99
.5

99
.5

P
hi
lip

p
in
es

20
12

88
.4

88
.4

88
.6

88
.5

88
.6

98
.2

95
.6

98
–

99
.3

99
.4

99
.4

99
.4

99
.3

99
.2

99
.3

99
.3

Th
ai
la
nd

20
14

88
.3

88
.3

88
.6

88
.4

88
.5

98
95

.4
98

.4
97

.7
–

99
.7

99
.6

99
.6

99
.5

99
.5

99
.6

99
.6

Fr
en

ch
P
ol
yn

es
ia

20
13

88
.5

88
.4

88
.7

88
.6

88
.7

98
.1

95
.6

98
.5

97
.9

99
.2

–
99

.9
99

.9
99

.8
99

.8
99

.9
99

.9

S
ur
in
am

e
20

15
88

.4
88

.4
88

.7
88

.5
88

.6
97

.9
95

.4
98

.3
97

.6
99

99
.7

–
99

.9
99

.8
99

.7
99

.8
99

.9

P
ue

rt
o
R
ic
o

20
15

88
.5

88
.4

88
.8

88
.6

88
.7

97
.9

95
.5

98
.3

97
.6

99
99

.7
99

.7
–

99
.8

99
.7

99
.8

99
.9

G
ua

te
m
al
a

20
15

88
.4

88
.3

88
.6

88
.5

88
.6

97
.9

95
.5

98
.3

97
.7

99
99

.7
99

.6
99

.6
–

99
.6

99
.7

99
.8

M
ex

ic
o

20
16

88
.4

88
.3

88
.7

88
.6

88
.6

97
.9

95
.4

98
.3

97
.6

99
99

.7
99

.6
99

.6
99

.6
–

99
.7

99
.7

H
ai
ti
20

14
88

.4
88

.3
88

.7
88

.5
88

.6
98

95
.5

98
.4

97
.8

99
.1

99
.8

99
.7

99
.7

99
.7

99
.7

–
99

.8
B
ra
zi
l2

01
5

88
.4

88
.4

88
.7

88
.6

88
.7

97
.9

95
.4

98
.3

97
.7

99
99

.7
99

.6
99

.6
99

.6
99

.6
99

.7
–

Z
IK
V
=
Z
ik
a
vi
ru
s.

N
uc

le
ot
id
e
(N
T)

co
m
p
ar
is
on

b
el
ow

th
e
d
ia
go

na
li
n
gr
ay

.A
m
in
o
ac

id
(A
A
)c

om
p
ar
is
on

ab
ov

e
th
e
d
ia
go

na
li
n
b
la
ck

.

436 SMITH AND OTHERS



differences in virus titer between isolates ranged from 10 to
10,000-fold. Last, the replication kinetics of CPC-0740 and
SV0127-14 isolates were delayed relative to ArD 41525 by 24
to 96 hpi (Figure 5). Taken together, these data suggest that
both low-passage human isolates from Asia display a fitness
reduction in vitro.
Oral infection studies in A. aegyptimosquitoes.We next

investigated whether the phenotypic differences observed
in vitro extend to in vivo models. Cohorts of female A. aegypti
mosquitoes were fed 6.0 log10 PFU/mL of ArD 41525,

CPC-0740, and SV0127-14 isolates. Kinetics of virus repli-
cation was measured by detecting virus using the plaque
assay at 5 and 7 dpi (Table 3). The body infection rates of
mosquitoes exposed to ArD 41525 were 47% and 44% at 5
and 7 dpi, respectively. Virus titer in infected bodies ranged
from ∼1.0 to 5.0 log10 PFU, and geometric mean virus titers of
2.7 and 3.0 log10 PFU at 5 and 7 dpi, respectively (Table 3). By
contrast, infection rates with CPC-0740 were 15% and 5% at
5 and 7 dpi, respectively. In addition, the mean body titer was
∼10-fold lower in CPC-0740–infected mosquitoes (Table 3).
Surprisingly, the SV0127-14 isolate-exposedmosquitoes had
comparable body infection rates and viral load at both 5 and 7
dpi. The infection rates at 5 and 7 dpi were 35% and 45%
versus 47% and 44%, respectively, for SV0127-14 and ArD
41525. However, disseminated infection was not observed in
mosquitoes infected with either of the Asian isolates. Dis-
seminated infection was observed only in mosquitoes in-
fectedwithArD41525 isolate at 5dpiwith a rate of 12%andan
average virus titer of 102 PFU/mosquito.
Murine infections. The potential phenotypic differences of

ArD41525,CPC-0740, andSV0127-14were also investigated
in 10-week-old C56BL/6 Ifnar1−/− mice and 10- and 5-week-
old wild-type C56BL/6 mice in the IFN type I (IFN-I) antibody
blockade model recently described by Smith et al.43 Cohorts
of 10 Ifnar1−/−micewere inoculated at 5.0 log10 PFU/animal IP
and followed for clinical disease (Figure 6A and B). All mice
infected with isolate ArD 41525 displayed clinical signs,
weight loss, and met euthanasia criteria by 7 dpi. Similar re-
sults were obtained for mice infected with CPC-0740 isolate,
and 90% of mice were euthanized by 9 dpi. By contrast, mice
infected with the SV0127-14 isolate displayedminimal clinical
signs and weight loss, and only 10% of the mice met eutha-
nasia criteria by 9 dpi (Figure 6B).
In an attempt to determine the 50% lethal dose (LD50) in

both the Ifnar1−/− and IFN-I antibody blockademousemodels,
cohorts of 10 mice were inoculated at doses ranging from 6.0
to 2.0 log10 PFU/animal IP and followed for clinical disease
(Figure 6C–E). The infection of Ifnar1−/− mice with ArD 41525

FIGURE 1. Midpoint rootedmaximum likelihood treebasedonnucleotide (NT) sequenceof theopen reading frame.Bootstrapvaluesof >75%are
shown at internal nodes. The scale bar represents NT substitutions per site.

FIGURE 2. Plaque phenotype of African (ArD 41525) and Asian
(CPC-0740 and SV0127-14) Zika virus isolates in Vero and HEK-293
cell monolayers. Plaque phenotype was assessed in Vero cell
monolayers; 5 days post-infection (dpi) cells were fixed and stained
with crystal violet.
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produced clinical scores of 2–3, 20–30% weight loss, and
almost all animals met the euthanasia criteria by 8 dpi re-
gardless of the dose (Figure 6D). By contrast, the infection in
the IFN-I antibody blockademodel was less severe with delay

in onset of clinical signs, weight loss, and mortality. The clin-
ical scores ranged from 0 to 1, 5–15% weight loss, mortality
rates of 20–80% (Figure 6E). The 6.0 and 2.0 log10 PFU/animal
doses produced 80% and 70% mortality rates, respectively,

FIGURE 3. Replication kinetics of African (ArD41525) andAsian (CPC-0740) Zika virus isolates in Vero-WHO,HEK-293,DEF, andRK-13cell lines.
Replication kinetics of all isolates were performed at multiplicity of infection of 0.1 plaque forming units (PFU)/cell in triplicate. Average titers ±
standard deviation (SD) (error bars) are shown. P values £ 0.01 are indicated with *.

FIGURE 4. Replication kinetics of African (ArD 41525) and Asian (CPC-0740) Zika virus isolates in C7/10, RML-12, AP-61, Anopheles gambiae,
and sandfly (PP-9) cell lines. Replication kinetics of all isolates were performed at multiplicity of infection of 0.1 plaque forming units (PFU)/cell in
triplicate. Average titers ± standard deviation (SD) (error bars) are shown. P values £ 0.03 are indicated with *.
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whereas, mortality rates ranged from 20% to 50% at the in-
termediate doses (3.0–5.0 log10 PFU/animal) (Figure 6E). Al-
though the sensitivity to ArD 41525 infection differed in both
Ifnar1−/− and IFN-I antibody blockademodels, wewere unable
to obtain an LD50 in either model.
We next investigated the LD50 of multiple ZIKV strains in

younger 5-week-old mice using the IFN-I antibody blockade
model at doses ranging from 6.0 to 2.0 log10 PFU/animal
(Figure 7). Mice infected with ArD 41525 isolate displayed
significant clinical signs, weight loss, and 80–100% of the
mice were euthanized at all doses (Figure 7B). By contrast,
mice infected with CPC-0740 isolate did not display any
clinical signs or weight loss, and all animals survived
(Figure 7C).Wealso evaluated theLD50of anothermore recent
Asian/American isolate, PRVABC59 isolated from Puerto
Rico, by IP exposure of 5-week-old wild-type C56BL/6 mice
in the IFN-I antibody blockade murine model. Similar to

CPC-0740, none of the mice succumbed or showed signs of
disease (Figure 7D). Collectively, the infection with ArD 41525
isolate of both 5-week-old Ifnar1−/− and wild-type C56BL/6
mice in the IFN-I antibody blockade model demonstrated that
the isolate was more virulent than the Asian/American
isolates.

DISCUSSION

The sudden and unexpected arrival of ZIKV in the Americas
and the severe complication of infection including GBS and
microcephaly have prompted intense research on many as-
pects of the ZIKV life cycle, therapeutics, and vaccines.
However, there are extensive gaps in many aspects of ZIKV
biology. Before the outbreak in the Americas, limited studies
were available on characterization of ZIKV isolates, and these
almost exclusively used African lineage isolates. The aim of

FIGURE 5. Replication kinetics of African (ArD 41525) and Asian (CPC-0740, SV0127-14) Zika virus isolates in Vero-WHO, HEK-293, C7/10, and
AP-61 cell lines. Replication kinetics of all isolates were performed at an multiplicity of infection of 0.1 plaque forming units (PFUs)/cell in triplicate.
Average titers ± standard deviation (SD) (error bars) are shown. P values £ 0.02 are indicated with *.

TABLE 3
Oral infections of African (ArD 41525) and Asian (CPC-0740 and SV0127-14) ZIKV isolates in Aedes aegypti

ZIKV Isolates

Blood meal
titers

5 DPI 7 DPI

Body Legs and wings Body Legs and wings

log10
PFU/mL

% Infected
(infected/total)

Average titer
(log10 PFU/mosquito)

(± SD)
% Infected

(infected/total)

Average titer
(log10 PFU/mosquito)

(± SD)
% Infected

(infected/total)

Average titer
(log10 PFU/mosquito)

(± SD)
% Infected

(infected/total)

Average titer
(log10 PFU/mosquito)

(± SD)

ArD 41525 6.32 47 (9/19) 2.9 (± 1.8) 12 (2/19) 2.0 (± 1.2) 44 (7/16) 2.5 (± 1.2) 0 B.L.D.
CPC-0740 6.33 15 (3/20) 2.0 (± 0.5) 0 B.L.D. 5 (1/20) 4.2 0 B.L.D.
SV0127-14 6.36 35 (7/20) 3.0 (± 0.4) 0 B.L.D. 45 (9/20) 2.8 (± 0.7) 0 B.L.D.
B.L.D. = below the limit of detection (10PFU/mL); DPI = dayspost-infection; PFU=plaque forming unit; SD= standard deviation; ZIKV=Zika virus.Mosquito bodies and legs/wings homogenates

at 5 and 7 dpi were analyzed for infectious virus via plaque assays on Vero cell monolayers. Bold indicates P value £ 0.01.

CHARACTERIZING PHENOTYPIC DIFFERENCES OF ZIKV ISOLATES 439



this study was to systematically characterize and investigate
the potential phenotypic differences among Asian and African
isolates. The isolates were selected based on several criteria:
complete isolation and passage histories, genomic sequence
data determined by deep sequencing, and genetic and phy-
logenetic analyses to determine the relationship between
isolates. Based on all these criteria, three low-passage and

uncontaminated isolates representing African (ArD 41525)
and Asian (CPC-0740 and SV0127-14) lineages were identi-
fied for in vitro and in vivo studies.
All three isolates were able to infect cell lines from repre-

sentative vertebrate and insect hosts at both 28�C and 37�C,
demonstrating broad host and temperature range. However,
substantial differences were observed between African and

FIGURE 6. Infection of African and Asian isolated in ifnar−/− and IFNAR1-blockingMAbmurinemodels. Outline of the study design in mice (A and
D). African (ArD 41525) and Asian (CPC-0740 and SV0127-14) Zika virus isolates in 5-week-old C57BL/6 ifnar−/−mice (B). Cohorts of 10males and
females were infected with 5.0 log10 plaque forming units (PFUs) through intraperitoneal (IP) route. Fifty percent lethal dose (LD50) studies of the
African (ArD41525) isolate in ifnar−/− and IFNAR1-blockingMAbmurinemodels (CandE). Cohortsof 10malesand femaleswere infectedwithdoses
ranging from 6.0 to 2.0 log10 PFU through IP route. After infection, animals were monitored for survival, weight loss, and clinical scores (C and E).
P values £ 0.0006 are indicated with *.
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Asian isolates in mammalian and vertebrate cell lines. ArD
41525consistently reachedhigher titers atmany timepoints in
multistep growth kinetics in all cell lines. In addition, the isolate
displayed severe clinical disease and mortality rates in both
Ifnar1−/− and IFN-I antibody blockade murine models. These
data suggested greater virulence of ArD 41525 than either of
the two Asian isolates. This was further supported by the in-
ability to achieve an LD50 with the Asian isolates in both
Ifnar1−/− and IFN-I antibody blockade murine models. In
contrast to the in vitro and murine studies, infection of
A. aegypti with the isolates yielded varied results. Both
SV0127-14 and CPC-0740 displayed reduced fitness com-
pared with ArD 41525; however, the infection in mosquitoes
yielded comparable or lower body infection rates and virus
titers, respectively. Although body infection rates varied

among the isolates, only ArD 41525-infected mosquitoes
exhibited disseminated infection. These data demonstrate
substantial phenotypic differences between ArD 41525 and
either of the Asian isolates.
There were also phenotypic differences observed between

Asian isolates. SV0127-14 virus titers were ∼10- to 100-fold
lower than CPC-0740 in both vertebrate andmosquito cells. It
produced minimal clinical disease and only 10% mortality in
Ifnar1−/−mice evenwith a high virus titer exposure. The isolate
was not further characterized in the IFN-I antibody blockade
model because of the attenuated phenotype in Ifnar1−/−mice,
which is the more susceptible mouse model. The differing
susceptibilities of the Ifnar1−/− mice versus mice treated with
the IFN-I antibody are highlighted by the results for CPC-0740
in the two mouse models. When Ifnar1−/− mice were infected

FIGURE 7. Infection of African (ArD 41525) (B) and Asian (CPC-0740 [C], PRVABC59 [D]) Zika virus isolates in 5-week old C57BL/6 mice treated
with IFNAR1-blocking MAb. Outline of the study design in mice (A). Cohorts of 10 females were infected with 6.0–2.0 log10 plaque forming units
(PFUs) through intraperitoneal (IP) route. After infection, animals were monitored for survival, weight loss, and clinical scores (B–D). P values <
0.0001 are indicated with *.
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with CPC-0740, 90% mortality was observed, which is in
contrast to nomortality in the IFN-1 antibody blockademouse
model. Ifnar1−/− mice are likely more susceptible because the
IFN-I response is completely eliminated compared with a
temporal blockade with the IFN-I blocking antibody. Last, in-
fection with CPC-0740 in mosquitoes produced 2- to 9-fold
lower infection rates than with SV0127-14. These data show
that closely related spatiotemporal isolates can exhibit
considerable phenotypic differences that warrant further
investigation.
Limited studies have compared phenotypic differences

among ZIKV isolates. Previous studies with Asian isolates
showed reduced replication kinetics and peak virus titers
in vitro, mosquito infection and dissemination rates, reduced
virulence in various murine knockout models, tissue distribu-
tion, virus replication, weight loss, clinical disease when
compared with African isolates.43–51 To further examine these
differences, we examined the virulence of the PRVABC59
isolate fromPuerto Rico in the IFN-I antibody blockademouse
model. Similar to the results obtained with the CPC-0740
isolate, infection produced no clinical disease or lethality. One
potential complication of comparing of ZIKV isolates is pas-
sage histories. Isolates passaged in vitro and/or in vivo may
have fitness trade-offs in either vertebrate or insect hosts.
However, a recent study using a cDNA clone derived from
RNA isolated from tissues of a microcephaly case (ZIKVNatal)
demonstrated an attenuated phenotype both in vitro and
in vivo relative to the African MR-766 isolate.50 Taken to-
gether, the data support the hypothesis that there may be
lineage-specific differences of ZIKV isolates.
The genetic determinants of ZIKV that enable phenotypic

differences among isolates remain unknown. The African and
Asian isolates differ at ∼75–100 AA residues spread
throughout an ORF consisting of 3,424 AAs. The Asian and
American isolates differ by ∼10–30 AAs. The impact of small
AA divergence in context of protection against heterologous
ZIKV infections is likely to beminimal; however, themutation/s
could have considerable impact on isolate phenotype.
Studies with flaviviruses have shown that substantial fitness
gains or losses can be achieved by single or a few point
mutation/s.52–73 The SV0127-14 andCPC-0740 isolates differ
by five unique AAs and yet produce substantially different
phenotypes in vitro and in vivo. Two recent ZIKV studies have
shown similar results. Two cDNA clones of isolates from the
Americas (BeH819015 and SPH2015) that differed by 6 NTs
yielded phenotypic differences in mice. The BeH819015 iso-
lateproduced lower clinical disease,weight loss, andmortality
in a murine model than SPH2015.41 Another study demon-
strated that an alanine-to-valine AA substitution in NS1 en-
hanced infection in A. aegypti.74

Mutagenesis studies of flaviviruses have shown the im-
portance of the E protein in regard to virus fitness.Mutation/s
in all three domains of the E protein can drastically alter
phenotype both in vitro and/or in vivo. The ZIKV E protein of
the four isolates that we studied differs by seven mutations
that are spread over domains I, II, and III (Supplemental
Figure 1).53–56,71–73 Two mutations in the SV0127-14 isolate
are of note, A227T (domain II) and S368G (domain III). Both
A227 and S368 are highly conserved in both African and
Asian lineages and may contribute to the attenuated phe-
notype of SV0127-14. These mutation/s altering fitness re-
quire further investigation.

In summary, we have demonstrated substantial phenotypic
differences both in vitro and in vivo between ZIKV isolates rep-
resenting African and Asian lineages. These data highlight the
need for basic characterizationofZIKV isolates, as theutilization
of uncharacterized isolates could have potential consequences
for animal model and therapeutic/vaccine development when
wild-type virulence and mosquito infectivity are desired.
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