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ABSTRACT Zika virus (ZIKV) has caused significant outbreaks and epidemics in the
Americas recently, raising global concern due to its ability to cause microcephaly
and other neurological complications. A stable and efficient infectious clone of ZIKV
is urgently needed. However, the instability and toxicity of flavivirus cDNA clones in
Escherichia coli hosts has hindered the development of ZIKV infectious clones. Here,
using a novel self-splicing ribozyme-based strategy, we generated a stable infectious
cDNA clone of a contemporary ZIKV strain imported from Venezuela to China in 2016.
The constructed clone contained a modified version of the group II self-splicing intron
P.li.LSUI2 near the junction between the E and NS1 genes, which were removed from
the RNA transcripts by an easy-to-establish in vitro splicing reaction. Transfection of the
spliced RNAs into BHK-21 cells led to the production of infectious progeny virus that re-
sembled the parental virus. Finally, potential cis-acting RNA elements in ZIKV genomic
RNA were identified based on this novel reverse genetics system, and the critical role of
5=-SLA promoter and 5=-3= cyclization sequences were characterized by a combination of
different assays. Our results provide another stable and reliable reverse genetics system
for ZIKV that will help study ZIKV infection and pathogenesis, and the novel self-splicing
intron-based strategy could be further expanded for the construction of infectious
clones from other emerging and reemerging flaviviruses.

IMPORTANCE The ongoing Zika virus (ZIKV) outbreaks have drawn global concern
due to the unexpected causal link to fetus microcephaly and other severe neurologi-
cal complications. The infectious cDNA clones of ZIKV are critical for the research
community to study the virus, understand the disease, and inform vaccine design
and antiviral screening. A panel of existing technologies have been utilized to develop
ZIKV infectious clones. Here, we successfully generated a stable infectious clone of a
2016 ZIKV strain using a novel self-splicing ribozyme-based technology that abol-
ished the potential toxicity of ZIKV cDNA clones to the E. coli host. Moreover, two
crucial cis-acting replication elements (5=-SLA and 5=-CS) of ZIKV were first identified
using this novel reverse genetics system. This novel self-splicing ribozyme-based re-
verse genetics platform will be widely utilized in future ZIKV studies and provide in-
sight for the development of infectious clones of other emerging viruses.

KEYWORDS Zika virus, self-splicing intron, infectious cDNA clone, cis-acting RNA
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Zika virus (ZIKV) belongs to the flavivirus genus within the family of Flaviviridae,
together with many other pathogens with global impacts, such as dengue virus

(DENV), West Nile virus (WNV), Japanese encephalitis virus (JEV), and yellow fever virus
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(YFV). Originally discovered in the Zika forest of Uganda in 1947 (1), ZIKV has been
neglected for the past several decades. Since 2007, it has successfully expanded into
the Pacific (2–5) and the Americas (6–8), resulting in significant outbreaks and epidem-
ics. More importantly, ZIKV infection was unexpectedly linked to congenital defects and
severe neurological complications, including microcephaly (9–12) and Guillain-Barré
syndrome (3, 13). Despite the timely and cooperative efforts of the scientific and public
health community in the past years, the mechanisms of ZIKV emergence and patho-
genicity remains largely unknown, and no vaccine or specific antiviral is commercially
available.

Reverse genetics systems represent one of the most powerful tools for the study
of viral replication and pathogenicity and have now been widely utilized in vaccine
design and antiviral screening. Development of infectious clones of ZIKV have been
well regarded as a priority in response to the ZIKV crisis (14, 15). Similar to other
flaviviruses, the ZIKV genome is an approximately 11-kb, positive-sense, single-
stranded RNA molecule, which contains a single open reading frame (ORF) flanked
by 5= and 3= untranslated regions. The ORF encodes the polyprotein precursor, which
is further cleaved into three structural (capsid, premembrane/membrane, and enve-
lope) and seven nonstructural (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) proteins
by viral and host proteases. In general, cloning of the full-length cDNA of flavivirus
downstream of either a T7/SP6 promoter or a eukaryotic RNA polymerase II promoter
is sufficient to enable the recovery of progeny virus from the corresponding in vitro
transcribed RNA or plasmid DNA. However, the cDNAs of flavivirus genomes are known
to be toxic and unstable in common Escherichia coli hosts (16–20), which can be
primarily attributed to the leaky expression of toxic viral proteins from the cryptic
prokaryotic promoters in viral cDNA (19, 20). This phenomenon has significantly
hindered the development of flavivirus infectious clones (16–18, 21). To bypass this
obstacle, different approaches have been tested. Early reverse genetics systems of
flaviviruses were usually based on the in vitro ligation of separately cloned viral 5=-half
and 3=-half cDNA fragments (16, 22), and similar strategies are still being utilized
(23–25). For the generation of a full-length flavivirus infectious clone, the screening of
different E. coli strains is usually needed (17), and the optimization of the assembly
sequence of viral cDNA fragments is often required (18). Some infectious clones were
generated by introducing silent mutations in the viral ORF to eliminate the cryptic
prokaryotic promoters in viral cDNA (19), whereas another study showed that intro-
ducing a short spacer sequence, which contains multiple stop codons in both directions
into the end of the envelope protein coding region, can effectively stabilize the cDNA
clone of DENV3 (26). Short eukaryotic introns, which were in vivo spliced after trans-
fection into susceptive cell lines, have also been used to stabilize flavivirus cDNA clones
(27), including two recently reported infectious clones of ZIKV (15, 28).

The P.li.LSUI2 group II intron was originally discovered in the gene of the rRNA large
subunit in the mitochondrial genome of the brown algae Pylaiella littoralis (29). Like
many other group II introns, the P.li.LSUI2 intron encodes an intron-encoded protein
(IEP) with RNA maturase and reverse transcriptase activities (30), which are required for
in vivo self-splicing and retro-homing (31). The P.li.LSUI2 intron was shown to be highly
efficient in self-splicing under in vitro reaction conditions, and its catalytic mechanisms
have been investigated thoroughly using biochemical and structural approaches (32,
33). These advantages of P.li.LSUI2 promote the exploration of its potential applications
in the stabilization of the infectious clones of ZIKV.

In the present study, we cloned the cDNA fragments of a contemporary ZIKV strain
isolated in 2016 (34) and successfully assembled the full-length cDNA using the
self-splicing group II intron-based strategy. The transcribed RNA was subjected to
self-splicing in vitro, and transfection of the spliced RNAs into BHK-21 cells resulted in
the production of infectious progeny virus. The parental ZIKV and the recovered one
have similar growth profiles, plaque morphologies, and mouse neurovirulence pheno-
types, suggesting that the recovered ZIKV retains the biological properties of the
parental virus well. Moreover, using this newly established reverse genetics system, we
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have revealed the critical role of a panel of RNA elements, including the 5= stem-loop
A (SLA) (35–37) and cyclization sequences (CS) (38) during ZIKV viral RNA (vRNA)
replication, highlighting the reliability and potential of this new self-splicing intron-
based strategy in the generation of flavivirus infectious clones.

RESULTS
Recovery of ZIKV by in vitro self-splicing from the intron-containing cDNA

clone. During our initial attempts, we found that direct assembly of the full-length
cDNA of ZIKV GZ01 strain was unsuccessful, likely due to its toxicity to the E. coli host
(19, 20). We rationalized that introducing an intron sequence rich in stop codons would
efficiently terminate the translations of toxic peptides from viral cDNA and thus
stabilize the corresponding cDNA clone of ZIKV. We chose the well-characterized
P.li.LSUI2 group II intron (32, 33) as the spacer sequence, and its IEP-coding sequence
was removed to prevent the unwanted splicing of the viral cDNA-derived transcripts in
E. coli cells. The full-length genome of ZIKV was amplified by four primer pairs to
generate the fragments S1 to S4, and the P.li.LSUI2 intron sequence was inserted
between positions 2472 and 2473 in the viral cDNA (Fig. 1A and B). To ensure correct
splicing, the exon binding sequences (EBSs) of P.li.LSUI2 were modified to recognize the
flanking ZIKV-originated intron binding sequences (IBSs). The secondary structure of
the engineered P.li.LSUI2 intron is shown in Fig. 1B and a three-dimensional (3-D)
structural model of the P.li.LSUI2 intron is shown in Fig. 1C, with the EBS-IBS regions
highlighted. As expected, the intron-containing S1 fragment was successfully assem-
bled with the S2-S4 region to generate a full-length cDNA clone, the pACNR-GZ01-
Intron-IC.

The RNA preparation transcribed from the linearized pACNR-GZ01-Intron-IC was
subjected to in vitro splicing reaction to remove the intron sequence. After an incuba-
tion at 45°C for 1 h, we first compared the electrophoresis patterns of the unspliced and
spliced RNA. It was unambiguously shown that a band with the same size as the intron
RNA was generated after the 45°C treatment (Fig. 1D, the bands labeled as spliced
intron), and the bands corresponding to ZIKV genomic RNA from the in vitro splicing
reaction migrated slightly faster than the corresponding bands in the unspliced control
lane, suggesting the occurrence of the splicing reactions (Fig. 1D). To further confirm
that the self-splicing process is successfully performed, the spliced and unspliced
samples were subjected to reverse transcription-PCR (RT-PCR) and DNA sequencing.
The size of major RT-PCR product from the spliced sample was consistent with the size
of the corresponding ZIKV genome fragments, whereas the control product from the
unspliced sample, which should be ca. 0.6 kb larger, was also in agreement with its
predicted size (Fig. 1E). Sequencing of the RT-PCR product from the spliced sample
confirmed that the ZIKV genome was correctly spliced (data not shown). These results
suggested that full-length viral RNA could be efficiently generated after in vitro
self-splicing.

Transfection of the in vitro-spliced RNA into BHK-21 cells resulted in robust viral
protein expression in the transfected cells (Fig. 1F), whereas no or only minimal levels
of viral protein expression were detected in the BHK-21 cells transfected with the
unspliced RNA (Fig. 1F). Moreover, infectious virus can be detected in the supernatants
of the transfected cells, whereas the unspliced, intron-containing RNA failed to produce
infectious ZIKV. Thus, we developed a novel group II intron-based ZIKV infectious clone,
pACNR-GZ01-Intron-IC, and the efficient recovery of infectious ZIKV was dependent on
the self-splicing activity of the modified P.li.LSUI2 intron.

Characterization of the recovered ZIKV and its parental strain. The recovered
ZIKV (rGZ01) was passaged in C6/36 cells once to obtain a virus stock. First, the
presence of the KpnI marker in the rGZ01 genome was confirmed by restriction
endonuclease digestion (Fig. 2A), as well as DNA sequencing (data not shown) of the
RT-PCR products from viral RNA of rGZ01. Then, a series of different assays were
performed to characterize whether the rGZ01 retains its original biological character-
istics like the parental GZ01. First, plaque formation assays showed the recovered rGZ01
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FIG 1 Design and generation of the group II intron-based infectious clone of ZIKV. (A) Construction strategy of the infectious clone of ZIKV isolate
GZ01. The SP6 promoter (blue triangle) was placed upstream of the 5= end of ZIKV genome. The positions of the S1 to S4 fragments and
endonucleases used for fragment assembly are labeled, and the numbering was calculated by setting the first nucleotide of ZIKV genome as “�1.”
Note that the length of the intron sequence was calculated for the numbering. The artificially introduced KpnI site is shown in cyan. The cDNA
sequence of P.li.LSUI2 group II intron was inserted near the border of the E and NS1 genes in the ZIKV genome. The EBS sequences of the inserted
intron were modified to recognize the flanking ZIKV sequences. The intron-containing viral RNA transcripts were purified and subjected to in vitro
splicing, which leads to the self-splicing of the intron from the viral genome and the generation of an intact viral genome. The binding locations
of the primer pair used for RT-PCR detection in panel E and Fig. 2A are indicated by black arrows. (B) Secondary structure of the modified P.li.LSUI2
intron, which was inserted between position 2472 and 2473 in ZIKV genome. The EBS and IBS regions are highlighted in different colors. The EBS1
to -3 of the inserted intron was engineered to become complementary with positions 2467 to 2472, 2460 to 2464, and 2473, respectively, in the
ZIKV genome. The gray circle indicates the original position of the IEP-coding region. The secondary structure was generated by the VARNA
software (63). (C) 3-D structural model based on the original intron (PDB 4R0D) was generated by PyMol (pymol.org). The EBS and IBS regions
were highlighted as in panel B. (D) Characterization of the in vitro splicing reaction. The electrophoresis patterns of the unspliced and spliced RNA
transcripts were analyzed using a 1% agarose–TAE gel, and RNA, which was in vitro transcribed from the intron cDNA (lane “I”) and ran in parallel.

(Continued on next page)
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and the parental GZ01 shared similar plaque morphologies in BHK-21 cells (Fig. 2B).
Moreover, indirect immunofluorescence assay (IFA) demonstrated that ZIKV-positive
cells increased at similar pattern in rGZ01 or GZ01-infected BHK-21 cells (Fig. 2C).
Growth curve analysis in BHK-21 and mosquito C6/36 cells showed that the rGZ01
replicated with the same efficiency as its parental virus GZ01 (Fig. 2D and E).

The mouse neurovirulence model of ZIKV has been well established previously (39,
40). We further tested the neurovirulence of rGZ01 and compared it with the parental
GZ01. Upon intracerebral injection, both rGZ01 and GZ01 caused similar clinical symp-
toms in suckling mice, including inactivity, motor weakness, and bilateral hind limb
paralysis, and most animals died within 22 days. No significant difference was detected
between the survival curves of rGZ01 and GZ01 (Fig. 2F).

FIG 1 Legend (Continued)
Four hundred nanograms of each sample was loaded per well. The two slowly migrating bands correspond to different conformers of full-length
RNA. Lane M, DNA marker DL 15,000. (E) RT-PCR was performed using the unspliced or spliced RNA transcripts as templates. Portions (5 �l) of
PCR products were loaded onto a 1% agarose–TAE gel. Lane M, DNA marker DL 2,000. (F) Viral protein expression in transfected BHK-21 cells. A
total of 500 ng of unspliced and spliced in vitro-transcribed RNA was transfected into BHK-21 cells, and viral E protein expression was detected
by IFA at 72 h posttransfection.

FIG 2 Comparison of biological characteristics between recovered GZ01 and the parental strain. (A) Identification of the
KpnI-marker in recovered ZIKV. Viral RNA was isolated from supernatants of GZ01 and rGZ01 and ZIKV cDNA fragments were
amplified by RT-PCR and digested by the endonuclease KpnI. The KpnI-digested PCR products [KpnI (�)] and undigested
controls [KpnI (�)] were analyzed by electrophoresis in a 1.5% agarose–TAE gel. Lane M, DNA marker DL 2,000. (B) Plaque
morphologies of rGZ01 and parental GZ01. Mock, uninfected BHK-21 cells. (C) BHK-21 cells were infected with an MOI of 0.1
of rGZ01 and GZ01, respectively, and viral E protein expression was monitored by IFA at different time points after infection.
Uninfected BHK-21 cells were subjected to IFA and the results were shown in parallel (mock). (D and E) Comparison of the
growth kinetics of rGZ01 and GZ01. (D) Infectious viruses in the supernatants of MOI 0.1-infected BHK-21 cells were determined
by plaque assay. (E) C6/36 cells were infected with rGZ01 and GZ01 at an MOI of 0.1, culture supernatants were collected at
different time points postinfection, and vRNA levels were determined by qRT-PCR. (F) Neurovirulence of rGZ01 and GZ01 in
neonatal BALB/c mice. One-day-old BALB/c suckling mice (n � 7) were incubated with 10 PFU of rGZ01 or GZ01, respectively,
and the survival statistics were monitored daily.
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In addition, to profile the genetic variations of ZIKV during recovery and passaging
in cells, high-throughput sequencing of rGZ01 and the passaged GZ01 were performed
using an Illumina MiSeq sequencing machine. No amino acid substitutions were
identified in either virus, and a panel of intra-host single nucleotide variants (iSNVs)
distributed within the full genome were identified in individual samples (Fig. 3). Albeit
there are more substitution sites in the recovered GZ01 than that in the passaged one,
the substitution frequencies for both viruses were quite low, and few consensus
sequence changes were detected. Taken together, these results showed that rGZ01
maintains similar biological characteristics to the parental strain GZ01, demonstrating
that the catalytic intron-based infectious clone can be a good tool for the investigation
of ZIKV pathogenesis.

Identification of RNA elements crucial for ZIKV vRNA replication. Flavivirus
vRNA replication requires the participation of various cis-acting RNA elements in
genomic 5= and 3= ends. The 5= stem-loop A (SLA) structure binds to viral NS5, and the
latter is translocated to the 3= end to initiate minus-strand RNA synthesis though 5=-3=
terminal interactions (35), which include the 5=-3= upstream AUG region (UAR), 5=-3=
downstream AUG region (DAR) and 5=-3= cyclization sequence (CS) base-pairing inter-
actions (38, 41–44). The dynamic modulation of viral NS5 recruitment to the 5= end by
the 5=-UAR-flanking stem (UFS) is also critical for efficient vRNA replication (45). The
core sequence (5=, UCAAUAUGCU; 3=, AGCAUAUUGA) of the CS element is in consensus
with the mosquito-borne flaviviruses (38, 46), whereas the secondary structure of the
SLA element is highly conserved in all known species of flaviviruses as shown by Mfold
(47, 48) predictions (Fig. 4A). However, the functional roles of potential cis-acting RNA
elements in ZIKV genomic RNA have not been investigated yet.

Here, we first explored the roles of SLA and CS elements with the replicon system
of ZIKV (49), in which the structural genes were replaced by the Renilla luciferase
reporter gene. Replicon RNAs were transfected into BHK-21 cells, and Renilla luciferase
reporter activities were monitored at 6, 24, 48, and 72 h posttransfection (p.t.; Fig. 4B

FIG 3 Mutational analysis of rGZ01 and its parental strain. Viral samples were analyzed by Illumina MiSeq high-throughput
sequencing, and the mutational profiles of rGZ01 and the parental GZ01 strain were shown. Intrahost single nucleotide variant
(iSNV) detection was performed using the sCLC genomic workbench v9.0 (CLCbio), and the site with substitution frequency
above 5% was considered to be an iSNV.
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FIG 4 Functional analysis of 5= SLA and CS using ZIKV reporter replicon. (A) Secondary structures of the SLA elements from different flaviviruses. The
substructures were labeled on the SLA structure of ZIKV (GZ01). The top loop (TL), side stem-loop (SSL), and stem 1 to stem 3 (S1-S3) are indicated. DENV2,
dengue virus type 2 (GenBank U87411); DENV4, dengue virus type 4 (GenBank AF326573); TMUV, Tembusu virus (GenBank JF895923); BSQV, Bussuquqara virus
(GenBank AY632536); JEV, Japanese encephalitis virus (GenBank M18370); WNV, West Nile virus (GenBank DQ211652); YFV, yellow fever virus (GenBank X03700);
CHAOV, Chaoyang virus (GenBank NC_017086); CFAV, cell fusing agent virus (GenBank M91671); MODV, modoc virus (GenBank AJ242984); RBV, rio bravo virus

(Continued on next page)
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and C). For the wild-type (WT) replicon, the luciferase activity at 48 h p.t. was �100-fold
higher than that measured at 6 h p.t., indicating robust vRNA replication, whereas the
replicons containing a GAA mutation in the catalytic GDD motif of the NS5 RNA-
dependent RNA polymerase (RdRp) domain exhibited no vRNA replication (Fig. 4C), as
expected. We also showed that disrupting the stem 2 of the SLA structure (mutant
SLA-S2-M1) or mutating the 5=-CS element (mutant 5=-CS-M) abolished vRNA replica-
tion. In contrast, the reconstitution of the SLA stem 2 (SLA-S2-M2) or 5=-3= CS interac-
tion (5=-CS-M � 3=-CS-M) restored vRNA replication of the corresponding replicons,
although these two mutants still replicated moderately less efficiently than the WT
replicon. These results suggested that the SLA element and 5=-3= CS interaction were
crucial for ZIKV vRNA replication.

We then introduced the corresponding mutations into the newly developed infec-
tious clone of ZIKV strain GZ01, and an additional mutation targeting the SLA top loop
(SLA-TL-M) was also generated accordingly (Fig. 5). All mutant viruses, together with the
WT ZIKV, were recovered in BHK-21 cells as described above. IFA results showed that
mutations into the semiconserved top-loop sequence of SLA (SLA-TL-M) or the 5=-CS
sequence (5=-CS-M) completely abolished viral protein expression in BHK-21 cells (Fig.
5B). Disruption of the base pairing of the SLA stem 2 region (SLA-S2-M1) was also
deleterious for viral replication. In contrast, restoration of the SLA stem 2 (SLA-S2-M2)
or reconstitution of the 5=-3= CS interaction by introducing complementary mutations
into the 3=-CS sequence (5=-CS-M � 3=-CS-M) enabled viral protein expression of the
corresponding mutants (Fig. 5B). The vRNA levels in the transfected supernatants were
then analyzed by quantitative RT-PCR (qRT-PCR) (Fig. 5C), and the accumulation of
vRNA in the supernatant of cells transfected with the WT, the SLA-S2-M2, or the
5=-CS-M � 3=-CS-M RNA was comparable, whereas no vRNA replication was detected
for the GAA or the SLA-S2-M1, the SLA-TL-M, and the 5=-CS-M groups. Moreover, viral
NS1 secretion determined by enzyme-linked immunosorbent assay (ELISA) showed that
NS1 was detected in the supernatants of the WT, the SLA-S2-M2 or the 5=-CS-M �

3=-CS-M groups, whereas in the other groups, only the background level of NS1
secretion could be detected (Fig. 5D). In agreement with these results, infectious virus
release was able to detected for the WT, the SLA-S2-M2, or the 5=-CS-M � 3=-CS-M
groups (Fig. 5E), highlighting the crucial roles of the SLA element and 5=-3= CS
interaction in viral replication. Combined the consistent results from the mutagenesis
of replicon and infectious clone (Fig. 4 and 5), we conclude that the 5=-SLA element and
5=-3= CS interaction were crucial for ZIKV replication, similar to other flaviviruses.

DISCUSSION

A series of approaches (14, 15, 24, 28, 50–52) have been applied for the generation
of ZIKV reverse genetics platforms. Since direct assembly of the native ZIKV full genome
in E. coli had been successful only in a few cases (14, 50), most established reverse
genetics systems of ZIKV were based on either in vitro assembly of viral cDNA fragments
(24, 52) or eukaryotic intron-based and HCMV promoter-driven, “infectious DNA” clones
(15, 28). In the present study, we successfully utilized the group II intron P.li.LSUI2 to
stabilize the cDNA clone of ZIKV in a commonly used E. coli host strain. The lack of an
IEP-coding region in the intron sequence keeps it inactive in host cells; however, by
changing the concentrations of monovalent and divalent ions in vitro, the intron
becomes active and splices itself from RNA transcripts, resulting in an intact viral
genome. Compared with conventional infectious clones of ZIKV, although one addi-
tional step of in vitro splicing is required in our system, the easy-to-setup in vitro

FIG 4 Legend (Continued)
(GenBank JQ582840); OHFV, Omsk hemorrhagic fever virus (GenBank AY193805); ISFV, insect-specific flavivirus; NKV, flavivirus with non-known vector, TBFV,
tick-borne flavivirus. (B) Mutations targeting the SLA and 5=-CS. The mutated nucleotides were shown in a blue font. (C) Replication kinetics of the wild-type
and mutated ZIKV replicons in transfected BHK-21 cells. The ratios of raw luciferase units measured at different time points after transfection to the value
measured at 6 h posttransfection (relative luciferase units) are shown. The percentages of relative luciferase units of various mutants at 48 h posttransfection
to the corresponding value of the wild-type replicon are listed above. Data are expressed as means � the standard deviations. The GAA mutant contains a
GDD-to-GAA mutation in the catalytic motif of the NS5 RdRp domain.
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FIG 5 Mutagenesis analysis of crucial RNA elements of ZIKV based on the GZ01 infectious clone. (A) Terminal secondary structure of ZIKV GZ01
strain. The demonstrated structure was based on the linear conformation of the viral genome. The three pairs of 5=-3= complementary sequences,
which were required for genome cyclization, were highlighted using different colors as follows: yellow, 5=-3= UAR; green, 5=-3= DAR; and red, 5=-3=
CS. The designed mutations were demonstrated and the mutated nucleotides are shown in blue font. The SLA-TL-M mutant contains mutations

(Continued on next page)

Novel Splicing Ribozyme-Based Infectious Clone of ZIKV Journal of Virology

November 2017 Volume 91 Issue 21 e00484-17 jvi.asm.org 9

http://jvi.asm.org


splicing reaction is much simpler to perform than most of the in vitro assembly based
systems. In addition, our in vitro splicing system has advantages over the previous
described in vivo splicing system (15, 28). The efficiency of eukaryotic intron-based
“infectious DNA” clones depends largely on the activity of the spliceosome complex of
the transfected cells, and the in vivo transcription/splicing process varies in different
cells. Thus, these eukaryotic intron-based infectious clones are not applicable for viral
replication studies. In addition, the intron-based reverse genetics system retained the
potential to convert into in vivo splicing-based systems since the self-splicing reaction
can be facilitated by the RNA maturase activity of IEP in vivo (30, 31, 53), which can be
supplied in trans.

cis-Acting RNA elements are involved not only in viral replication (35, 36, 41, 44–46,
54) and translation (55, 56) of flaviviruses but also in host adaption (57), neurovirulence
(58), and pathogenicity (59–61). Using the ZIKV replicon and the newly developed
infectious clone of ZIKV, we have shown that 5=-SLA and 5=-3= CS interaction are
indispensable for ZIKV replication. It was also showed that the 5=-SLA and 5=-3= CS
base-pairing restoration mutants consistently replicated moderately lower than the WT,
suggesting that tertiary or quaternary interactions may be involved in the functional-
ization of these cis-acting RNA elements. Previously, studies suggested that the con-
served UFS element is required for ZIKV replication (45) and that the SL-I/xrRNA1
structure is responsible for the production of ZIKV sfRNA (62). Thus, the RNA-based
regulation mechanism of ZIKV should be highly similar to other well-studied mosquito-
borne flaviviruses. These results suggest that the reverse genetics system described
herein can also be used for the investigation of ZIKV replication and the selection and
evaluation of anti-ZIKV medicines.

Flaviviruses are likely to continue to emerge and re-emerge around the world in the
future. The group II intron-based strategy described here is ready to be applied to other
flaviviruses. Thus, we believe it has the potential to be developed into a powerful tool
for the rapid establishment of conventional reverse genetics systems of emerging
flaviviruses in the future.

MATERIALS AND METHODS
Cells and virus. The baby hamster kidney fibroblast cell line BHK-21 (ATCC CCL10) was cultured in

Dulbecco modified Eagle medium (DMEM; Gibco, Thermo Fisher Scientific) containing 5% fetal bovine
serum (FBS; Biowest) and 1% penicillin-streptomycin (PS; Thermo Fisher Scientific). The Aedes albopictus
cell line C6/36 (ATCC CRL-1660) were cultured using RPMI 1640 (Gibco, Thermo Fisher Scientific)
containing 10% FBS and 1% PS (Thermo Fisher Scientific).

The contemporary Asian lineage ZIKV isolate GZ01 (KU820898) was isolated from a Chinese patient
that had returned from Venezuela in 2016 (34). Viral RNA for the amplification of genomic fragments was
extracted from the culture supernatants of GZ01-infected BHK-21 cells.

DNA molecular manipulation. Four cDNA fragments (S1 to S4) covering the full-length genome of
the ZIKV GZ01 strain were amplified by RT-PCR and cloned into pGEM-T Easy (Promega), except for the
S2 fragment, which was cloned into the pACNR plasmid with a preintroduced multiple cloning site using
the KpnI/KasI restriction sites. This pACNR-S2 plasmid served as the basis for fragment assembly and the
S3 and S4 fragments were subsequently assembled with pACNR-S2. The modified P.li.LSUI2 intron
sequence was chemically synthesized and cloned by Sangon Biotech, China. The ZIKV S1 fragment and
the intron sequence were fused using overlapping PCR, and the SP6 promoter sequence was placed
upstream of the S1 fragment. Finally, the S1-intron sequence was cloned into pACNR-S234 to generate
the corresponding pACNR-GZ01-Intron-IC. The schematic construction of the infectious clone is shown
in Fig. 1A.

FIG 5 Legend (Continued)
in the conserved terminal loop of the 5=-SLA element, and the SLA-S2-M1/M2 mutants disrupted or reconstituted the stem 2 in the 5=-SLA
element. Mutations were also introduced into the 5=-CS to generate 5=-CS-M, whereas the 5=-CS-M � 3=-CS-M mutant combined the
complementary mutations in the 5=- and 3=-CS to restore their base-pairing interaction. The 3=-CS-M mutant, which was not included in the
analysis, was labeled in gray. (B) Equal amounts (400 ng per well) of in vitro-spliced wild-type and mutated viral RNA preparations were transfected
into BHK-21 cells in a 24-well format, and viral E protein expression was detected by IFA at different time points after transfection. (C) qRT-PCR
detection of vRNA accumulation in the supernatants of the transfected cells. The results are expressed as fold changes of the vRNA copies relative
to the values measured at 6 h posttransfection. (D) Detection of the viral NS1 secretion in the culture supernatants at 72 h posttransfection by
ELISA. (E) In total, equal portions (100 �l) of supernatants collected at 72 h posttransfection were used to infect C6/36 cells in 24-well plates. After
6 days, the infectious viruses in the culture supernatants were detected by plaque assay. The experiments shown in panels C to E were performed
in triplicates and were shown as the means � standard errors. The data were analyzed by one-way (D and E) or two-way (C) ANOVA, and
biologically significant differences were also confirmed by multiple comparisons.
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To generate SLA and 5=-CS mutants, site-directed mutagenesis was performed using the S1-intron
plasmid as a template, and for the introduction of mutations into 3=-CS, the cloned S4 in pGEM-T Easy
(Promega) vector was used as the site-directed mutagenesis template. The fragments containing the
corresponding mutations were subcloned back into the corresponding full-length constructs to achieve
the desired mutants. The GAA mutant was generated by site-directed mutagenesis together with
subcloning. Primers used for site-directed mutagenesis are listed in Table 1.

In vitro RNA preparation. In vitro transcription was performed using the Ribomax SP6 large-scale
RNA production kit (Promega) as previously described (46). The RNA products were cleaned-up using the
Purelink RNA minikit (Thermo Fisher Scientific), mixed with equal amounts of 2� splicing buffer (80
mM Tris-HCl [pH 7.4], 2 M NH4Cl, 20 mM MgCl2, and 0.04% sodium dodecyl sulfate) (32, 33), and
incubated at 45°C for 1 h. Then, a secondary RNA cleanup protocol was performed to remove the
salts from RNA preparations. The final RNA stocks were quantified using spectrophotometry and
stored at �80°C until use.

Transfection and virus stock preparation. A total of 5 � 104 BHK-21 cells were seeded onto 24-well
plates with or without sterilized coverslips to grow to ca. 50% confluence at the time of transfection,
which was performed using Lipofectamine 2000 (Thermo Fisher Scientific). At the indicated time points
p.t., coverslips were fixed with acetone-methanol (3/7) at �20°C, and ZIKV E protein expression was
detected by IFA as previously described (45). At day 3 p.t., culture supernatants were collected and used
to infect C6/36 cells maintained in RPMI 1640 (Thermo Fisher Scientific) containing 2% FBS (Biowest). The
C6/36 cells were cultured at 28°C for 6 days and then were freeze-thawed once. Cell debris was removed
by centrifugation at 6,000 � g, 4°C for 15 min, and the supernatants were dispensed into single-use
aliquots, which were stored at �80°C.

RT-PCR. RT-PCR was performed using SuperScript III One-Step RT-PCR System with Platinum Taq
(Thermo Fisher Scientific) following the user protocols to monitor the efficiency of the in vitro splicing
reactions. For the identification of the genetic marker in the recovered virus, viral RNA was extracted from
virus-containing culture supernatants using the PureLink RNA minikit (Thermo Fisher Scientific). RT-PCR
was performed as described above, and the PCR products were subjected to KpnI digestion and DNA
Sanger sequencing. DNA sequencing reactions were performed by SinoGenoMax, China.

Plaque formation assay. Plaque assays were performed on the BHK-21 cell line using virus stocks
prepared in C6/36 cells. A total of 300 �l of 10-fold-serial-diluted virus samples was added onto cell
monolayers in 12-well plates. After a 1.5-h incubation at 37°C under 5% CO2, the virus dilutes in DMEM
(Thermo Fisher Scientific) with 2% FBS were aspirated. Then, 1 ml of DMEM with 2% FBS and 1% low
melting point agarose (Promega) was coated on the infected cells, which were cultured for another
4 days. The infected cells were then fixed with 4% formaldehyde, followed by staining with 1%
crystal violet dissolved in 20% ethanol. Photos of plaques were captured using a digital camera or
a BioSpectrum imaging system (UVP).

Viral propagation analyses. BHK-21 and C6/36 cells were infected with rGZ01 or GZ01 at a
multiplicity of infection (MOI) of 0.1. At the indicated time points after infection, culture supernatants
were collected, and infectious virus was detected by plaque assay. Alternately, viral RNA was isolated
using a PureLink RNA minikit, and vRNA copies were determined using qRT-PCR methods described
previously (34). Lastly, in vitro-transcribed viral RNA was serial diluted to generate standards for absolute
quantification. For the evaluation of protein expression, BHK-21 cells were seeded onto sterilized
coverslips in 24-well plates, and were cultured overnight to reach 95% confluence. The cells were
infected at an MOI of 0.1 with rGZ01 or GZ01. At the indicated time points, the coverslips were fixed, and
IFAs were performed as described above.

Mice experiments. The experimental procedures were approved by the Animal Experiment Com-
mittee of the Laboratory Animal Center, AMMS, China, and the experiments were performed according
to the guidelines of the Chinese Regulations of Laboratory Animals (Ministry of Science and Technology
of People’s Republic of China) and Laboratory Animal-Requirements of Environment and Housing
Facilities (GB 14925-2010; National Laboratory Animal Standardization Technical Committee). For the
neurovirulence test, 1-day-old BALB/c mice received an intracerebral injection with 10 PFU of ZIKV, and

TABLE 1 Primers utilized to introduce mutations in the infectious clone of ZIKV isolate GZ01

Primer Sequence (5=-3=)a Application

SLA-TL-M-F CAGACTGCGAgtcTTCGAGTTTGAAGCG To introduce mutations into SLA top loop
SLA-TL-M-R ATTCACACAGATCAACAAC
SLA-S2-M1-F AAGCTAGCAAgacTATCAACAGGTTTTATTTTG To introduce mutations to disrupt the stem 2 of SLA
SLA-S2-M1-R TCGCTTCAAACTCGAACTG
SLA-S2-M2-F AGTTGTTGATgtcTGTGAATCAGACTG To introduce mutations to restore the stem 2 of SLAb

SLA-S2-M2-R CTATAGTGTCACCTAAATGC
5=-CS-M-F AAGCTAGCAAcattgTATCAACAGG To introduce mutations into 5= cyclization sequence
5=-CS-M-R TCGCTTCAAACTCGAACTG
3=-CS-M-F ACGCAAAACAcaatgTTGACGCTGGGAAAGACCAG To introduce mutations into 3= cyclization sequence
3=-CS-M-R TTTCCGGGGGGTCTCCTC
GAA-F AGTCAGTGGAgcagcaTGCGTTGTGAAGC To introduce mutations into the GDD motif of NS5
GAA-R GCCATTCGTTTGAGCCTA
aMutations are indicated in boldface letters.
bThis mutant was achieved based on pregenerated SLA-S2-M1 mutant.
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the mortality and clinical symptoms were monitored for 25 days. The survival curve was analyzed by the
log-rank test.

Replicon assay. The ZIKV replicon containing the Renilla luciferase reporter gene was used for
mutagenesis analysis (49). The mutants were generated using similar strategies for mutagenesis based
on pACNR-GZ01-Intron-IC. One day prior to transfection, 2 � 104 BHK-21 cells were seeded into each well
of 48-well plates, followed by incubation at 37°C in 5% CO2. Triplicate transfections were performed using
Lipofectamine 2000 reagent (Thermo Fisher Scientific). For each well of BHK-21 cells, 500 ng of replicon
RNA was transfected. The cell lysates were collected at 6, 24, 48, and 72 h after transfection. The Renilla
luciferase activity was measured using a Renilla luciferase assay system (Promega) with the GloMax
Discover system (Promega).

Detection of vRNA and NS1 in transfected supernatants. Transfections were performed in the
48-well format as described under “Replicon assay” above. At 6 h posttransfection, the culture media
containing the Lipofectamine 2000/RNA complexes were discarded, and the transfected cells were
washed three times with 0.5 ml of FBS-free DMEM. Then, 0.25 ml of fresh DMEM containing 5% FBS was
added to the cells, which were cultured at 37°C under 5% CO2. At 6, 48, and 72 h, the culture medium
was collected. vRNA was isolated, and qRT-PCR was performed as described above. Detection of the NS1
protein was performed using a Zika virus NS1 ELISA kit (Biofront) according to instructions provided by
the manufacturer.

High-throughput sequencing. Viral RNA was extracted from the virus stocks of the passaged,
parental GZ01 and rGZ01 prepared in C6/36 cells. Deep-sequencing was performed using Illumina MiSeq
(Illumina). Intrahost single nucleotide variant (iSNV) detection was performed using CLC genomic
workbench v9.0 (CLCbio) as previously described (34). The sites with a substitution frequency above 5%
were considered to be an iSNV.

Statistical analysis. The one-way analysis of variance (ANOVA) and Dunnett’s multiple-comparison
tests were performed to analyze the replicon data in Fig. 4. The log rank test was performed for the
survival analysis. The two-way ANOVA was performed for the analysis of the vRNA levels in Fig. 5, and
the one-way ANOVA and Fisher LSD tests were performed to analyze the NS1 secretion and infectious
virus release results. Statistical analysis was performed using GraphPad Prism 6 (GraphPad Software).
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