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Abstract
Zika virus (ZIKV, genus Flavivirus) has emerged as a major mosquito-transmitted human pathogen, with recent outbreaks
associated with an increased incidence of neurological complications, particularly microcephaly and the Guillain–Barre
syndrome. Because the virus has only very recently emerged as an important pathogen, research is being hampered by a
lack of reliable molecular tools. Here we report an infectious cDNA (icDNA) clone for ZIKV isolate BeH819015 from Brazil,
which was selected as representative of South American ZIKV isolated at early stages of the outbreak. icDNA clones were
assembled from synthetic DNA fragments corresponding to the consensus sequence of the BeH819015 isolate. Virus
rescued from the icDNA clone had properties identical to a natural ZIKV isolate from South America. Variants of the clonederived virus, expressing nanoluciferase, enhanced green fluorescent or mCherry marker proteins in both mammalian and
insect cells and being genetically stable for multiple in vitro passages, were obtained. A ZIKV subgenomic replicon, lacking a
prM- and E glycoprotein encoding region and expressing a Gaussia luciferase marker, was constructed and shown to
replicate both in mammalian and insect cells. In the presence of the Semliki Forest virus replicon, expressing ZIKV structural
proteins, the ZIKV replicon was packaged into virus-replicon particles. Efficient reverse genetic systems, genetically stable
marker viruses and packaged replicons offer significant improvements for biological studies of ZIKV infection and disease,
as well as for the development of antiviral approaches.

ZIKV has two different lineages: African and Asian [7]. The
recent ZIKV outbreaks have been caused by viruses belonging to the Asian lineage and have been associated with an
increased incidence of neurological complications, particularly microcephaly and the Guillain–Barre syndrome [8–
10]. The evidence that ZIKV is a cause of these neurological
complications is now strong [11, 12], and it is these complications that make the emergence of ZIKV an international
health emergency. Due to its very recent emergence, there is
a severe paucity of experimental tools for basic research and
development of antiviral strategies. In particular, there is an
urgent need for infectious cDNA (icDNA) clone-derived
viruses based on clinical (patient-derived) parental viruses
that can be engineered into viruses expressing marker genes
for use in cell culture experiments and in animal models.

INTRODUCTION
Zika virus (ZIKV) is a member of the Flavivirus genus. It
was first isolated in 1947 from a rhesus monkey in Uganda,
with the first human infection recorded in 1954. For the
next 50 years, human infections were reported very rarely.
More recently, ZIKV has emerged as a major mosquitotransmitted human pathogen [1, 2]: from 2007 onwards
there have been numerous ZIKV outbreaks in the Pacific
region, starting in Micronesia and with a particularly
intense outbreak in French Polynesia in 2013 with about
30 000 symptomatic cases [3, 4]. In 2015, ZIKV emerged in
the Americas and rapidly spread throughout the region [5,
6]. The majority of ZIKV infections are asymptomatic,
while symptomatic cases are usually benign, with mild features including fever and rash.
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Shan and colleagues recently described the generation of the
first icDNA clones based on Asian lineage ZIKV, using an
isolate obtained prior to the South American outbreak. This
study highlighted the utility of icDNA clone-derived ZIKV
for anti-viral screening, in an immunodeficient mouse
model [13], and for studies of evolutionary enhancement of
ZIKV infectivity in Aedes aegypti mosquitoes [14]. Subsequently, an icDNA clone of ZIKV from African lineage
virus was constructed [15], as well as several clones representing different isolates originating from America [16–20].
Despite these successes, there is a need for further tools
including icDNA clones of clinically relevant South American ZIKV isolates suitable for construction and rescue of
genetically stable recombinant viruses expressing a wider
range of reporters such as fluorescent proteins or
luciferases.

The ZIKV icDNA clone was designed based on a nextgeneration-derived sequence (GI : 975885966) and constructed from synthetic DNAs. Three versions of the
icDNA clone were made: two relied on in vitro transcription from an SP6 promoter, while the third design
contained a cytomegalovirus (CMV) early promoter, a
simian virus 40 (SV40) late termination sequence and an
intron interrupting the ZIKV polyprotein reading frame.
Each of the constructs was assembled from four synthetic
DNA fragments (Fig. 1a); from these, fragment B was
impossible to clone into a high-copy number plasmid.
Similarly, attempts to assemble the full-length icDNA
clones in high-copy number plasmids were unsuccessful,
regardless of the presence of introns in the capsid and/or
NS1 protein encoding regions of ZIKV cDNA. The largest
cDNA construct in the high-copy number plasmid was
pUC-SP6-ZIKV-Del (Fig. S1, available in the online Supplementary Material), harbouring a deletion corresponding
to residues 1538–3344 of the ZIKV genome. The fragment
corresponding to the missing part was, however, stable
when inserted into the high-copy number plasmid, thus
allowing construction of a two-plasmid ZIKV icDNA system (Fig. S1). This system was successfully used to rescue
wt and marker protein-expressing viruses (Figs S2 and
S3), although the rescue was relatively slow: the cytopathic
effect (CPE) was detected at day 9–10 post transfection (p.
t.). To overcome this issue we assembled three single-plasmid icDNA clones designated as pCCI-SP6-ZIKV, pCCISP6-ZIKV-Rz and pCCI-CMV-ZIKV using a single-copy
plasmid as the backbone. All of these plasmids were stable
when propagated in bacteria.

This report describes the generation of molecular tools for
ZIKV research including icDNA-derived viruses stably
expressing nanoluciferase (NanoLuc), enhanced green fluorescent protein (EGFP) and mCherry reporters and a replicon vector with a packaging system. These clones were
based on the sequence of one of the earliest Brazilian ZIKV
isolates, BeH819015, a representative of the most prominent
group of South American ZIKV isolates. Unlike a previously
constructed reverse genetics system involving four highcopy plasmids based on the same isolate [20], our system is
based on a single low-copy plasmid. It is not only fully synthetic but its sequence corresponds almost exactly to that of
the published consensus sequence of the isolate, including
also synonymous differences from other South American
isolates. Our data reveals that biological in vitro properties
of clone-derived ZIKV are identical to those of closely
related natural ZIKV isolated from South America.

Rescue and properties of icDNA-derived wt ZIKV
BeH819015
When Vero cells were transfected with transcripts from
pCCI-SP6-ZIKV, pCCI-SP6-ZIKV-Rz or with pCCI-CMVZIKV plasmid, CPE was detected by day 5–8 p.t. Successful
rescue of ZIKV from pCCI-CMV-ZIKV and pCCI-SP6ZIKV-Rz was confirmed by Western blot (Fig. 1b). The p0
virus stocks rescued from pCCI-CMV-ZIKV, pCCI-SP6ZIKV and pCCI-SP6-ZIKV-Rz had titres 4.3104, 1.1106
and 6.2105 p.f.u. ml–1, respectively, and all three rescued
viruses produced a similar set of plaques of variable size
(Fig. 1c). As viruses with RNA genomes are prone to rapid
cell-culture adaptation, we tested the effect of passage up to
four times on virus rescued from pCCI-SP6-ZIKV. Stocks
from the later passages caused CPE at earlier time points,
indicating possible adaptation to growth in cell culture.
Therefore, RNA from the p4 virus was isolated and the
coding region sequenced. A single-point mutation was
identified, C3895T, which resulted in a change of amino
acid residue in NS2A protein (Ala 117 to Val; corresponds
to Ala1263 Val in ZIKV polyprotein). This mutation could
also be detected in early (p1) passage stock from this rescue
experiment but not in stocks originating from independent
rescues. The role of this mutation in cell-culture adaptation
of ZIKV and its possible contribution to the heterogeneous
plaque morphology of rescued viruses (Fig. 1c) remains

RESULTS
Design and construction of ZIKV icDNA clones
To select a representative isolate, genome and polyprotein
sequences from ZIKV isolated at early stages of the South
American outbreak were aligned. The polyprotein of ZIKV
isolate BeH819015 (GI : 975885966), a representative of the
most prominent group of ZIKV isolates from South America [20], was found to be closest to the existing consensus
sequence. Importantly, BeH819015-encoded polyprotein
contained no sequence deviation that could be attributed to
random variation, specific adaptations and/or sequencing
errors. The missing nucleotides of the 5¢-UTR and 3¢- UTR
(first 13 and last 67 nucleotides of genome, respectively)
were taken from ZIKV isolate PE243/2015 from Brazil
(GI : 1026288139). Subsequent analysis carried out using all
(20 in total by mid-July 2017) completely sequenced
genomes of ZIKV isolates from South and North America
available in the database revealed that the used 3¢ sequence
is identical in all isolates and that the 5¢ sequence is also
highly conserved. Thus, it is very likely that the sequences
from PE243/2015 are identical to those of BeH819015.
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Fig. 1. Construction of ZIKV icDNA clones and rescue of wt ZIKV. (a) Schematic representation of the strategy used for constructing
the icDNA clone of ZIKV and the assembly process of CMV-, SP6- and SP6-Rz designs in a CopyControl pCC1BAC vector. Genome organization, unique restriction sites used for cloning, and their positions in the ZIKV genome are shown. SP6 – promoter for SP6 RNA
polymerase; Rz – antigenomic strand ribozyme of HDV; CMV – HCMV early promoter. The positions of the second intron from human
beta globin gene (hBG), removed by splicing, and the SV40 late polyadenylation region (SV40 term) are shown. (b) Western blot analysis of ZIKV proteins in lysates of Vero cells electroporated with pCCI-CMV-ZIKV or in vitro transcripts of pCCI-SP6-ZIKV-Rz (right panel).
Cells were collected upon development of CPE; lysate corresponding to 50 000 transfected cells was loaded into each lane; antibodies
against ZIKV NS3 and ZIKV NS5 were used to detect corresponding proteins. The band corresponding to NS5 protein for virus rescued
from pCCI-CMV-ZIKV, poorly visible on used exposure, was clearly detected when filters were over-exposed. (c) Plaque morphology of
pCCI-CMV-ZIKV-, pCCI-SP6-ZIKV- and pCCI-SP6-ZIKV-Rz-derived viruses. Vero cells were infected at low m.o.i., and plaques were
stained at 4 days p.i.

Next we determined how closely the properties of the virus,
rescued from icDNA clone icBeH819015 (to exclude the
possible impact of C3895T mutation a p1 stock obtained
from an independent rescue experiment using pCCI-SP6ZIKV was used), corresponded to parental virus. As we did
not have access to the original ZIKV BeH819015 isolate, the

unknown. However, if this does represent an adaptive
mutation, it is just one of several potential adaptive mutations as growth acceleration during passaging was also
observed for ZIKV-EGFP, ZIKV-NanoLuc and ZIKVmCherry even though p4 stocks of these viruses did not
contain the C3895T mutation.
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ZIKV PRVABC59 strain was used instead. These two
strains are closely related, with only 24 nucleotide differences between them (sequence identity 99.78 %): three differences map to the 3¢-UTR and 21 to the coding region. Only
three changes in the coding region are non-synonymous
and result in a change in amino acid residue (T80I, L620V
and V2601A). Thus, the identity of sequences of encoded
polyproteins is 99.91 %. Multi-step (m.o.i. 0.1) growth
curves were obtained from Vero and two human cell lines
relevant for ZIKV infection: neuronal (D3) and placental
(BeWo) cells. Both viruses showed highly similar growth
kinetics in all three cell types (Fig. 2). Finally, we compared
localization of ZIKV envelope protein, NS3 protein, NS5
protein and dsRNAs (marker of viral replicase complexes)
in infected Vero cells. Again, no significant differences were
observed between icBeh819015 and PRVABC59. In both
cases, envelope protein and NS3 localized in the cytoplasm
of the infected cells and co-localized with viral dsRNAs,
while NS5 mostly localized in nuclei (Fig. 3). Taken
together, these data confirm the in vitro phenotype of virus
rescued from synthetic icDNA is identical to that of related
patient-derived ZIKV isolated from South America. Thus,
we concluded that the synthetic consensus sequence-based
icDNA clones do not contain any accidental (sequencing)
errors or specific adaptations that would affect virus rescue
or result in rescued viruses with properties different from
those of parental virus, as has been previously reported by
others [16, 20].

Construction and rescue of ZIKV variants with
inserted markers
The marker insertion strategy, allowing expression in both
insect and mammalian cells, was adopted from strategies
previously used for different Flaviviruses [21, 22] (Fig. 4a).
In all cases, sequences encoding for markers were inserted
between two copies of the capsid protein gene and, in order
to reduce potential recombination between the duplicated
sequences, the codon usage of the downstream copy was
altered. Altogether eight different variants of icDNA were
constructed. Three of them (with NanoLuc, EGFP and
mCherry markers) also contained a ubiquitin sequence
between foot-and-mouth disease virus (FMDV) 2A autoprotease and the duplicated copy of capsid protein (Fig. 4a).

Fig. 2. Multi-step growth curves of ZIKV PRVABC59 strain and icDNAderived icBeH819015 virus. Vero, D3 and BeWo cells were infected
with PRVABC59 and with p1 stock of icBeH819015 at m.o.i. of 0.1. The
culture medium was collected at indicated time points, and the
amount of released infectious virions was analysed by plaque titration.
Results of one experiment performed in triplicate are presented; the
experiment was repeated twice with similar results.

Infectious viruses were successfully rescued using the twoplasmid vector strategy with pUC-SP6-ZIKV-Del-EGFP or
pUC-SP6-ZIKV-Del-NanoLuc and pKS-BShort. CPE was
observed at 9 days p.t., and expression of NS3, NS5 and
EGFP (for ZIKV-EGFP) was confirmed by Western blotting (Fig. S3). Rescue of reporter viruses using single-plasmid vectors (pCCI-SP6-ZIKV-EGFP and others) was,
again, significantly faster: for ZIKV expressing EGFP,
NanoLuc or mCherry markers, CPE became evident on
day 6 p.t. In contrast, only limited CPE was observed for
viruses expressing firefly luciferase 2 (FfLuc2) and redshift luciferase from Luciola italica (RSLuc) at day 8 p.t.
With the exception of ZIKV-FfLuc2 (titres 4.5103), the
p0 stocks of recombinant viruses had titres 5.7105–

2.4106 p.f.u. ml–1, which is similar to wt icBeH819015
virus. In this experiment no clear differences between
ZIKV-EGFP and ZIKV-EGFP-Ubi or ZIKV-mCherry and
ZIKV-mCherry-Ubi were observed. NanoLuc activities in
Vero cells infected by ZIKV-NanoLuc and ZIKV-NanoLuc-Ubi were high and similar to each other (>2107
RLU per 10 000 cells). These data indicate that insertion
of ubiquitin offered no benefit for ZIKV rescue, replication
and marker protein expression.
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infected with p0–p4 stocks of the corresponding viruses. In
transfected cells, all four viruses expressed marker protein at
high levels (luciferase reads >107 RLU per 10 000 cells).
NanoLuc expression levels remained stably high throughout
all passaging experiments for both ZIKV-NanoLuc and
ZIKV-NanoLuc-Ubi (Fig. 4b). In contrast, for viruses harbouring larger FfLuc2 or RSLuc inserts, marker expression
rapidly diminished with each passage (Fig. 4b). As virus
titres remained high, and the CPE development even accelerated, it is likely that viruses capable of expression of FfLuc
or RSLuc were rapidly outcompeted by aberrant viruses.
Furthermore, these data suggest that plaques, observed for
corresponding stocks, were most likely made by aberrant
viruses. Thus, it is possible that viruses with FfLuc2 or
RSLuc markers were not only unstable but also unable to
form plaques on Vero cells, as has been described for ZIKV
expressing a Renilla luciferase marker [13].
Second, we analysed the percentage of mCherry positive
plaques in Vero cells infected with p0–p4 stocks of ZIKVmCherry and ZIKV-mCherry-Ubi. Even in the p4 stock,
over 90 % of ZIKV-mCherry virions contained genomes
capable of expressing marker protein (Fig. 4b). In contrast,
the ability of ZIKV-mCherry-Ubi to produce markerpositive plaques decreased in later passages (Fig. 4b); this
was accompanied by the appearance of large plaques of
somewhat cloudy appearance (Fig. 4c). Similarly, in cells
infected with p4 stocks of ZIKV-EGFP-Ubi and ZIKVEGFP, the EGFP levels expressed by the former were clearly
lower (Fig. 4d).
Finally, these observations were confirmed by RT-PCR
analysis of genomes isolated from p0, p2 and p4 stocks of
NanoLuc, EGFP and mCherry expressing viruses. Again, for
EGFP and mCherry marker viruses the genomes lacking
ubiquitin insertion were clearly more stable than their counterparts (Fig. 4e). Only NanoLuc, which is the smallest of
the inserted markers, was stably maintained in all of the
analysed passages regardless of the presence or absence of
the ubiquitin insert (Fig. 4e). These data, coupled with the
properties of viruses expressing FfLuc2 and RSLuc markers,
indicate that the stability of recombinant ZIKV genomes is
inversely correlated with the size of the inserted sequences.
Thus, while even large luciferases (1600 bp or more) were
well expressed in transfected cells (Fig. 4b), only sequences
encoding for small (»700 bp or less) marker protein, in
addition to duplicated capsid protein and FMDV 2A insertion, had no adverse effects on ZIKV propagation in cell
culture.

Fig. 3. Localization of ZIKV dsRNA, envelope, NS3 and NS5 proteins in
Vero cells infected with PRVABC59 and icBeH819015. Vero cells
grown on coverslips were infected with icBeH819015 (a) or PRVABC59
(b) at m.o.i. of 1. Non-infected cells (pointed out by arrows) served as
negative controls. At 24 h p.i., the cells were fixed and stained with different combinations of rabbit anti-NS3 antisera (red), rabbit anti-NS5
antisera (red), mouse pan-flavivirus anti-envelope antibody (green)
and mouse monoclonal antibody against dsRNA (green). Nuclei were
counterstained with DAPI (blue). Co-localization of red and green signals is shown as yellow.

In vitro phenotype of ZIKV expressing marker
proteins
Next we infected Vero cells with ZIKV-mCherry or ZIKVEGFP and analysed subcellular localization of virus-encoded
proteins. As for wt viruses (Fig. 3), NS3 and envelope protein were detected in the cytoplasm and co-localized with
each other. Localization of mCherry and EGFP was also
very similar to these viral proteins (Fig. 5). Due to its position in polyprotein of recombinant viruses (immediately

Genetic stability of ZIKV harbouring markers in cell
culture
The stability of FfLuc2, RSLuc and NanoLuc expression by
recombinant ZIKV was first estimated by measuring
reporter activity in transfected Vero cells and in cells
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Fig. 4. Strategies used for insertion of markers into ZIKV icDNA and analysis of genetic stability of rescued viruses. (a) Schematic
representation of non-Ubi (above) and Ubi (below) designs of recombinant ZIKV icDNAs. Inserted reporters are shown below the drawings; Alt indicates a duplicated copy of the capsid protein-encoding region with altered codons and Ubi indicates sequence encoding
for ubiquitin. (b) Stability assays of ZIKV constructs containing reporter genes. Luciferase activity was measured in Vero cells transfected with original transcripts at the time when p0 stock was harvested and for cells infected with p0–p4 virus stocks upon development of CPE. Luciferase activity is presented as relative luciferase units (RLU) per 10 000 cells (left graph). Stability of ZIKV-mCherry
and ZIKV-mCherry-Ubi was analysed using a plaque assay on Vero cells. Percentage of mCherry positive plaques from total plaque
number was determined for p0–p4 virus stocks (right graph). (c) Morphology of plaques on Vero cells infected with p0–p4 virus stocks
of ZIKV-mCherry and ZIKV-mCherry-Ubi. Arrows point to plaques with cloudy appearance. (d) Western blot analysis of proteins from
extracts of Vero cells infected at m.o.i. 0.1 with p4 stocks of ZIKV-EGFP-Ubi, ZIKV-mCherry-Ubi, ZIKV-EGFP and ZIKV-mCherry and
lysed at 3 days p.i. Lysate corresponding to 50 000 infected cells was loaded on each lane; NS3 and EGFP were detected using corresponding antibodies. (e) Stability analysis of ZIKV-NanoLuc, ZIKV-NanoLuc-Ubi, ZIKV-EGFP, ZIKV-EGFP-Ubi, ZIKV-mCherry and ZIKVmCherry-Ubi by RT-PCR. RNAs obtained from p0, p2, p4 stocks were reverse transcribed and fragments of cDNA were PCR-amplified
using primers corresponding to the 5¢-UTR sequence and a primer complementary to the sequence in the beginning of the prM encoding region. PCR fragments obtained using corresponding icDNA clones as templates were used as controls (marked as c).
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several-fold higher for BHK-21 cells (Fig. 6b). This indicates
that BHK-21 cells are highly permissive for ZIKV RNA replication. Thus, BHK-21 cells can be used for rescue of ZIKV
(see Supplementary Material for the corresponding protocol); however, they cannot be used for its propagation as
ZIKV BeH819105 was virtually unable to infect them. Thus,
our data imply that this defect is due to impaired binding
and/or entry of ZIKV into BHK-21 cells. Nevertheless,
BHK-21 cells may be suitable for experiments with ZIKV
subgenomic replicons. Even higher Gluc activities were
measured in supernatants of transfected C6/36 cells indicating that these mosquito cells are particularly permissive for
ZIKV RNA replication. Gluc expression in transfected C6/
36 cells was short-term and peaked by 48 h p.t. In addition,
high intracellular Gluc activity, typically exceeding that in
supernatant by two–tenfold, was observed for all cell types,
indicating that secretion of Gluc expressed by ZIKVGlucRep was impaired, most likely due to its fusion with the
ZIKV capsid and/or FMDV 2A autoprotease (Fig. 6a).

downstream of C-terminus of capsid protein, Fig. 4a), the
marker protein should and did translocate to the lumenal
side of endoplasmic reticulum, preventing its diffusion in
the cell cytoplasm and/or entry to the nucleus. Thus, all of
the analysed proteins, including the markers, had their predicted localization in infected Vero cells.
Finally, C6/36 cells were infected with p3 stocks of ZIKVNanoLuc and ZIKV-mCherry. As expected, cells infected
with ZIKV-mCherry developed intense red fluorescence
(not shown). In cells infected with ZIKV-NanoLuc, NanoLuc activity exceeding that measured in mammalian cells
(>2108 RLU per 10 000 cells) was observed. These data
confirm that the marker insertion strategy did not compromise ZIKV replication or marker expression in vertebrate or
mosquito cells.

Properties and packaging system for a ZIKV
subgenomic replicon
We constructed ZIKVGlucRep, a subgenomic ZIKV replicon capable of expressing a Gaussia luciferase (Gluc)
reporter; the replicon contained sequence encoding for
mature capsid protein but lacked sequences encoding for
preM and, except for the last 30 codons, E proteins
(Fig. 6a). Its ability to replicate was analysed in Vero, BHK21 and C6/36 cells transfected with corresponding in vitro
transcribed RNAs. Gluc activity in the supernatants of
BHK-21 and Vero cells peaked at day 4–5 p.t. and was

Next we constructed the Semliki Forest virus (SFV)-ZIKVCprME replicon expressing structural proteins of ZIKV via
the subgenomic promoter of SFV (Fig. 6a). Co-transfection
of Vero or BHK-21 cells with ZIKVGlucRep and SFVZIKV-CprME resulted in a drastic reduction of Gluc
expression (compared to cells transfected only with ZIKVGlucRep). This effect was most likely caused by more rapid
replication and high cytotoxicity of the SFV-ZIKV-CprME

Fig. 5. Localization of fluorescent markers, NS3 and envelope proteins in Vero cells infected with ZIKV-mCherry and ZIKV-EGFP. Vero
cells were infected with ZIKV-mCherry and ZIKV-EGFP at m.o.i. of 1. At 24 h p.i. cells were fixed and stained for detection of NS3 localization (shown as green for ZIKV-mCherry-infected cells and as red for ZIKV-EGFP-infected cells) and envelope (white) proteins as
described for Fig. 3. mCherry and EGFP were detected by auto-fluorescence; nuclei were counterstained with DAPI.
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Fig. 6. Construction and packaging of the ZIKV replicon. (a) Schematic representation of the ZIKVGlucRep replicon and the SFV-ZIKVCprME packaging replicon expressing ZIKV structural proteins from the codon-optimized sequence. mC – mature capsid of ZIKV;
E30 – last 30 codons of the ZIKV E-region; SG – SFV subgenomic promoter; CprME opt – codon optimized sequence for expression of
structural proteins of ZIKV; (A)n – poly(A) sequence of the SFV replicon. (b) Gluc activity in the supernatants of BHK-21, Vero and C6/
36 cells transfected with ZIKVGlucRep replicon RNA and in Vero cells infected with ZIKV-VREPs containing the ZIKVGlucRep replicon.
Gluc activity in RLU per 10 000 cell (or supernatant corresponding to 10 000 cells) is shown. Gluc activity in mock-transfected and
mock-infected controls (background) was too low to be shown. The experiment was performed twice with similar results. (c) Schematic presentation of the procedure used for production of ZIKV VREPs.

replicon. To overcome this problem, an alternative setup
was used for ZIKVGlucRep packaging (Fig. 6c). C6/36 cells
were transfected with in vitro transcribed ZIKVGlucRep
RNA. At 72 h p.t. cells were infected with SFV-virus replicon particles (SFV-VREPs) containing SFV-ZIKV-CprME
replicon at m.o.i. 10; 24 h later the supernatant was collected. The presence of the ZIKVGlucRep replicon packaged

by ZIKV structural proteins (ZIKV-VREPs) was revealed by
a re-infection assay. For this, the supernatant was used to
infect Vero cells, and the efficiency of infection was estimated by measurement of intracellular (to avoid contamination with Gluc present in the inoculum) reporter activity
that exclusively results from replication of ZIKVGlucRep
(but not SFV-ZIKV-CprME) in ZIKV-VREP-infected cells.
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by only a few amino acid residues. For example, there are
only three differences compared to PRVABC59 and six differences compared to PE243/2015. Thus, it was reasoned
that the isolate would provide a good representation of all
ZIKV isolates from this outbreak.

At 24 h p.i., Gluc activity was comparable with that in
supernatants of Vero cells transfected with ZIKVGlucRep
RNA; over the next 24 h it further increased approximately
threefold (Fig. 6b). These data clearly demonstrate successful formation and release of ZIKV-VREPs in C6/36 cells as
well as the entry and replication of packaged ZIKVGlucRep
RNA in ZIKV-VREP-infected Vero cells. To our knowledge,
this is the first example of successful ZIKV replicon packaging. Furthermore, the novel method of ZIKV VREP production developed in this study (Fig. 6c) may be used for
replicon packaging of different flaviviruses.

The replication of the virus rescued from the icDNA clone
was identical to that of natural isolate PRVABC59 in all cell
types tested. Its initial multiplication in Vero cells was
clearly not optimal as during the first few passages more
rapid replication and CPE induction, both indicating adaptation to cell culture, were observed. Thus, properties common for natural viruses with no cell culture passage history,
were reproduced by clone-derived ZIKV. The apparent
adaptation to cell culture conditions also indicated that
excessive in vitro passaging of clone-derived virus should be
avoided. For icDNA-derived viruses the low rescue efficiency (correlates with slower CPE development) indicates
that successful rescue occurred in relatively few transfected
cells and subsequent replication and spread of virus in cell
culture was required. Conversely, fast CPE development is a
consequence of rescue of the virus in a large number of
transfected cells with no (or limited) subsequent spread in
culture. Hence, in order to minimize cell culture adaptation
(and, for marker viruses, possible loss of marker) during
virus spread, the ideal system should provide high rescue
efficiency. This means that, at least for constructs described
in this paper, a single plasmid system is superior to a twoplasmid system and SP6 polymerase generated transcripts
are superior to the plasmid with a CMV promoter. This scenario most likely applies for other systems described in the
literature [16, 19, 25].

DISCUSSION
Studies on the molecular biology of viruses, virus–host
interactions and the development of vaccines or antivirals
are dependent on the availability of advanced experimental
tools, including efficient reverse genetics systems. Many
aspects of ZIKV biology and infection are poorly understood, especially its ability to cause rare but serious neurological complications. ZIKV adapted to replication in
artificial models and/or in cell culture may lack such an ability and therefore clone-derived viruses should correspond
to patient–derived isolates as closely as possible. It is also
important that clone-derived viruses represent South American isolates in general. Furthermore, the samples should
preferably originate from the early stage of the outbreak as
it avoids later adaptations that may complicate analysis of
the original properties of introduced viruses.
Due to the existence of RNA viruses in the form of quasispecies, and their fast evolution and rapid adaptations to
cell culture, the construction of icDNA clones with desired
properties using virus propagation followed by reverse transcription, cDNA synthesis and PCR amplification is challenging. Generally, use of these approaches results in clones
that differ from the consensus sequence of the respective
natural isolate. More often than not, such changes arising
from errors of cDNA synthesis/PCR reaction or representing naturally occurring sequence variations have a negative
impact on the fitness of the virus rescued from such clones
[16, 23, 24]. In contrast, synthetic cDNA clones that correspond to the consensus sequence of the natural virus isolate
effectively capture the biological properties of the original
virus. Furthermore, such clones can be based on sequences
of patient-derived viruses with little or no history of cell culture passage.

Marker-expressing viruses are useful tools for various in
vitro and in vivo applications. For flaviviruses, several
approaches for marker insertion have been reported, with
use of an internal ribosome entry site (IRES) being the most
common. We chose an IRES-free approach as ZIKV infects
both vertebrate and mosquito cells and IRES elements typically work in either one or the other of these cell types, but
not in both. As this approach also requires sequence duplication (Fig. 4a), we adapted our previous work with SFV
mutants containing two copies of the nsP3-encoding region
[24]. The use of a codon-altered copy of the capsid gene
allowed production of very stable ZIKV-NanoLuc, ZIKVEGFP and ZIKV-mCherry viruses that work well in both
vertebrate and mosquito cells. In contrast, viruses containing larger insertions (FfLuc2, RSLuc) or ubiquitin in addition to EGFP and mCherry were unstable or displayed
reduced stability (Fig. 4b–e). Interestingly, neither ZIKVEGFP-Ubi nor ZIKV-mCherry-Ubi reverted back to wt
virus: this would have been detected in our assay as the
appearance of an RT-PCR product with a length of 486 bp,
but this band was not observed (Fig. 4e). These data indicate
that altering codons in the duplicated copy of the capsid
encoding region prevented, or at least hugely reduced,
homologous copy-choice recombination between these
sequences. While it is still certain that with longer-term

Although the use of synthetic DNA technology allows construction of non-natural consensus clones, we chose to copy
a genuine ZIKV isolate BeH819015 using available nextgeneration sequencing data (GI : 975885966). BeH819015
was selected because it was isolated early in the outbreak. It
is also representative of the most prominent group of ZIKV
isolates from South America [20] and its polyprotein
sequence is very close to the consensus sequence of ZIKV
isolates from South America. Furthermore, as ZIKV isolates
from South America are very similar to each other, the polyprotein of BeH819015 differs from other sequenced isolates
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passaging even the most stable marker viruses would lose
marker expression (if not due to marker elimination then
due to accumulation of point mutations), this phenomenon
is largely irrelevant due to more rapid appearance of undesired cell culture adaptations. In fact, it is remarkable that at
least for ZIKV-NanoLuc and ZIKV-EGFP (Fig. 4e) adaptation to faster growth in cell culture did not occur as a result
of loss of inserted sequences.

supplemented with 10 % FBS. hCMEC/D3 cells (human
brain endothelial cells) were maintained in endothelial basal
medium 2 supplemented with 5 % FBS, 1.4 µM hydrocortisone, 5 µg ml 1 ascorbic acid, 1 % chemically defined lipid
concentrate, 10 mM HEPES, and 1 ng ml 1 basic fibroblast
growth factor [27]. Mosquito Aedes albopictus C6/36 cells
(ATCC CRL1660) were grown in Leibovitz’s L-15 medium
(Gibco) supplemented with 10 % heat-inactivated FBS
(Gibco, ThermoFisher Scientific). Penicillin (100 U ml 1)
and streptomycin (0.1 mg ml 1) were added to all growth
media. Mammalian cells were cultured in a humidified
incubator at 37  C with 5 % CO2; C6/36 cells at 28  C without CO2.

Here we report the first ZIKV replicon using an SFV-based
packaging system. At this stage, the system’s efficiency
remains relatively modest. This is partly due to technical
difficulties: for high efficiency, large amounts of replicon
RNA (difficult to obtain using a single-copy plasmid as a
template for in vitro transcription) and efficient transfection
procedures are needed. Both of these factors are more
important for non-propagative replicons than for full
viruses that spread in the infected cell cultures. In addition,
the system will benefit from improvements such as optimization of production cell lines and of m.o.i. for infection
with packaging constructs, and use of mutations attenuating
cytotoxicity of SFV. However, the efficiency of replicons
based on ZIKV BeH819015 will most likely remain significantly below that observed for replicons developed from cell
culture-adapted flaviviruses. Hence, the moderate efficiency
of our replicon system directly reflects the properties of the
original patient-derived virus, which should be regarded as
a strong advantage.

Source of ZIKV sequence
Sequences of four ZIKV strains isolated at the early stages of
the South American outbreak and covering the complete
coding region of the genome were sourced from GenBank
(available as 1.02.2016). Polyprotein encoded by ZIKV isolate BeH819015 (GI : 975885966; isolated in Brazil in 2015)
was the closest to the overall consensus sequence. As
sequences of the 5¢- and 3¢- UTR ends of BeH819015 were
not available, sequences of these highly conserved regions
were taken from the sequence of closely related early Brazilian ZIKV isolate PE243/2015 (GI : 1026288139). For cloning
purposes, a single synonymous substitution (G8411 to A)
was introduced to the coding region of the viral sequence.

In conclusion, we have developed an easy-to-use reverse
genetic system for ZIKV isolated from Brazil in 2015. In all
in vitro assays the clone-derived virus was indistinguishable
from a related South American ZIKV isolate. Recombinant
viruses expressing small marker proteins demonstrated
properties similar to wt virus and had superb genetic stability. This has allowed us to use ZIKV-NanoLuc-Ubi for the
analysis of compounds inhibiting ZIKV infection [26] and
makes these viruses useful tools for different in vitro and in
vivo applications. We also describe the first packaging system for ZIKV subgenomic replicons. Similar to the icDNArescued viruses, the subgenomic replicon displays properties
characteristic of patient-derived (not cell culture-adapted)
viruses. In applications where high assay sensitivity is critical, the relatively low efficiency of such a replicon vector
may present challenges; however, the system’s high similarity to clinical isolates provides a crucial advantage for many
applications.

Design and assembly of ZIKV icDNA clones
The sequence of ZIKV cDNA was split into four fragments.
Fragment A contained sequences corresponding to both
flanks of ZIKV genome (residues 1–1103 and 9126–10 807)
separated by recognition sites for SalI, SmaI, NaeI and
BstBI. Three versions of fragment A were designed. A-SP6
had a bacteriophage SP6 RNA polymerase promoter placed
upstream of the residue corresponding to the 5¢ end of the
ZIKV genome, and a recognition site of restriction endonuclease AgeI was placed immediately downstream of residue
10807, corresponding to the 3¢ end of the ZIKV genome. ASP6Rz had a similar design except that the sequence of hepatitis delta virus (HDV) antigenomic strand ribozyme was
inserted downstream of residue 10 807 and was followed by
the recognition site of restriction endonuclease PmeI. ACMV had the immediate early promoter of human
cytomegalovirus (HCMV) upstream of the residue corresponding to the 5¢ end of the ZIKV genome and HDV antigenomic strand ribozyme sequence downstream of residue
10807, followed by late transcription terminator of SV40. In
addition, the second intron from the human b-globin gene
was inserted between residues corresponding to positions
335 and 336 of the ZIKV genome. Fragments B (residues
1098–4035), C (residues 4030–6346) and D (residues 6341–
9131) were designed to contain naturally occurring recognition sequences of restriction enzymes at both of their ends
(Fig. 1a). All fragments were obtained as synthetic DNAs
(Genscript, USA). Fragments A-SP6, A-SP6Rz, A-CMV, C
and D were cloned into a high-copy number plasmid

METHODS
Cell culture
Vero E6 (hereafter Vero) cells (ATCC CCL-81) were grown
in Dulbecco’s modified Eagle’s medium (DMEM, Gibco)
supplemented with 10 % FBS (GE Healthcare). BHK-21 cells
were grown in Glasgow’s minimal essential medium (Gibco)
containing 10 % FBS, 2 % tryptose phosphate broth, and
20 mM HEPES. BeWo cells (choriocarcinoma human placental epithelial cells; ATCC CCL-98) were maintained
in Kaighn’s modification of Ham’s F-12 medium
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pUC57Kan. Fragment B was cloned into a CopyControl
pCC1BAC vector (Epicentre, USA).

dilutions of the virus samples were added to a 12-well plate
containing a confluent monolayer of Vero cells. After incubation for 1 h with shaking after every 15 min, the cells were
overlaid with 1 ml of DMEM supplemented with 2 % FBS
and containing 0.8 % carboxymethylcellulose (Sigma Life
Science). After 4–7 days of incubation, the cells were fixed
and stained with crystal violet. Visible plaques were counted
and viral titres in p.f.u. ml–1 were calculated. To obtain p1
stocks, confluent Vero cells grown in a well of a six-well
plate were infected at m.o.i. of 0.1 p.f.u. cell–1. In some cases
blind passage at low m.o.i. (using 100 µl of p0 virus stocks in
200 µl infectious media per well of a six-well plate) was
used. The supernatants (p1 stocks) were collected when
CPE was observed. Stocks up to p4 were obtained by repeating this procedure three more times.

Plasmids containing full-length icDNA of ZIKV were
assembled as follows. First, fragments A-SP6, A-SP6Rz or
A-CMV were transferred into a pCC1BAC vector. Second,
fragments B, C and D were added using conventional
(restriction enzyme-based) cloning procedures. The constructs generated were designated as pCCI-SP6-ZIKV,
pCCI-SP6-ZIKV-Rz and pCCI-CMV-ZIKV. Sequences of
all plasmids were verified by Sanger sequencing and constructs were maintained and propagated as single-copy plasmids in E. coli Turbo strain (New England Biolabs).

Construction of ZIKV icDNAs containing sequences
of reporter genes
Insertion of sequences encoding for EGFP, mCherry, NanoLuc, FfLuc2 or RSLuc into icDNA constructs of ZIKV was
carried out using a similar approach to that previously
described for an icDNA clone of West Nile virus [22].
Briefly, sequences of reporter genes were fused to sequences
encoding for FMDV 2A autoprotease. The obtained cassette
was cloned between two copies of sequence encoding for
ZIKV capsid protein; from these, the codon usage of the second (downstream) copy was altered (Fig. 4a). In addition,
for insertion of sequences encoding for shorter reporters
(EGFP, mCherry, NanoLuc), a strategy previously described
for the Dengue virus icDNA clone [21] was used, involving
insertion of ubiquitin between FMDV 2A protease and the
second copy of capsid protein (Fig. 4a). All eight cassettes
were assembled from synthetic DNAs (Genscript, USA) and
PCR fragments and cloned into the pCCI-SP6-ZIKV plasmid. The resulting constructs were designated as pCCI-SP6ZIKV-EGFP, pCCI-SP6-ZIKV-EGFP-Ubi etc. Sequences of
the plasmids were verified by Sanger sequencing.

Sequencing of viral stocks
Viral RNAs were extracted from 100 µl p4 stocks of viruses
rescued from pCCI-SP6-ZIKV, pCCI-SP6-ZIKV-EGFP,
pCCI-SP6-ZIKV-NanoLuc and pCCI-SP6-ZIKV-mCherry,
as well as from lower passage stocks rescued from pCCISP6-ZIKV, using Quick-RNA MiniPrep kit (Zymo
Research). The RNAs were reverse transcribed using the
First Strand cDNA Synthesis Kit (Thermo Fisher Scientific)
and PCR-amplified using ZIKV-specific primers. To identify possible second-site mutations in the p4 stock of virus
rescued from pCCI-SP6-ZIKV, a set of PCR fragments covering the complete coding region of the ZIKV genome was
sequenced. For the remaining viruses, only fragments corresponding to the region containing C3895 residue were
sequenced.
Polyclonal antisera against ZIKV NS3 and NS5
Regions of the ZIKV genome encoding for the RNA helicase
region of NS3 (aa residues 1683–2123 of ZIKV polyprotein)
and RNA polymerase region of NS5 (aa residues 2772–3423
of ZIKV polyprotein) were codon optimized for E. coli
expression. Corresponding synthetic DNAs (Genscript,
USA) were cloned into the pET28(a) expression vector.
Recombinant proteins were obtained using an auto-induction protocol and purified to homogeneity as previously
described [29]. Soluble native recombinant NS3 and NS5
proteins were used for generation of rabbit polyclonal antibodies (Labas AS, Estonia).

Rescue of infectious viruses
Five micrograms of each of pCCI-SP6-ZIKV or pCCI-SP6ZIKV-EGFP (or other construct with marker) was linearized using AgeI restriction enzyme prior to in vitro
transcription. For pCCI-SP6-ZIKV-Rz the linearization was
carried out using PmeI restriction enzyme. The resulting
DNA fragments were purified using NucleoSpin Gel and
PCR Clean-up kit (Macherey-Nagel) and DNA Clean and
Concentrator-5 (Zymo Research) columns and eluted with
6 µl water. The mMESSAGE mMACHINE SP6 transcription kit (Ambion) was used to in vitro transcribe RNA
from 3 µl of cDNA in a 20 µl reaction volume. The capped
RNA transcripts were electroporated into 8106 Vero cells
suspended in 800 µl of PBS [13]. In addition, 8106 Vero
cells were also transfected using 5 µg pCCI-CMV-ZIKV
[28]. Transfected cells were monitored daily and when significant CPE was observed, the stocks of rescued viruses (p0
stocks) were harvested, centrifuged at 1000 g for 10 min to
remove cellular debris and aliquots stored at 80  C.

Immunoblot analysis
Infected Vero cells were lysed using SDS gel loading buffer
[100 mM Tris-HCl (pH 6.8), 4 % SDS, 20 % glycerol,
200 mM dithiothreitol, and 0.2 % bromophenol blue], and
proteins were denatured by heating at 100  C for 5 min.
Samples corresponding to 50 000 transfected/infected cells
were loaded in each well of a polyacrylamide gel. Proteins
were separated by 10 % SDS-PAGE, transferred to nitrocellulose membranes, and detected using antisera against
ZIKV NS3, ZIKV NS5 and EGFP (all in-house) as primary
antibodies and horseradish peroxidase-conjugated goat
anti-rabbit antibodies (LabAs AS) as secondary antibody.

Virus titration and propagation
Virus titres were determined by the plaque assay as previously described [13]. Briefly, 100 µl of tenfold serial
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The blots were developed and proteins visualized using ECL
Immunoblot Detection kit (GE Healthcare).

Determination of percentage of mCherry positive
plaques for ZIKV-mCherry and ZIKV-mCherry-Ubi
p0–p4 stocks of ZIKV-mCherry and ZIKV-mCherry-Ubi
were titrated and used to infect Vero cells in six-well plates
at 30 p.f.u. well–1. Infected cells were covered with carboxymethylcellulose overlay. After 7 days incubation the cells
were analysed under a fluorescence microscope and
mCherry positive plaques were counted. After this overlay
was removed, the cells were fixed, stained with crystal violet
and visible plaques were counted. The percentage of
mCherry-positive plaques was calculated.

ZIKV propagation and growth curve experiment
As we had no access to the original ZIKV BeH819015 isolate, we used the ZIKV PRVABC59 strain as an example of
a natural ZIKV isolate. This strain was isolated in December
2015 from a patient from Puerto Rico [30] and was kindly
provided by Dr David Smith (PathWest QEII Medical Centre, Western Australia). For multi-step growth curves, confluent Vero cells grown on 24-well plates were infected with
the p1 stock of the icDNA clone -derived virus
(icBeH819015) and PRVABC59 strain at m.o.i. 0.1 for 1 h.
The inoculum was removed, cells were washed with PBS,
overlaid with 0.5 ml of DMEM supplemented with 2 % FBS,
and incubated in a humidified incubator at 37  C with 5 %
CO2. At selected time points, supernatants were collected
and replaced with fresh media. Virus titres were determined
as described above.

Viral RNA extraction and RT-PCR analysis
To analyse the genetic stability of viruses harbouring NanoLuc, EGFP and mCherry reporters, the total RNA was purified from 100 µl of p0, p2 and p4 stocks using the RNeasy
minikit (Qiagen). The RNA was reverse transcribed using
the First-Strand cDNA synthesis kit with a random hexamer
primer (Thermo Scientific). PCRs were performed using a
sense primer that matched the 5¢-UTR sequence (nucleotides 47–71) and an antisense primer complementary to the
sequence at the beginning of the region encoding for prM
(nucleotides 509–532). Plasmids containing corresponding
icDNAs were used to amplify control fragments that were
1659, 1869 or 1854 bp long for viruses/icDNAs containing
NanoLuc, EGFP or mCherry sequences and 1887, 2097 and
2082 bp long for viruses/icDNAs with NanoLuc-Ubi, EGFPUbi or mCherry-Ubi insertions, respectively. All fragments
were analysed using electrophoresis in 0.8 % TAE agarose
gel. The gel was stained with ethidium bromide and visualized with UV light.

Immunofluorescence microscopy
For indirect immunofluorescence microscopy, Vero cells
were grown on coverslips in 24-well plates. At 50 % confluence, the cells were infected with PRVABC59, icBeH819015,
ZIKV-mCherry or ZIKV-EGFP at m.o.i. of 1. At 24 h post
infection (p.i.), the cells were washed with PBS, fixed with
4 % paraformaldehyde, and permeabilized with 0.02 % Triton-X-100 for 2 min. Samples were stained with rabbit
anti-NS3, anti-NS5 antisera, mouse Anti-Flavivirus Group
Antigen Antibody (clone D1-4G2-4-15, Millipore) and
mouse monoclonal antibody against dsRNA (J2; Scicons)
diluted in 5 % FBS/Dulbecco PBS. Incubation with primary
antibodies was followed by three washes and incubation
with secondary anti-rabbit or anti-mouse antibodies conjugated to Alexa Fluor 488, 568, or 647 (Invitrogen). Nuclei
were counterstained with DAPI. EGFP and mCherry were
detected using their auto-fluorescence. The samples were
analysed using a Nikon A1R+confocal microscope and
ImageJ software.

Construction of ZIKV replicon with Gluc reporter
ZIKV replicon was designed using a strategy similar to that
described previously for the West Nile virus replicon [31].
The region encoding for the structural part of virus polyprotein in pCCI-SP6-ZIKV was replaced by a PCR-generated
fragment containing sequences encoding for mature capsid,
Gluc, FMDV 2A autoprotease and the last 30 aa residues of
E protein (Fig. 6a). The construct, designated as pCCI-SP6ZIKVGlucRep, was verified by sequencing and propagated
in E. coli Turbo cells. Transcripts of pCCI-SP6-ZIKVGlucRep were obtained as described above and transfected into
Vero or BHK-21 cell by electroporation or into C6/36 cells
using Lipofectamine 2000 reagent (Invitrogen).

Analysis of luciferase reporter activity in
mammalian and insect cells
Vero and C6/36 cells were grown to 90 % confluency and
infected with virus at m.o.i. of 0.1. At appropriate time
points, the cells were washed with PBS and lysed. Cells
infected with viruses expressing the NanoLuc reporter were
lysed with Renilla Luciferase Assay Lysis Buffer (Promega),
and NanoLuc activity was analysed using Renilla Luciferase
Assay Substrate and a Glomax SIS luminometer (Promega).
Cells infected with viruses expressing FfLuc2 or RSLuc
markers were lysed using Passive Lysis Buffer (Promega),
and activities of FfLuc2 and RSLuc were measured using
Luciferase Assay Reagent and Glomax SIS luminometer
(Promega).

Construction and use of a packaging system for the
ZIKV replicon
The SFV replicon containing a codon-altered (to human
codon preference) ZIKV structural polyprotein encoding
region (designated SFV-ZIKV-CprME; Fig. 6a) was used to
provide ZIKV structural proteins in trans. The SFV-ZIKVCprME replicon was packaged into SFV-VREP using an
SFV two helper system [32] and BHK-21 cells. The SFVVREP particles were concentrated by ultracentrifugation
through a 20 % sucrose cushion at 125 000 g for 3 h and
resuspended in TNE buffer (50 mM Tris, 100 mM NaCl,
0.5 mM EDTA). SFV-VREP titration was performed by
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cytomegalovirus promoter-driven cDNA clone. mSphere 2016;1:
e00246-16.

immunofluorescence using rabbit anti-SFV nsP3 antiserum
(in-house). The particles were aliquoted and stored at
80  C.
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