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Abstract

Zika virus (ZIKV) is an arbovirus maintained in nature in two distinct cycles of transmission: urban and sylvatic. Each cycle
includes specific vertebrate and invertebrate hosts, and through alternate infections, a conserved consensus sequence is main-
tained that might vary depending on the cycle. The current study aimed to investigate the ability of ZIKVAF and ZIKVER to
maintain an infectious cycle by alternating passages in cells mimicking the urban (UC) and semi-sylvatic (SC) cycles. The
complete genome of the original inoculum and the last passages for each cycle were sequenced by Sanger. Ten passages were
performed, as planned, for ZIKVER UC, ZIKVAF SC, and ZIKVER SC. ZIKVER SC showed significant variation in viral titers
along the passages, suggesting that the virus is not well adapted to the non-human primate host. ZIKVAF passage in UC was
abrogated in the third passage, showing the inability of the African lineage to sustain cycles in human cells, suggesting a
low capacity to establish an urban cycle. Several mutations were found in both strains along the passages, but not occurring
at equivalent positions. Further studies are needed to elucidate whether any of these specific mutations affect viral fitness.
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Introduction

Zika virus (ZIKV) was identified in 1947 in Africa [1, 2],
but only became a public global concern after the 2015 out-
break in Brazil, when it was associated with more severe
clinical manifestations, such as Guillain-Barré syndrome
(GBS) and neurological abnormalities in fetuses and new-
borns, known as congenital Zika syndrome (CZS) [3-7].
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Zika virus belongs to the Flaviviridae family that includes
other arthropod-borne viruses (arboviruses) like Dengue
virus (DENV), West Nile virus (WNV), and Yellow Fever
virus (YFV) [8, 9]. The ZIKV genome comprises a 10.8 kb
single-stranded positive-sense RNA molecule, which con-
tains a single open reading frame (ORF) flanked by 5 and
3’ untranslated regions (UTRs) [10]. The coded single
polyprotein is later processed into individual structural and
nonstructural proteins: the capsid (C), precursor membrane
(prM), and envelope protein (E); NS1, NS2A, NS2B, NS3,
NS4A, NS4B, and NS5 [11].

ZIKV infection has been reported and the virus isolated
all over the globe, with strains being clustered into two major
lineages: African and Asian [12, 13]. The African lineage
derives from the monkey Rhesus sample MR-766 (Uganda,
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1947) and comprises many strains isolated from mosquitoes.
The Asian lineage is anchored by P6-740 (Malaysia, 1966)
and was spread through the Pacific Islands to the Americas,
causing the recent human epidemics [11, 14—16]. The main
ZIKV route of transmission is by infected Aedes sp. mos-
quito bites, which takes place through two well-established
transmission cycles in nature: urban and sylvatic. The urban
cycle includes virus circulation mainly in Aedes aegypti and
humans, while the sylvatic cycle is established between old
world monkeys and Aedes africanus [17, 18]. To date, there
are no records of Aedes albopictus taking part in sylvatic
cycles, only urban [18].

The alternating passage through distinct hosts balances
the consensus sequence of most arboviruses in nature, since
transmission and replication in vertebrate and inverte-
brate hosts are under different selective pressures [19-22].
According to the trade-off hypothesis, allowing sustained
replication in a single host results in fitness loss in an alter-
native host, while alternate infections at sub-optimal fitness
levels in each species may allow efficient replication in both
[23]. Despite the conserved genome in nature, ZIKV exhib-
its a high mutational rate in comparison to cellular organ-
isms due to the lack of proofreading activity from the RNA-
dependent RNA polymerase (RdRp) and circulates as a
quasispecies, with point mutations that may enable success-
ful adaptation to new niches and hosts [22, 24]. Although
the two cycles are well established, questions about spillover
from the sylvatic cycle to the urban cycle and spillback are
still poorly understood. In addition, questions related to the
immune restrictions imposed by each host and whether an
optimal viral sequence could circulate in different vertebrate
hosts remain unanswered. Thus, the aim of the current study
was to investigate the ability of ZIKVAF to complete its viral
cycle in humans and persist as a continued human-to-human
cycle, and the ability of ZIKVBR to complete its viral cycle
in non-human primate cells.

Fig.1 Viral titers of the 107

ZIKVER alternate passages. =
Passages of Brazilian ZIKV
strain in C6/36, HEK-293,

or LLC-MK2. Orange lines
represent semi-sylvatic cycle
(SC) and yellow lines urban
cycle (UC). The letter “P” is the
abbreviation for passage and
the corresponding number. Odd 10
numbers indicate passages in

human (UC) or monkey cells
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10°
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(SC) and even numbers indicate PO1 P02
passage in mosquito cells B-SSVLVATICCYCLE 8108 325100
URBAN CYCLE 8.10¢ 2,625.106
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Results
Viral adaptation by alternating host

For the Brazilian ZIKV strain, all ten passages of both cycles
(ZIKVBR UC and SC) were performed. Most ZIKVER pas-
sages in mammalian cells did not cause cytopathic effects
(CPE), considering CPE as the viral ability to lyse cells. In
those passages where CPE was identified, it was visible only
on the last day of infection. Mosquito cells never showed
CPE. Under the semi-sylvatic cycle, ZIKVER showed high
viral titer fluctuation throughout the passages, reaching
higher titers in mosquito cells and lower in mammalian
cells. However, the strategy seemed to adapt the virus to this
host, as shown by the slight increase in viral titers over time
in LLC-MK2 cells. For the urban cycle, the virus showed
more stability during the passages in the different hosts, with
reduced titers only observed in PO1, P05, and P10 (Fig. 1).

ZIKVAF completed all ten passages of the semi-sylvatic
cycle and viral titers ranged from 10° to 10° PFU/mL, as
seen in Fig. 2. Cytopathic effects were observed on the
last day of infection when passaged in LLC-MK2 cells.
Unlike the results found in ZIKVER, ZIKVAF was not able
to maintain an urban cycle and only three passages could be
performed alternating human and mosquito cells, since no
plaques were observed when titrating the supernatant from
passage three (Fig. 2, yellow line). To better understand
these results, we repeated the experiment from the begin-
ning, and again no plaques were observed when titrating
passage three (Fig. 2, green line). Titration of passage three
was performed at least three times with no plaque formation.
Since no virus was identified by plaque assay, in order to
assess whether no virus was produced in passage 3 from the
ZIKVAF UC or whether the virus was being produced but
was no longer able to cause cell lysis, we performed a titra-
tion by indirect immunofluorescence using 4G2 antibody.

s
VNV
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Fig.2 Viral titers of the 107
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Only one fluorescent focus was detected in cells infected
with undiluted supernatant, corresponding to a titer of 0.6
PFU/mL (Fig. 3).

Mutations in ZIKVBR from UC and SC

The ZIKVER initial inoculum genome sequence obtained was
10.679nt in length, with the 5’UTR 48nt and the 3°UTR 365nt
long (GenBank OK569755). The annotation of each genomic
region was determined based on the sequence NC_035889.1.
The consensus viral sequences obtained from each cycle after ten
passages (ZIKVER SC P10 and UC P10 — GenBank OK 569756
and OK569757 respectively) were analyzed and both resulted in
10.677nt in length, with a 5'UTR of 48nt and a 3'UTR of 363nt.
‘When compared to the initial inoculum sequence, it was possible
to observe the emergence of mutations at the nucleotide and
amino acid levels distributed throughout the genome (Fig. 4A).
All mutations identified appeared as ambiguities in the electro-
pherogram, probably due to the quasispecies nature of the RNA
virus, with genomes presenting different nucleotides at specific
sites composing the viral population.

A

At the end of the ZIKVER SC passages, ten nucleo-
tide mutations were identified, six of which may result
in amino acid change (Fig. 4B). For example, G1062A/G
— the 1062 nucleotide of the initial inoculum was guanine
(G) and in the SC-adapted virus adenine (A) was observed
as well as guanine; so, in those sequences that carry an
adenine as the 1062 nucleotide there is amino acid muta-
tion from Glycine to Serine, but for those that still carry
guanine no change has occurred and the amino acid is still
Glycine. Thus, the codons that may result in amino acid
change from the SC adaptation were as follows: G319S/G
at the E protein (Glycine — Serine/Glycine); L1041L/F at
NS1 (Leucine — Leucine/Phenylalanine); V/A1263A/V
at NS2A (Valine/Alanine — Alanine/Valine); 11275L/1
at NS2A (Isoleucine — Leucine/Isoleucine); S1443S/R
at NS2B (Serine — Serine/Arginine); K2089K/Q at NS3
(Lysine — Lysine/Glutamine). The other four nucleotides
that exhibited ambiguities but did not result in amino acid
mutations were as follows: T467T/C (Alanine at the 120
residue of the coding region—located at the Capsid pro-
tein); C4127C/T (Asparagine at 1340 residue—NS2A);

Fig.3 ZIKVAF quantification by immunofluorescence assay. Performed with virus from the third passage of the urban cycle using ZIKVAF. A
Blue: DAPI, staining nuclei. B Red: 4G2, staining ZIKV. C Merge of the A and B images

@ Springer



1424 Brazilian Journal of Microbiology (2023) 54:1421-1431
A
uc 178 3894/5 5201 7256
108 [ 10379
5 3
C prM E NST 2A 2B NS3 4LA 4B NS5
SC 467 1062 3230 3895 3930 4434 5717 6372 6803
4127
B
Py n aa n aa n aa n aa n aa n aa n aa
Position
467 | 120 632 | 175 997 | 297 1062 | 319 162 | 352 278 | 691 330 | 1041
ZIKV®® nitial inoculum i Ala i Cys G/A  Ser/Asn G Gly AlG  Glu/Gly C His A Leu
zIkv®* uc T Ala C Cys G Ser G Gly A Glu T/IC  Tyr/His A Leu
ZIKV* s¢ T/C Ala C Cys G Ser AlG Ser/Gly A Glu C His A/T  Leu/Phe
) n aa n aa n aa n aa n aa n aa n aa
Position
3804 | 1263 | 3895 | 1263 | 3930 | 1215 w1277 | 1360 | wa36 | w3 | w724 [ 1539 | 5201 [ 1698
ZIKV™ nitial inoculum G val T/C val/Ala A Ile C Asn A Ser AlG Gly T Pro
zIkv* uc AlG Thr/Ala ¢/t Thr/Met A Ile C Asn A Ser A Gly T/C Pro
ZIkv™ sc 6 Ala cft  Majval | C/A  Leufile | ¢/t Asn Alc  serfag| A Gly T Pro
) n aa n aa n aa n aa n aa n aa
Position
577 | 1870 6372 | 2089 | 6803 | 232 7256 | 2383 7357 | 241 | 7360 | 2418
ZIKV® Initial inoculum & Asn A Lys C Phe i Ile T/6 val/Gly T/6 val/Gly
2Ikv® uc C Asn A Lys C Phe T/6 Ile/Met T val T val
Z2IKv* sc T/C Asn AlC Lys/Gln cT Phe T Ile T val T val

Fig.4 Mutations emerged after UC and SC alternate passages in
ZIKVBR genome. A Graphic representation of the ZIKVER genome
indicating the observed nucleotide mutations for UC (top) and SC
(bottom). B Nucleotide and amino acid mutations in the genome of
ZIKVBR UC and SC: n, nucleotide position; aa, amino acid position.

CS5717T/C (Asparagine at 1870—NS3); and C6803C/T
(Phenylalanine at 2232—NS4A).

ZIKVBR UC final virus presented five sites of the genome
with two possible nucleotides, one of them was a synonym
substitution T5201T/C (Proline at the 1698 residue of the
coding region, located at NS3). The other four resulted in
amino acid mutations at three codons: H691Y/H at the E
protein (Histidine — Tyrosine/Histidine); V/A1263T/M/A/V
at NS2A (Valine/Alanine — Threonine/Methionine/Ala-
nine/Valine); 123831/M at NS4B (Isoleucine — Isoleucine/
Methionine). The nucleotides 3894 and 3895 belong to the
same codon and mutations were found in both, enabling the
observation of four possible amino acids residing at position
1263: Threonine, Methionine, Valine, and Alanine (Fig. 4B).

The initial inoculum also showed variations along the
genome, with ambiguities in seven nucleotides (Fig. 4B).
These variations did not appear at the corresponding loca-
tions in the adapted ZIKVER genomes, suggesting that the
adaptation strategy purified the viral population towards a
more homogeneous population in those specific nucleotides.
The nucleotide 3895 was the only one that had ambiguities
in the initial and also in the adapted sequences, resulting in
two possible amino acids at the 1263 initial residue (Valine
and Alanine).

@ Springer

Bold nucleotides with slashes (/) between represent both nucleo-
tides identified in each position. Positions in relation to GenBank
NC_035889.1 sequence. The colored regions indicate the genomic
region where the mutation is located

Mutations in ZIKVAF from UC and SC

Sequencing of the initial inoculum of ZIKVAF resulted
in a complete genome sequence of 10.656nt, comprising
a 5'UTR of 52nt and a 3'UTR 351nt in length (GenBank
0OK569758). Genomic regions were determined based on
sequence NC012532 as shown in Fig. SA.

The consensus sequence obtained from the tenth passage
of the semi-sylvatic cycle has 10.668nt, with 24nt in the
5'UTR and 363nt in the 3'UTR (GenBank OK569759). In
the urban cycle, the complete genome of final passage two
was sequenced, resulting in a consensus sequence of 10.625
n, with a 5'"UTR of 20 bp and a 3'UTR of 354 bp (GenBank
OK569760). It was not possible to sequence the virus from
passage three.

In Fig. 5B, there is a description of the mutations
found in each cycle. For the semi-sylvatic cycle, changes
were observed at six nucleotides. Of these, a non-synon-
ymous substitution was observed at residue L1263F at
NS2A (Leucine — Phenylalanine). Another four mutations
occurred in nucleotide sites that presented ambiguities in
the electropherogram, three of which did not generate an
amino acid change: C5599C/T and AS608A/C (both in
NS3), G8128G/A and A8129G (both in NS5 protein), the
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A uc 5599 5608 10698
107
5 "
C prM E NST 2A 2B NS3 LA 4B NS5
SC 3893 5599 5608 8128 8129 10698
B
ot n aa n aa n aa n aa n aa n aa
Position
3893 | 1263 | 5599 | 1865 | 5608 | 1869 | 8128 | 2709 | 8129 | 2710 | 10698 | -
ZIKV¥ Initial inoculum C Leu C Iso A Thr G Glu A Thr - -
kv uc C Leu cr Iso Alc Thr G 6lu A Thr c =
ZIKV sc T Phe /T Iso AlC Thr G/A Glu A/G  Thr/Ala c =

Fig.5 Mutations emerged after UC and SC alternate passages in
ZIKVAT genome. A Graphic representation of the ZIKVA' genome
indicating the observed nucleotide mutations for UC (top) and SC
(bottom). B Nucleotide and amino acid mutations in the genome of
ZIKVAF UC and SC: n, nucleotide position; aa, amino acid position.

latter being a non-synonymous substitution resulting in the
exchange of a Threonine Alanine/Threonine at the 2710
amino acid residue of the coding region. Finally, in the
3'UTR region, at position 10698, a cytosine was inserted.

At the end of the UC passages, three mutations were
observed and none of them resulted in amino acid exchanges.
Two of these mutations were observed in a position of ambi-
guities at the electropherogram, C5599C/T and A5608A/C
(both in NS3). An insertion of cytosine at position 10698
was also observed in this cycle.

Discussion

Endemic strains of arboviruses arose in humans from evo-
lutionarily distinct enzootic cycles, such as ZIKV, DENV,
CHIKY, and YFV, where the virus circulates among arbo-
real Aedes sp. vectors and non-human primate hosts. They
evolved into peri-urban cycles in zones of emergence and
were finally able to establish urban cycles, usually between
Aedes sp. mosquitoes and humans [17, 25, 26]. Phylogenetic
analysis revealed that the endemic ZIKV strain circulating
in Brazil is related to Asian strains that spread across the
Pacific and were responsible for the first and most recent
outbreaks of the disease in humans [13, 14, 27, 28].
ZIKVER alternate passages mimicking the urban cycle
showed low variation in viral titers, which evidences the
stability of the ZIKVER urban transmission between human
and Aedes mosquitoes. These results reinforce the evidence
that the contemporary Asian strains of the virus established
a successful urban cycle and rapidly spread all over the
world, which is corroborated by NS1 codon usage adapta-
tion to human housekeeping genes in the Asian pandemic
lineage [29]. The ten passages simulating the sylvatic cycle

Bold nucleotides with slashes (/) between represent both nucleo-
tides identified in each position. Positions in relation to GenBank
NC_012532.1 sequence. The colored regions indicate the genomic
region where the mutation is located

show that the strain is also able to infect non-human primate
kidney cells. The fluctuation in titers along the passages of
the SC contrasts with the demonstrated stability of the UC,
with the highest titers of the SC being observed in mosquito
cells. The infection in monkey cells resulted in lower viral
titer in comparison to mosquito cells, suggesting that the
virus is not yet well adapted to the mammalian non-human
host and that the immune restrictions imposed by mosquito
cells might require less adaptation than those imposed by
mammalian cells.

ZIKVBR SC results draw attention to the possibility of the
emergence of a ZIKVER enzootic cycle—since the “spill-
back” phenomenon is an ecological process that has previ-
ously occurred in other arboviruses, such as YFV when it
arrived in the Americas [17, 30]. Althouse and colleagues
[17] developed a mathematical model based on many bio-
logical parameters to assess the ZIKV potential to estab-
lish a sylvatic cycle in the Americas and showed that the
persistence depends on vector and host population sizes,
host birthrates, and viral force of infection. The strains
that caused the recent ZIKV outbreak have already been
detected in non-human primates in Brazil [31-33]. Terzian
and colleagues inoculated C. penicillata with ZIKV Ameri-
can strains, proving sustained viremia. The authors also
detected the virus in A. aegypti that inhabits the same area
as monkeys which tested positive for the ZIKV American
strain. Another study, with two neotropical primate species
that live close to humans in South America, demonstrated
that both are susceptible to ZIKV infection. The authors
reported viremia without signs of disease and seroconver-
sion in 28 days [34]. Thus, it is urgent to understand the
potential for the establishment and persistence of a ZIKV
enzootic cycle in the Americas which might impact public
health policies to control the virus circulation. For future
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studies that aim to investigate spillback in vitro, we suggest
using cell lines of New World primates to mimic the sylvatic
cycle, instead of LLC-MK2, which is originally from Old
World monkeys.

Regarding the ZIKVAF semi-sylvatic cycle, we observed
stability of the virus titer throughout the ten passages, which
supports the natural history of the virus that was discov-
ered in Africa circulating between monkeys and mosquitoes
and has documented enzootic transmission [2]. In parallel,
the ZIKVAF urban cycle was interrupted at the third pas-
sage since it was not possible to identify viruses by plaque
assay and only one focus (0.6 FFU titer) was identified by
immunofluorescence assay, indicating a possible loss of viral
infectivity.

It is interesting, however, that along the ZIKVAF UC cod-
ing region, only synonymous mutations were observed and
one insertion at the 3’UTR was found in the virus recovered
from the second passage. The 3°’UTR from flaviviruses is
described to have importance in coordinating replication and
virus assembly and mutations in this region are shown to
impair virus fitness [35], while mutations in YFV 3’UTR
are related to attenuation [36]. However, this seems not to
be the case here since the exact same insertion was found in
the semi-sylvatic cycle which did not display any signs of
attenuation. One possibility is that this is an adaptive muta-
tion related to the mosquito cells (C6/36), which were used
in both cycles. Probably, due to limitations of the Sanger
sequencing technique, which identifies mutations that are
present in most populations and not all populations in the
sample, it may not have been possible to identify any muta-
tions that could explain the loss of infectivity. Another possi-
bility is that insertion into the 3'UTR in the ZIKVAF UC may
have interfered with viral replication; however, no functional
investigations were conducted in this study to address this
question.

A study with African ZIKV strains showed special codon
usage adaptation for the green African monkey when com-
pared to Asian strains, which might reflect the efficient syl-
vatic transmission of the African strains, as well as a pos-
sible peri-urban cycle with asymptomatic transmission [37].
It may also be related to the inability of ZIKVAF to complete
the urban cycle adaptation experiments in the present study.

It is not yet clear if the African strains are associated with
CZS [38] and some in vivo and in vitro studies demonstrated
that African ZIKV has increased fitness and virulence in
mosquitoes and vertebrates when compared to Asian strains
[39-43]. There are intrinsic differences between the viru-
lence and pathogenicity of African and Asian lineages, as
reviewed by Simonin and colleagues [44]. The Asian strain
phenotype provides persistent infections, producing less
viruses and a lower infection rate, inducing less cell death
at early stages and, consequently, being able to reach the
fetus’ nervous system; while African strains trigger acute
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infections that end up being noticed more quickly and
stopped by the defenses of the organism. These African
lineage characteristics may be linked to the lack of human
infection cases and associated with more severe syndromes
[44]. Thus, our results showing that ZIKVAF failed in pas-
saging between human and mosquito cells, coupled with the
reduced number of reports of this lineage infecting humans,
suggest that the African lineage might be unable to establish
an efficient urban cycle with humans as vertebrate hosts.

Both strains, ZIKVER and ZIKVAF, had mutations at
the nucleotide and amino acid levels, but did not share
the same mutation position. The greater number of vari-
ations found in the ZIKVER genomes when compared to
the ZIKVAF might be related to the ability of contemporary
Asian strains to adapt more easily to only one or a few pas-
sages [22]. Furthermore, Haddow et al. (2012) show that
the variation found in the ZIKV MR766 strain from Uganda
(HQ234498), considered a classic strain and widely used in
in vitro research studies that aim to model Zika infections, is
between 0.4 and 0.6% when compared to two other variants
of MR766 (AY632535 and DQ859059) also isolated from
rhesus monkeys in Uganda, proving to be a highly conserved
genome [45].

Among the amino acid residues that showed mutations in
both ZIKVER cycles, two are located in the E protein, which
is one of the main components for virus-cell recognition: the
319 residue (SC) belongs to Domain I, which is involved in
organizing the envelope structure; while 691 (UC) is located
in Domain III, which is associated with binding to receptors
[16]. The ZIKVBR UC 691 amino acid mutation (H691Y)
was observed in a Colombian strain isolated from the serum
of a pregnant woman diagnosed with Zika in 2016 by intra-
peritoneal inoculation into mice [46].

In addition, Shrivastava and collaborators [47] investi-
gated microevolution, seeking variations capable of con-
tributing to viral adaptation to the host. Among the eleven
residues found, two of them were 691 and 1263. At posi-
tion 691 of the amino acid sequence, the authors found the
same amino acids as in our study: a Histidine residue or a
Tyrosine. These amino acids were also found in two different
Asian strains of Aedes from Malaysia in 1966. The amino
acid 1263 located at NS2A, however, showed two possi-
ble variations in several strains: Alanine (A) was observed
in two A. aegypti samples (from Malaysia 1966 and from
Mexico 2016) and Valine (V) in three human-isolated strains
(Thailand 2013 and Panama 2015/2016) [47]. The same was
found by Strottmann et al. [48] in a study with three Brazil-
ian strains, two of them had Alanine residue and one had
Valine at position 1263. In silico analysis showed Valine in
five other Asian-derived strains and identified that this muta-
tion also maps to a transmembrane domain [48].

The 1263 residue was the one that varied the most between
ZIKVBR strains in the present study. It varies from the
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ZIK VPR initial inoculum, having Valine (V) and Alanine (A)
within the population. In the ZIKVER from the SC, the same
A and V were present within the SC population. In the UC,
there were variations in two nucleotides from the same codon
(1st and 2nd positions), resulting in four possible amino acids
in the UC P10 population: Threonine (T), Methionine (M),
Alanine (A), and Valine (V). The A1263V substitution was
found in a Brazilian isolate from Bahia in 2015; the predicted
secondary structure containing this amino acid variation was
analyzed resulting in inversions between a-helices and coils
[49]. Avila-Perez and colleagues [50] demonstrated that the
unique A1263V substitution in the whole genome is respon-
sible for increased virulence in mice (virulence factor con-
sidered: the relative capacity of a microorganism to over-
come the host’s defenses), decreasing host innate immune
responses and viral-induced apoptosis in vitro. The nucleo-
tide mutation responsible for threonine at 1263 (G3894A)
was found only in a Panama strain isolated in 2015 [51].
These results together indicate that ZIKVER passage in non-
human primates could pressure the virus sequence towards
alternative amino acids, with unknown effects.

In ZIKVAF SC adaptation, the only mutation found in
NS2A protein was L1263F, which has not previously been
found in other studies (note that the 1263 amino acid residue
in the ZIKV African genome is not homologous to the 1263
residue in the Asian genome). In the ZIKVER sequencing
analysis, NS2A was the genomic region with the most sites
of mutation (4/10); in the work by Strottmann et al. [48],
a greater number of mutations was also observed in this
protein (4/8), even though they are not the same mutations.
Interestingly in ZIKVAF sequences, only one mutation was
observed in this protein and it was the only fixed mutation
found along the passages. The greater number of variations
in NS2A when compared to the rest of the genome might
indicate less functional restriction in this genomic region.

ZIKVBR sequences showed no variation along the NS5
genomic region, suggesting the strain is well established for
both cycles and agreeing with the nature of the polymer-
ase—the largest (~ 100 kDa) and most conserved protein of
the ZIKV genome, with 94% similarity between African and
Asian strains [52]. In contrast, ZIKVAF SC showed muta-
tions in two NS5 residues (one synonymous and one non-
synonymous T2710T/A), which are adjacent amino acids
located between two active sites of the catalytic tetrad from
MTase domain—responsible for the 5" capping and for sta-
bilization of the viral genome [53, 54]. The ZIKVAF NS3
protein was the region that presented the most nucleotide
mutations, all synonymous; the same region in the ZIKVBR
sequences also showed many variation sites, only one caus-
ing amino acid change, K2089K/Q. If any of these non-syn-
onymous mutations are fixed in the viral population, it might
impose positive or negative changes in the viral fitness (if
not neutral), still to be determined.

With respect to the synonymous variations found in both
cycles of ZIKVBR/AF strains used in the present study, it
should be noted that changes in nucleotide composition are
an essential evolutionary mechanism and a sign of viral
adaptation to the host [55]. Changes in codon usage after
shifting hosts might be required to “fine-tune” the virus-
new host interactions [55, 56]. Comparative analysis of the
relative synonymous codon usage (RSCU) between ZIKV
and hosts indicates that the virus tends to develop a codon
usage pattern similar to that of its hosts [57]. According to
Wang and collaborators [57], the codon usage bias of the two
major ZIKV lineages is relatively low and it is suggested that
translational selection and mutation pressure play important
roles in shaping the ZIKV codon usage pattern.

Conclusion

Despite performing the same adaptation experiments with
the same cellular lineages, the distinct ZIKV strains behaved
differently in each cycle. The completion of the ten alternate
passages of the semi-sylvatic cycle with the ZIKVER strain
draws attention to its potential to establish an enzootic cycle,
while the interruption of the ZIKVAF urban cycle at the third
passage might be a sign of inability to adapt to a human host
and maintain the urban transmission. Both strains, ZIKVER
and ZIKVAF, had mutations at nucleotide and amino acid
level, never at the same position. The greater number of
variations found in the ZIKVER genomes when compared to
the ZIKVAF might be related to the ability of contemporary
Asian strains to adapt more easily to few passages, which
reinforces the genetic and phenotypic characteristics intrin-
sic to each lineage. Further studies are needed to elucidate
the viral evolution mechanisms, whether the identified muta-
tions are host adaptations, and their impacts on viral fitness.

Experimental procedures
Cell culture and virus

Aedes albopictus cells (C6/36; ATCC CRL-1660) were
cultured in Leibowitz medium (L-15) (Vitrocell) supple-
mented with 10% fetal bovine serum (FBS) (Cultilab), 100
U/mL of Penicillin, and 100 pg/mL of Streptomycin (P/S)
(Thermo Fisher), and incubated at 28 °C in polystyrene cul-
ture flasks. The human embryonic kidney (HEK-293; ATCC
CRL-1573), Cercopithecus aethiops kidney (Vero E6;
ATCC CRL-1586), and Macaca mulata kidney (LLC-MK2;
ATCC CCL-7) cell lineages were grown in high-glucose
Dulbecco’s Modified Eagle Medium (DMEM) (Cultilab),
supplemented with 100 U/mL of Penicillin and 100 pg/mL
of Streptomycin (P/S) and 10% FBS. Incubation was carried
out in a humid incubator enriched with 5% CO, at 37 °C.
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Two ZIKV strains were used in this study: an Afri-
can strain MR766 (ZIKVAF) (GenBank NC012532) and
BeH815744 (ZIKVER), and a Brazilian strain isolated in
Paraiba during the 2015 epidemic, kindly provided by Prof.
Dr. Pedro Vasconcelos, Evandro Chagas Institute, Brazil
(GenBank KU365780.1).

Virus stocks

In order to produce viral stocks, C6/36 were seeded 24 h
before infection and 400 L of concentrated virus (ZIKVBR
and ZIKVAF) were inoculated for 1 h, being homogenized
every 15 min. Following, L-15 medium supplemented with
1% FBS, 100 U/mL of Penicillin, and 100 ug/mL of Strep-
tomycin (P/S) were added. After 96 h, cells were frozen
at— 80 °C for at least 24 h. Next, the flasks were thawed at
room temperature, the contents were centrifuged at 4 °C for
5 min at 1361 X g, and the supernatants were filtered through
a 0.45 uM syringe filter, aliquoted, and stored at — 80 °C.
Virus stocks were subsequently titered as described below.
All experiments using replicating viruses were performed
in a BSL2 + facility.

Viral adaptation by alternating host

Alternate passages of infection were carried out between
human embryonic kidney (HEK-293) and mosquito (C6/36)
cell lines, simulating the urban cycle (UC), and passages
between monkey (LLC-MK2) and mosquito (C6/36) cell

lines, simulating the semi-sylvatic cycle. We used a “semi”
sylvatic cycle (SC) because A. albopictus is a confirmed
vector only in the ZIKV urban cycle and therefore repre-
sents a possible zone of emergence component. Cells were
seeded under optimal conditions considering each lineage
growth rate in order to have healthy and 100% confluent
cells at the end of the fourth day of infection. In this way,
the seedings were performed so that the flasks reached 30%,
60%, and 80% confluency, respectively, for HEK-293, LLC-
MK?2, and C6/36 on the first day of infection.

Both cycles were carried out in parallel with the
ZIKVAF and ZIKVER strains separately and the process
of viral adaptation by alternating hosts was designed
for 10 passages in each cycle (Fig. 6). For each passage,
the supernatant was collected, centrifuged for 5 min at
1361 x g at 4 °C, filtered through a 0.45 pM syringe filter,
aliquoted, and stored at— 80 °C. For nomenclature pur-
poses, urban cycle passages were named with the follow-
ing keycode: UC P01, i.e., Urban Cycle Passage 01; the
same was used for the semi-sylvatic cycle: SC P01, i.e.,
Semi-Sylvatic Cycle Passage 01, and so on. All passages
were performed using 1 x 10° PFU/mL in both cell hosts.
The ZIKVAF UC was performed in independent events in
order to verify the result obtained.

Viral titration by plaque assay

All titration steps were performed by plaque assay. VERO
E6 cells (2x 10° cells/well) were seeded 24 h prior to the

Initial Inoculum

Vlral quantlﬁcatlon

i
SEMI-SYLVATIC
CYCLE (SC)
10 alternate
passages

c6/ 36 LLC-MK2

Viral quantification

Fig. 6 Experimental design of the in vitro adaptation studies of ZIKV
that simulate its transmission cycles. The first infection of each cycle
was made from the respective initial inoculum (ZIKVAF or ZIKVER),
Both cycles were designed to have ten alternate passages, five per-
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assay in 12-well plates. Afterward, the confluent monolay-
ers were inoculated with 400 pL of serial dilutions (dilution
factor 10) of the virus and incubated at 37 °C, homogeniz-
ing every 15 min. Each dilution was plated in duplicate.
After 1 h, the inoculum was removed and semi-solid CMC
medium (1.5% carboxymethyl cellulose/high-glucose
DMEM) was added, supplemented with 1% FBS, 100 U/mL
of Penicillin, and 100 pg/mL of Streptomycin (P/S). After
96 h of incubation at 37 °C and 5% CO,, the samples were
fixed with 10% formaldehyde for 20 min and stained with
1% crystal violet in a 20% ethanol solution. The viral titer
was expressed as plaque-forming units (PFUs) per milliliter.
For passages in which the viral titer was significantly differ-
ent from the expected value, these titrations were repeated
at least twice to confirm the result.

Viral titration by indirect immunofluorescence assay

VERO E6 cells (2x 10* per well) were seeded in 96-well
transparent plates 24 h before the assay. The confluent
monolayers were inoculated with 50 uL of viral serial dilu-
tions (dilution factor 10) and incubated at 37 °C. After 1 h
of adsorption, the inoculum was removed and 190 uL of a
semi-solid 1.5% CMC medium was added to each well and
incubated for 48 h. At the end of the incubation period,
the cells were fixed with 4% paraformaldehyde (PFA) and
permeabilized with 0.2% Triton-X/PBS (Sigma-Aldrich)
prior to blocking using 3% bovine serum albumin in PBS
(BSA — Sigma-Aldrich) for 30 min at RT. Cells were
stained using anti-4G2 (MAB10216—Merck) antibody
(1:250in 0.1% BSA/PBS) for 2 h and secondary antibody
anti-mouse Alexa Fluor 594—(A12381—Thermo Fisher
Scientific) (1:500 in 0.1% BSA/PBS) for 1 h, incubated
at room temperature. Nuclei were stained using DAPI
(10 mg/mL stock, in 1:7000 in PBS) for 5 min. The fluo-
rescent focus-forming units were analyzed using a fluores-
cence microscope (Zeiss Axio Vert. Al) and counted in
duplicates. The viral titer was expressed in focus-forming
units (FFU).

Complete genome amplification

To amplify the complete genome of both ZIKV strains,
an amplification strategy was outlined based on overlap-
ping fragments. The most conserved genome regions were
mapped and pairs of specific primers capable of covering
the entire genome were designed by our group, built on
alignments of several viral sequences available on Gen-
Bank using BioEdit v7.0.5 software [58] (see Table S1 for
NESTED-PCR primers). The annealing temperature of
each primer was calculated using the NEB Calculator
v1.13.0 [59].

The complete genome of the virus stocks and the virus
from the last passage of each cycle were amplified as fol-
lows. The extraction of viral RNA was carried out by the
TRIzol® Reagent method (Invitrogen) according to the
manufacturer’s instruction. The synthesis of complemen-
tary DNA was performed using the High-Capacity cDNA
Reverse Transcription kit (Applied Biosystems) with four
specific reverse primers—ZIKV P3R, ZIKV P6R, ZIKV
POR, and ZIKV P12R (see Table S1). For the amplifica-
tion of the complete ZIKV genome, it was divided into
15 fragments, and NESTED-PCR reactions were designed
so that they overlapped, as described in Table S1. The
reactions were carried out using Platinum Taq polymerase
(Invitrogen) with the addition of DMSO, at a final con-
centration of 4% and specific primers for each fragment
(Table S1). All primers were used at the final concentra-
tion of 0.2 pmol/pL. The amplified products were identi-
fied by electrophoresis on 1% agarose gel stained with
Ethidium bromide (Merck), and analyzed under ultraviolet
light (ChemiDoc™ MP Imaging System — BioRad).

Sanger sequencing

PCR products were purified using the Zymo™Gel DNA
Clean & Concentrator purification kit (Zymo) according
to the manufacturer’s recommendations. The sequencing
technique used in this study was according to the method-
ology of Sanger and collaborators [60]. The sequencing
was performed on the ABI 3130 XL Genetic Analyzer
(Life Technologies). After purification, the sequencing
reaction was performed with BigDye Terminator v3.1
(Life Technologies) using the NESTED-PCR primers for
each fragment (Table S1). The sequencing reactions for
each primer were performed twice in order to optimize
coverage.

Genome sequencing analysis

Complete genome sequences were assembled using Seq-
Man Pro® version 7.1.0 (DNASTAR) with ZIKV refseq
NC_012532.1 (GenBank) as a reference sequence. Visual
quality analysis was performed throughout the genome and
coverage of at least three sequences for each site was con-
sidered for the analysis. Finally, the resulting nucleotide and
amino acid sequences from stock and each cycle (SC and
UC ZIKVAF/ZIKVER) were aligned using Clustal W nested
in the BioEdit v.7.0.5 [58] package and compared to identify
mutations.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42770-023-01053-8.
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