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Abstract 

T’Ho virus is a poorly characterized orthoflavivirus most closely related to Rocio virus and Ilheus virus, two orthofla‑
viviruses associated with human disease, suggesting that T’Ho virus could also be a human pathogen. The genome 
of T’Ho virus has been sequenced but an isolate has never been recovered, impeding its phenotypic characterization. 
In an attempt to generate recombinant T’Ho virus, the entire viral genome was synthesized as three overlapping 
DNA fragments, joined by Gibson assembly, and transfected into mosquito cells. Several cell culture passages were 
performed, but virus was not recovered. Subsequent experiments focused on the development of a chimeric ortho‑
flavivirus that contains the premembrane and envelope protein genes of T’Ho virus in the genetic background of Zika 
virus. The chimeric virus replicated in mosquito (C6/36) and vertebrate (Vero) cells, demonstrating that the major 
structural glycoproteins of T’Ho virus permit entry into both cell types. The chimeric virus produced plaques in Vero 
cells that were significantly smaller than those produced by Zika virus. The chimeric virus can potentially be used 
as a surrogate diagnostic reagent in place of T’Ho virus in plaque reduction neutralization tests, allowing T’Ho virus 
to be considered in the differential diagnosis.
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The genus Orthoflavivirus (family Flaviviridae) is com-
prised of small, enveloped RNA viruses with single-
stranded, positive-sense RNA genomes of ~ 11  kb. The 
genome contains a 5′ untranslated region (UTR) of about 
100  nt., followed by a long open reading frame, and 3′ 
UTR of about 400–700 nt. [2, 17, 24]. The open reading 
frame encodes a large polyprotein that is proteolytically 

processed to generate three structural proteins, known 
as capsid (C), premembrane/membrane (prM/M), and 
envelope (E), and seven nonstructural proteins, known as 
NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5. Multiple 
copies of the C protein encapsulate the genomic RNA, 
which together form the nucleocapsid. The nucleocap-
sid is surrounded by a host-derived lipid bilayer in which 
multiple copies of the E and M proteins are embed-
ded. The E protein is responsible for receptor-mediated 
attachment and membrane fusion and is the primary tar-
get of neutralizing antibodies produced by the host dur-
ing infection [35]. The prM protein is the precursor of the 
mature M protein and is required for the correct fold-
ing, maturation, and assembly of the E protein [26]. The 
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nonstructural proteins have roles in viral genome repli-
cation, proteolytic processing of the polyprotein, virion 
assembly, and regulation of host immune responses [15].

T’Ho virus was discovered in mosquitoes in Mexico 
in 2007 and phylogenetic data revealed that its closest 
known relatives are Rocio virus (ROCV) and Ilheus virus 
(ILHV), two orthoflaviviruses associated with human 
disease [4, 11]. ROCV, a Biosafety Level-3 (BSL-3) agent, 
caused major outbreaks of encephalitis in Brazil in the 
1970s, with a case fatality rate of 13% [10, 12, 28]. Perma-
nent neurologic damage occurred in 20% of the patients 
who survived. ROCV was also responsible for several 
cases in Brazil in 2011–2013 [27]. ILHV is a BSL-2 agent 
distributed across much of Latin America and the Carib-
bean [8, 12, 20, 30]. Symptoms in humans usually present 
as fever, headache, and myalgia, but severe cases can pro-
gress to encephalitis and cardiac manifestations, some-
times with fatal outcomes. Because the closest known 
relatives of T’Ho virus are recognized human pathogens, 
T’Ho virus could be an unrecognized cause of human 
disease.

The genome of T’Ho virus has been sequenced in its 
entirety, but attempts to recover an isolate have been 
unsuccessful, impeding its phenotypic characterization 
[4, 11]. Without infectious virus, experimental infection 
studies cannot be performed to identify amplification 
vectors and reservoir hosts. Further, sera collected from 
humans and vertebrate animals during orthoflavivirus 
serological surveys cannot be tested for neutralizing 
antibodies to T’Ho virus because the plaque reduction 
neutralization test (PRNT) requires live virus [18]. In 
this study, our initial goal was to generate recombinant 
T’Ho virus, but these experiments were unsuccessful. 
Subsequent experiments focused on the development of 

a chimeric virus for potential use in PRNTs as a surrogate 
diagnostic reagent in place of T’Ho virus.

The chimeric genome was created by inserting the pre-
membrane and envelope protein (prM-E) genes of T’Ho 
virus (strain T’Ho-Mex07) into the genetic background 
of Zika virus (ZIKV; strain PRVABC59). Four plasmids 
were required for these experiments: pUC19-THOV-
prME, pUC19-F1, pUC19-F2 and pUC19-F3 (Fig.  1). 
pUC19-THOVprME was created by synthetically gen-
erating the prM-E genes of T’Ho virus (genomic posi-
tion 455-2458) as a dsDNA fragment (Bio-Basic Inc., 
Markham, ON, Canada) and blunt-end cloning the frag-
ment into the Sma I restriction enzyme site of pUC19 
(New England BioLabs, Ipswich MA). The three other 
plasmids contain the complete genome of ZIKV as over-
lapping DNA sequences and have been described else-
where [31]. Briefly, pUC19-F1 contains a modified insect 
virus promoter, designated as OpIE2-CA, followed by 
ZIKV sequence (genomic position 1-3460) that spans 
the entire 5′ UTR through to the first 971 nt. of the NS1 
gene. pUC19-F2 contains ZIKV sequence that spans the 
last 138 nt. of the NS1 gene through to the first 402 nt. of 
the NS5 gene (genomic position 3413-8071). pUC19-F3 
contains ZIKV sequence that spans all of the NS5 gene, 
except for the first 344 nt., and all of the 3′ UTR (genomic 
position 8016-10,807), followed by the hepatitis delta 
virus anti-genomic ribozyme sequence (HDVr) and sim-
ian virus 40 polyadenylation signal (SV40p) [32].

pUC19-F1 was modified by replacing the prM-E 
sequences of ZIKV with the corresponding sequences of 
T’Ho virus (Fig. 1A). To this end, a PCR was performed 
using pUC19-F1 as template, a forward chimeric primer 
specific to the 3′ and 5′ ends of the T’Ho virus E gene 
and ZIKV NS1 gene, respectively, and a reverse chimeric 

(See figure on next page.)
Fig. 1  Schematic of the strategy used to create the chimeric genome of ZIKV/THOV(prM-E). A Construction of pUC19-F1a. Initial experiments 
required the use of two plasmids, designated pUC19-F1 and pUC19-THOVprME. pUC19-F1 contains an insect virus promoter (OpIE2-CA), followed 
by ZIKV sequence (ZIKV genomic position 1-3460) that spans all of the 5′ UTR through to the first 971 nt. of the NS1 gene. pUC19-THOVprME 
contains the prM-E gene sequences of T’Ho virus (T’Ho virus genomic position 455-2461). The aforementioned plasmids were used as templates 
in PCRs. One PCR amplified all of pUC19-F1, except for ZIKV prM-E. The reaction was performed using a forward chimeric primer specific 
to the 3′ and 5′ ends of the T’Ho virus E gene and ZIKV NS1 gene, respectively, and a reverse chimeric primer specific to the 3′ and 5′ ends 
of the ZIKV C gene and T’Ho prM gene, respectively. Another PCR was designed to amplify all of T’Ho virus prM-E from pUC19-THOVprME. The 
reaction was performed using a forward chimeric primer specific to the 3′ and 5′ ends of the ZIKV C gene and T’Ho virus prM gene, respectively 
and a reverse chimeric primer specific to the 3′ and 5′ ends of the T’Ho virus E gene and ZIKV NS1 gene, respectively. The two amplicons were 
joined by Gibson assembly, yielding a plasmid designated as pUC19-F1a. The newly created plasmid contains the prM-E sequences of T’Ho virus, 
flanked at the 5′ end by OpIE2-CA and the 5′ UTR and C sequences of ZIKV and flanked at the 3′ end by the first 971 nt. of the NS1 gene of ZIKV. 
B Generation of the full-length chimeric orthoflavivirus genome. Subsequent experiments required the use of pUC19-F1a and two additional 
plasmids, designated as pUC19-F2 and pUC19-F3. pUC19-F2 contains ZIKV sequence that spans the last 138 nt. of the NS1 gene through to the first 
402 nt. of the NS5 gene (ZIKV genomic position 3413-8071). pUC19-F3 contains ZIKV sequence that spans all of the NS5 gene, except for the first 
344 nt., and all of the 3′ UTR (ZIKV genomic position 8016-10,807), followed by the hepatitis delta virus anti-genomic ribozyme sequence (HDVr) 
and simian virus 40 polyadenylation signal (SV40p). The aforementioned plasmids were used as templates in PCRs that amplified all of the viral 
sequences and none of the cloning vector (pUC19) sequences. Primers were designed so that each amplicon contained an overlap of about 50 bp 
with the adjacent amplicon(s). The three amplicons were joined by Gibson assembly, yielding a linear chimeric orthoflavivirus genome flanked 
by OpIE2-CA sequence at its 5′ end and HDVr and SV40p sequences at its 3′ end. Sequences are color-coded: pUC19 (black), OpIE2-CA (green), 
ZIKV (red), T’Ho virus (blue) and HDVr/SV40p (orange). PCR primers are denoted as small arrows, which are color-coded according to the sequence 
to which they bind. Chimeric primers are represented by bicolored arrows
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Fig. 1  (See legend on previous page.)
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primer specific to the 3′ and 5′ ends of the ZIKV C gene 
and T’Ho prM gene, respectively. The resulting ampli-
con encompassed all of pUC19-F1, except for the prM-E 
sequences of ZIKV. Another PCR was performed using 
pUC19-THOVprME as template and a forward chi-
meric primer specific to the 3′ and 5′ ends of the ZIKV 
C gene and T’Ho virus prM gene, respectively and a 
reverse chimeric primer specific to the 3′ and 5′ ends of 
the T’Ho virus E gene and ZIKV NS1 gene, respectively. 
The resulting amplicon contained the prM-E sequences 
of T’Ho virus. The chimeric primers used in these PCRs 
were designed so that the two amplicons contained over-
lapping sequences of approximately 50  bp at each ter-
minus. The amplicons were joined by Gibson assembly 
using established protocols [5] to yield a plasmid des-
ignated as pUC19-F1a. The newly created plasmid was 
transformed into chemically competent E. coli cells and 
colonies that contained viral sequences with no muta-
tions were identified.

Additional PCRs were performed using pUC19-F1a, 
pUC19-F2, and pUC19-F3 as templates and chimeric 
primers that amplified all of the viral sequences, but none 
of the pUC19 sequences, from each plasmid (Fig.  1B). 
The chimeric primers were designed so that each ampli-
con contained an overlap of about 50  bp with the adja-
cent amplicon(s). Amplicons were joined by Gibson 
assembly and the reaction products were analyzed by RT-
PCR and Sanger sequencing using primers spanning the 
entire genome to ensure that there were no mutations. 
Assembled DNAs were transfected into Aedes albopic-
tus (C6/36) cells using Lipofectamine™ 2000 Transfec-
tion Reagent (ThermoFisher Scientific). Transfected cells 
were incubated for 7 days then an aliquot of supernatant 
was inoculated onto new monolayers of C6/36 cells. A 
second passage was performed and lysates and superna-
tants were harvested from the final cell culture passage 
at 5  days post-inoculation (p.i.) and assayed for virus 
by Western blot and immunofluorescence assay (IFA), 
as previously described [29, 31]. A similar strategy was 
used in an attempt to generate recombinant T’Ho virus. 
Briefly, the entire genome of T’Ho virus, including the 
UTRs, was synthesized as three overlapping DNA frag-
ments and blunt-end cloned into pUC19 (Bio-Basic Inc.). 
OpIE2-CA sequence was located immediately upstream 
of the ZIKV 5′ UTR and HDVr and SV40p sequences 
were located immediately downstream of the ZIKV 3′ 
UTR. Viral sequences were amplified from the plasmids 
by PCR and the resulting amplicons were joined by Gib-
son assembly and sequenced. Reaction products were 
transfected into C6/36 cells, but recombinant T’Ho virus 
was not recovered (data not shown).

Chimeric virus was successfully recovered and des-
ignated as ZIKV/THOV(prM-E). Western blot analysis 

revealed that ZIKV/THOV(prM-E) replicates in both 
mosquito (C6/36) and vertebrate (Vero) cells (Figs.  2A 
and 3A, respectively; Additional file 1). The Western blot 
analysis was performed using polyclonal antibodies that 
react with ZIKV C, prM, and NS1, and cellular β-actin. 
ZIKV C and NS1 antigens were detected in C6/36 and 
Vero cells inoculated with ZIKV/THOV(prM-E). In con-
trast, antigen was not detected in C6/36 or Vero cells 
when the anti-ZIKV prM antibody was used, consistent 
with chimeric virus containing the prM gene of T’Ho 
virus. The positive and negative controls yielded expected 
results. ZIKV C, prM, and NS1 antigens detected in 
ZIKV-inoculated, but not mock-inoculated, C6/36 and 
Vero cells. The intensities of the β-actin bands were simi-
lar, indicating that there was approximately equal loading 
of samples in each lane.

IFA analysis confirmed that ZIKV/THOV(prM-E) rep-
licates in C6/36 and Vero cells (Figs. 2B and 3B, respec-
tively). These experiments were performed using rabbit 
anti-ZIKV C polyclonal antibody and a pooled suspen-
sion of hyperimmune polyclonal antibodies from mice 
inoculated with ZIKV and several other orthoflavivi-
ruses. Capsid antigen was detected in C6/36 and Vero 
cells inoculated with ZIKV/THOV(prM-E) and ZIKV. 
The heterologous orthoflavivirus hyperimmune poly-
clonal antibodies recognized antigen in C6/36 and Vero 
cells inoculated with ZIKV/THOV(prM-E) and ZIKV. 
Viral antigen was not detected in mock-inoculated C6/36 
and Vero cells.

We compared the sizes of plaques produced by ZIKV/
THOV(prM-E) and ZIKV in Vero cells at 5  days p.i. 
(Fig.  3C). The chimeric virus produced plaques with a 
mean diameter ± 1 standard deviation of 1.08 ± 0.48 (95% 
CI) mm. ZIKV plaques had a mean diameter ± 1 standard 
deviation of 3.18 ± 0.84 (95% CI) mm. A statistical analy-
sis revealed that the difference in plaque sizes is signifi-
cant (t-test p < 0.0001). For each virus, 40 plaques were 
measured per experiment, with duplicate experiments 
performed.

ZIKV/THOV(prM-E) could potentially be used as a 
diagnostic tool. Researchers performing orthoflavivirus 
serosurveillance in Mexico and elsewhere in the Ameri-
cas could include the chimeric virus in PRNTs, allowing 
T’Ho virus to be considered in the differential diagnosis. 
Other chimeric orthoflaviviruses have been developed for 
use in PRNTs [13, 16, 25]. These chimeric viruses were 
developed as surrogates for orthoflaviviruses currently or 
previously classified as BSL-3 agents (Japanese encephali-
tis virus, St. Louis encephalitis virus and West Nile virus) 
or that grow relatively slowly or produce small plaques 
(dengue viruses 1–4). The chimeric viruses were cre-
ated by inserting the prM-E genes of the orthoflavivirus 
of interest into genetic backbone of the live-attenuated 
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yellow fever virus vaccine [13, 16, 25]. Chimeric alphavi-
ruses have also been developed for use as diagnostic 
tools, allowing PRNTs to be performed under BSL-2 
conditions when testing for antibodies to Eastern and 
Venezuelan equine encephalitis viruses, which are BSL-3 
agents [14, 21].

One limitation of our study is that the diagnostic effi-
cacy of ZIKV/THOV(prM-E) was not compared to T’Ho 

virus by PRNT. All of the other chimeric flaviviruses and 
alphaviruses mentioned earlier were compared to the 
parental viruses that contributed the immunogenic struc-
tural protein genes and shown to be suitable surrogates 
in PRNTs [13, 14, 16, 21, 25]. The unavailability of an 
isolate of T’Ho virus clearly prevents us from perform-
ing this comparison. However, there is no other virus that 
can be used in PRNTs in place of ZIKV/THOV(prM-E). 

(a)

(b)

Fig. 2  Mosquito cells support the replication of ZIKV/THOV(prM-E). A Western blot analysis of C6/36 cells inoculated with ZIKV/THOV(prM-E). 
C6/36 cells approaching confluency in 25 cm2 culture flasks were inoculated with ZIKV/THOV(prM-E) or ZIKV at a multiplicity of infection of 0.1 
or they were inoculated with media only (lane 1–3, respectively). The chimeric virus had undergone two consecutive passages in C6/36 cells prior 
to the experiment. Lysates were harvested at 5 days p.i. then equal amounts of protein were resolved on 8–16% Tris–glycine gels and analyzed 
by Western blot using (i) anti-ZIKV C polyclonal antibody, (ii) anti-ZIKV prM polyclonal antibody, (iii) anti-ZIKV NS1 polyclonal antibody or (iv) 
anti-β-actin polyclonal antibody. The arrows show the expected migration positions of ZIKV C and NS1 (molecular weights: 12, 19 and 48 KDa, 
respectively) and cellular β-actin (molecular weight: 42 KDa). B IFA analysis of C6/36 cells inoculated with ZIKV/THOV(prM-E). C6/36 cells 
approaching confluency in 35 mm2-well culture dishes were inoculated with ZIKV/THOV(prM-E), ZIKV or media only (rows 1–3, respectively). 
The chimeric virus had undergone two consecutive passages in C6/36 cells prior to the experiment. Cells were fixed with methanol at 5 days 
p.i. and immunostained with an anti-ZIKV C polyclonal antibody (column 2) or a pooled suspension of heterologous hyperimmune polyclonal 
antibodies to ZIKV and several other orthoflaviviruses (column 3), followed by a pooled suspension of Alexa Fluor 594-conjugated donkey 
anti-rabbit IgG and Alexa Fluor 488-conjugated goat anti-mouse IgG. DAPI was used to visualize the nucleic (column 1). Merged images are 
also shown (column 4). A magnification of 3,500X was used. Scale: 100 µM
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Because no other diagnostic tools are currently avail-
able, researchers performing orthoflavivirus serosurveil-
lance in the Americas should consider including ZIKV/
THOV(prM-E) in their PRNTs.

ZIKV/THOV(prM-E) requires BSL-2 containment 
because it was built on the genetic background of a BSL-2 
agent. T’Ho virus is not listed in the Biosafety in Micro-
biological and Biomedical Laboratories but its closest 
known relative, Rocio virus, is a BSL-3 pathogen, sug-
gesting that T’Ho virus should be considered a BSL-3 
pathogen [19]. Therefore, if an isolate of T’Ho virus is 
eventually recovered, those without access to BSL-3 facil-
ities may not be permitted to work with it. Many research 
and diagnostic laboratories lack access to BSL-3 facilities, 
highlighting the important need for a surrogate virus that 
can be used in PRNTs under BSL-2 containment.

The ability of ZIKV/THOV(prM-E) to replicate in 
C6/36 and Vero cells demonstrates that the major struc-
tural glycoproteins of T’Ho virus permit entry into both 
mosquito and vertebrate cells. However, experiments 
designed to determine whether T’Ho virus replicates 
in these cells cannot be performed unless an isolate is 
acquired or recombinant virus is produced. At present, 
the arthropod and vertebrate host ranges of T’Ho can 
only be inferred using information obtained for its closest 
known relatives. ROCV cycles in nature between birds 
and Psorophora ferox mosquitoes [28]. The major reser-
voir hosts and amplification vectors of ILHV are birds 
and arboreal mosquitoes of multiple genera [7, 22, 33].

ZIKV/THOV(prM-E) plaques were significantly 
smaller than ZIKV plaques. Chimeric orthoflaviviruses 
created from prM-E gene exchanges often produce 
plaques smaller than at least one parental virus [3, 6, 23, 
34]. For example, a chimeric virus that contained the 
prM-E genes of dengue virus 2 in the genetic background 
of dengue virus 4 produced plaques significantly smaller 

than those of both parental viruses [3]. The plaque mor-
phologies of ZIKV/THOV(prM-E) could not be com-
pared to both parental viruses because an isolate of T’Ho 
virus is unavailable.

Attempts to generate recombinant THo virus were 
unsuccessful. One explanation for this outcome is the 
viral genome sequence deposited into the Genbank 
database contains sequence errors. The full genome of 
T’Ho virus was sequenced by unbiased high-throughput 
sequencing, except for the terminal ends where 5′ and 3′ 
rapid amplification of cDNA ends and Sanger sequenc-
ing were used [4]. The majority of the unbiased high-
throughput sequencing data were confirmed by Sanger 
sequencing, but there was an insufficient amount of 
sample to verify the authenticity of the entire genomic 
sequence. Another explanation is that T’Ho virus can-
not replicate in C6/36 and Vero cells. This explanation 
is unlikely because the closest known relatives of T’Ho 
virus replicate in these cell types and these cell lines are 
commonly used for arbovirus propagation [1, 9].

To conclude, we report the construction and charac-
terization of ZIKV/THOV(prM-E), a chimeric ortho-
flavivirus that contains the prM-E genes of T’Ho virus 
in the genetic background of ZIKV. The ability of the 
chimeric virus to replicate in C6/36 and Vero cells pro-
vides evidence that the major structural glycoproteins 
of T’Ho virus permit entry into both mosquito and ver-
tebrate cells. ZIKV/THOV(prM-E) could provide a suit-
able surrogate for T’Ho virus in PRNTs. Unfortunately, 
the diagnostic efficiencies of ZIKV/THOV(prM-E) and 
T’Ho virus could not be compared because infectious 
T’Ho virus is not available. However, there is no other 
virus than can be used in place of ZIKV/THOV(prM-E) 
and therefore, researchers performing orthoflavivirus 
serosurveillance in the Americas may want to include it 
in their PRNTs.

(See figure on next page.)
Fig. 3  Vertebrate cells support the replication of ZIKV/THOV(prM-E). A Western blot analysis of Vero cells inoculated with ZIKV/THOV(prM-E). 
Vero cells approaching confluency in 25 cm2 culture flasks were inoculated with ZIKV/THOV(prM-E) or ZIKV at a multiplicity of infection of 0.1 
or they were inoculated with media only (lane 1–3, respectively). The chimeric virus had undergone two consecutive passages in Vero cells prior 
to the experiment. Lysates were harvested at 3 days p.i. then equal amounts of protein were resolved on 8–16% Tris–glycine gels and analyzed 
by Western blot using (i) anti-ZIKV C polyclonal antibody, (ii) anti-ZIKV prM polyclonal antibody, (iii) anti-ZIKV NS1 polyclonal antibody or iv) 
anti-β-actin polyclonal antibody to ensure there was approximately equal loading in each lane. The arrows show the expected migration positions 
of ZIKV C, prM, and NS1 (molecular weights: 12, 19 and 48 KDa, respectively) and cellular β-actin (molecular weight: 42 KDa). B IFA analysis of Vero 
cells inoculated with ZIKV/THOV(prM-E). Vero cells approaching confluency in 35 mm2-well culture dishes were inoculated with ZIKV/THOV(prM-E), 
ZIKV or media only (rows 1–3, respectively). The chimeric virus had undergone two consecutive passages in Vero cells prior to the experiment. 
Cells were fixed with methanol at 3 days p.i. and immunostained with an anti-ZIKV C polyclonal antibody (column 2) or a pooled suspension 
of heterologous hyperimmune polyclonal antibodies to ZIKV and several other orthoflaviviruses (column 3), followed by a pooled suspension 
of Alexa Fluor 594-conjugated donkey anti-rabbit IgG and Alexa Fluor 488-conjugated goat anti-mouse IgG. DAPI was used to visualize the nucleic 
(column 1). Merged images are also shown (column 4). A magnification of 3500X was used. Scale: 100 µM. C Comparison of the plaque 
morphologies of ZIKV/THOV(prM-E) and ZIKV. Confluent monolayers of Vero cells in 35 mm2 culture dishes were inoculated with (A) ZIKV/
THOV(prM-E) or (B) ZIKV then incubated for 5 days and fixed. Two replicate experiments were performed and at least 40 plaques were measured 
for each virus
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The online version contains supplementary material available at https://​doi.​
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Additional file 1. Figure S1. Mosquito and vertebrate cells support 
the replication of ZIKV/THOV(prM-E). A Western blot analysis of C/36 
cells inoculated with ZIKV/THOV(prM-E). These are the same images as 
shown in Figure 2A, except they are uncropped. Experimental details 

are provided in the legend for Figure 2A. B Western blot analysis of Vero 
cells inoculated with ZIKV/THOV(prM-E). These are the same images as 
shown in Figure 3A, except they are uncropped. Experimental details can 
provided in the legend for Figure 3A
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