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Abstract

Zika virus (ZIKV) infection can result in neurological disorders including Congenital Zika 

Syndrome in infants exposed to the virus in utero. Pregnant women can be infected by mosquito 

bite as well as by sexual transmission from infected men. Herein, the variants of ZIKV within the 

male reproductive tract and ejaculates were assessed in inoculated mice. We identified two non-

synonymous variants at positions E-V330L and NS1-W98G. These variants were also present in 

the passage three PRVABC59 isolate and infectious clone relative to the patient serum PRVABC59 

sequence. In subsequent studies, ZIKV E-330L was less pathogenic in mice than ZIKV E-330V as 

evident by increased average survival times. In Vero cells, ZIKV E-330L/NS1-98G outcompeted 

ZIKV E-330V/NS1-98W within 3 passages. These results suggest that the E-330L/NS1-98G 

variants are attenuating in mice and were enriched during cell culture passaging. Cell culture 

propagation of ZIKV could significantly affect animal model development and vaccine efficacy 

studies.
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Introduction.

Zika virus (ZIKV; Flaviviridae) is a mosquito-borne neurotropic virus that can elicit 

neurological disease including Guillain-Barré syndrome and congenital disease in fetuses 

when exposed in utero. Congenital pathological manifestations include ocular lesions and 

brain malformations that have collectively been described as Congenital Zika Syndrome 

(CGS). ZIKV has been extensively documented to be transmitted sexually, a potential 

exposure route that has been shown to exacerbate the exposure risk of developing fetuses in 

mice [1]. The neurotropism of ZIKV has been extensively demonstrated in mice and non-

human primates, with tropism to additional tissues including the male and female 

reproductive tract [2–5]. ZIKV can persist in the male reproductive tract of animals for many 

weeks after viremia has cleared [6], suggesting ZIKV has the potential to adapt to the male 

reproductive tract before sexual transmission. Thus sexually transmitted variants may differ 

from serum-derived isolates, and some sexually transmitted variants may be more efficiently 

transmitted, such as with other sexually transmitted viruses including HIV-1 [7].

In animal models, African ZIKV strains have been shown to elicit greater pathogenic effects 

and viral titers in the brain and male reproductive tract compared to Asian and American 

strains [8, 9]. While the African isolate MR766 has an extensive passage history in sucking 

mouse brains that could be associated with increased neurovirulence, the low passage 

African strain DakAr41524 also has demonstrated increased neurovirulence in intracranially 

inoculated adult immune competent mice compared to an Asian genotype isolate [10]. Many 

other ZIKV isolates used in animal models are low-passage and are thought to reflect 

circulating strains; however, a commonly used American isolate PRVABC59 that has been 

propagated only three times in Vero cells from the serum of an individual returning from 

Puerto Rico has multiple non-synonymous variants [11]. This isolate has been distributed 

extensively and has been used for pathogenesis testing in animal models as well as a vaccine 

challenge strain for vaccine efficacy studies. Variants generated from cell culture passaging 

may influence these in vivo studies.

To assess the adaptation of ZIKV to the male reproductive tract during sexual transmission 

and to cell culture during passaging, viral genetic variants were identified in infected male 

mice and after passaging in Vero cells. Compared to the original patient serum from which 

the ZIKV strain (PRVABC59) was isolated, two non-synonymous variants at E-330 and 

NS1-98 were identified at high frequency in the male reproductive tract and ejaculates of 

inoculated mice, as well as in the Vero passage three virus stock used for inoculation. These 

mutations were assessed in vitro and in vivo and were found to alter viral fitness in cell 

culture and pathogenesis in mice. These studies indicate that these mutations were observed 

in ZIKV within three cell culture passages, and these mutations may significantly alter 

pathogenesis in animal models.

Results.

ZIKV genetic variants within infected mice.

The widely-distributed ZIKV isolate PRVABC59 was derived from serum from an 

individual in Puerto Rico in 2015 [12]. The virus was originally deep sequenced directly 
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from patient serum and was then passaged in Vero cells three times. The passage three 

isolate was distributed extensively for use in research laboratories around the world. Here, 

deep sequencing was performed on the passage three PRVABC59 isolate, as well as viral 

RNA extracted from the testes and ejaculates collected from twelve AG129 mice previously 

inoculated with the passage three PRVABC59 isolate for studies of sexual transmission [6]. 

Two non-synonymous variants were present in envelope at residue 330 (valine to leucine) 

and NS1 at residue 98 (tryptophan to glycine) in the passage 3 isolate at 58% and 32% 

frequencies, respectively (Fig. 1). These variants increased in frequency to 92% and 75%, 

respectively, in the testes of AG129 mice and increased again to 96% and 88%, respectively, 

in the ejaculates of these mice (Fig. 1). In contrast, three synonymous variants at NS1-177, 

NS5-627, and NS5-860 were present in the passage 3 isolate at 15%, 18%, and 22% 

frequencies, respectively. These variants did not increase in frequency in the testes or 

ejaculates (Fig. 1). These data suggest that the E-330 and NS1-98 variants may have been 

adaptive variants during dissemination in the male murine reproductive tract.

Furthermore, the sequencing data from the original patient serum containing PRVABC59 

previously generated in [12] was investigated for the presence of the E-330L and NS1-98G 

variants. The E-330L variant was present in the patient serum in 2.6% of reads, and the 

NS1-98G variant was present in 0.4% of reads (Fig. 1). Together, these data suggest that the 

E-330L and NS1-98G variants may also have been cell culture adaptive mutations.

Single E-V330L point mutation decreases ZIKV pathogenesis in immunodeficient mice.

To test whether the E-330L and NS1-98G mutations alter pathogenesis of ZIKV in mice, the 

mutations were reverse engineered into an infectious clone based on PRVABC59 [11]. 

Because of the high frequency of the E-330L mutation in the passage 3 isolate that the 

infectious clone was derived from, this mutation was present in the original plasmid, and the 

revertant mutation (E-330V) was engineered. The virus most similar to the patient serum 

sample is E-330V/NS1-98W. The virus with the single derived E-330 mutation was 

designated as E-330L/NS1-98W and is the equivalent of original infectious clone described 

in [11]. A virus with both derived mutations was also generated and designated as E-330L/

NS1-98G. To confirm that the E-330L and NS1-98G variants were present in the same 

genome in the passage three isolate, an RT-PCR amplicon generated from the virus stock 

was sub-cloned, and the double mutation was identified in multiple clones.

Male AG129 mice were inoculated in groups of 12 with the viruses containing E-330V/

NS1-98W, E-330L/NS1-98W, or E-330L/NS1-98G via subcutaneous inoculation. Weight 

loss began on day post-inoculation (dpi) 6, with significant weight loss occurring from dpi 7 

to 9 in the mice inoculated with E-330V/NS1-98W as compared to mice inoculated with the 

single or double mutant viruses (Fig. 2A, p<0.05). Inoculation with the E-330V/NS1-98W 

virus also resulted in a significantly shorter median survival time (9 days; p<0.05) compared 

to the single and double mutant. There were no differences in weight loss or survival time 

between mice inoculated with the viruses containing the single or double mutation (Figure 

2B, p = 0.50).
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The E-V330L mutation decreases ZIKV dissemination in immunodeficient mice.

Mice inoculated with the E-330V/NS1-98W virus had significantly higher serum viral titers 

at dpi 1, 3, and 5 compared to mice inoculated with the E-330L/NS1-98W or E-330L/

NS1-98W mutant viruses (Fig. 3). For all three groups, peak viremia occurred on dpi 3. 

None of the mice had viremia beyond dpi 7.

To determine the kinetics of ZIKV dissemination to tissues, three AG129 mice from each 

group were euthanized on dpi 6 and dpi 9. The infectious ZIKV titers in brain, eye, seminal 

vesicles, epididymides and testes were measured by plaque assay. By dpi 9 there were 

significantly higher viral titers in many tissues, including the testes (Fig. 4A, p<0.01), 

seminal vesicles (Fig. 4B, p<0.01), eye (Fig. 4D, p<0.01), and brain (Fig. 4E, p<0.01) of the 

mice inoculated with the E-330V/NS1-98W virus compared to mice inoculated with the 

E-330L/NS1-98W or E-330L/NS1-98G viruses. On dpi 6, epididymal titers were 

significantly higher in the mice inoculated with the E-330V/NS1-98W virus compared to the 

E-330L/NS1-98W virus (Fig. 4C, p<0.05), but not compared to mice inoculated with the 

E-330L/NS1-98G virus (Fig. 4C, p = 0.08). On dpi 9, which is near the peak of sexual 

transmission efficiency (Fig. 4G), the epididymal titers were not significantly different 

across groups. Viremia was not significantly different between any group at dpi 6 and was 

not detectable at dpi 9 (Fig. 4F). Next, in order to test whether the NS1-98G mutation altered 

sexual transmission efficiency, ejaculates were collected from inoculated mice. Because of 

the short survival time of mice inoculated with the E-330V/NS1-98W virus, ejaculates were 

not collected from this group. Ejaculates from mice inoculated with the E-330L/NS1-98W 

or E-330L/NS1-98G viruses contained infectious ZIKV from dpi 7-14 with no significant 

difference in titers (Fig. 4G). Ejaculates beyond dpi 14 were only collected for the mice 

inoculated with the E-330L/NS1-98G mutant, and they contained low levels of ZIKV RNA 

(Fig. 4H). Thus, the mice inoculated with the E-330L/NS1-98G virus had a sexual 

transmission efficiency indistinguishable from the mice inoculated with the E-330L/

NS1-98W virus. To determine whether the mutations were stable in vivo, ZIKV was 

sequenced from the serum of three mice per group, and the mutations were confirmed at the 

consensus level (data not shown). These data suggest that the variants are not adaptive to the 

male reproductive tract.

Histopathology and ZIKV RNA localization by in situ hybridization (ISH) were performed 

on the aforementioned tissues for 3 mice from each group at dpi 9. Overall findings 

correlated with the viral titer data. Brains from mice inoculated with the E-330V/NS1-98W 

virus showed patchy, mild to moderate meningeal and parenchymal intravascular 

leukocytosis and perivascular mixed inflammation, and multifocal neuronal necrosis with 

parenchymal inflammation. Changes were variably prominent throughout the cerebrum and 

within the hippocampus, brainstem, and cerebellum. Labeling of ZIKV RNA by ISH was 

extensive throughout the entire brain (Fig. 5A, left panel). Brains from mice inoculated with 

the E-330L/NS1-98W virus showed similar, scattered foci of necrosis and inflammation, but 

to a lesser extent than observed in brains from mice inoculated with E-330V/NS1-98W, and 

ISH showed correspondingly less staining (Fig. 5A, middle panel). Two of three brains from 

mice inoculated with E-330L/NS1-98G showed no histopathologic alterations and no viral 

RNA labeling by ISH. One brain showed scattered labeling by ISH in the olfactory bulb, 
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cerebral nuclei, hippocampus, and pons, without overt necrosis or inflammation (Fig. 5A, 

right panel).

Eye, testis, and seminal vesicle had pathologic changes in mice inoculated with the E-330V/

NS1-98W virus only (Fig. 5B). All mice had mild neutrophilic infiltrates and fibrin within 

the vitreous chamber and inner retina, with associated ZIKV RNA labeling by ISH in the 

inner retinal layers (Fig. 5B, first panel). Two of three mice had testicular teratomas (Fig. 

5B, second panel), and the third mouse had subacute interstitial testicular inflammation and 

diffuse seminiferous epithelial degeneration (Fig. 5B, third panel). Teratomas showed 

extensive labeling by ZIKV ISH in neural and epithelial components. The other testis 

showed scattered labeling within peritubular myoid cells and seminiferous epithelium. 

Seminal vesicles from 1 of 3 mice had focal mucosal necrosis with ZIKV RNA labeling by 

ISH (Fig. 5B, fourth panel). The vas deferens had no histopathologic abnormalities and 

showed no labeling by ISH for any mouse inoculated with the E-330V/NS1-98W virus. The 

eye, testis, seminal vesicle, and vas deferens showed no histopathologic changes and no viral 

RNA labeling by ISH for mice inoculated with E-330L/NS1-98W and E-330L/NS1-98G 

viruses, except for one focal region of seminal vesicle mucosal staining by ISH in one 

mouse inoculated with the E-330L/NS1-98G virus.

Epididymides had epithelial necrosis and subacute inflammation with ZIKV RNA 

localization to luminal sloughed cells and epididymal epithelium in all groups. These 

findings were generally more prominent in epididymal heads, decreasing distally with 

relative sparing of epididymal tails, where only scattered tubules were affected. However, for 

the one mouse inoculated with the E-330V/NS1-98W virus that did not have a testicular 

teratoma, inflammatory and degenerative changes extended more diffusely throughout the 

epididymis, and there was extensive ZIKV RNA localization within luminal and epithelial 

cells throughout the body and tail of the epididymis (Fig. 5B, fifth panel). The two mice 

with testicular teratomas lacked intraluminal spermatozoa and had comparatively rare 

staining by ISH.

Increased fitness of E-V330L/NS1-W98G in Vero cells.

Given that the E-330L and NS1-98G variants arose within three passages of the PRVABC59 

isolate in Vero cells, the viruses containing these mutations were evaluated for relative 

growth capacities in Vero cells. The E-330L/NS1-98G virus reached higher titers in Vero 

cells than the E-330V/NS1-98W or the E-330L/NS1-98W viruses (Fig. 6A, p<0.0001). To 

determine whether the NS1-98G mutation indeed conferred a fitness advantage, an in vitro 
competition study was performed. The E-330V/NS1-98W virus was mixed with the E-330L/

NS1-98W or the E-330L/NS1-98G viruses at a ratio of 10:1 and passaged in triplicate in 

Vero cells three times. In the E-330V/NS1-98W: E-330L/NS1-98W competition, both 

viruses remained present at a stable ratio throughout passaging (Fig 6B, left panel). 

However, in the E-330V/NS1-98W: E-330L/NS1-98G competition, the E-330L/NS1-98G 

virus increased in proportion over the three passages (Fig. 6B, right panel). These data 

indicate that incorporation of the E-V330L and NS1-W98G mutations resulted in elevated 

fitness in Vero cells.
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Discussion.

Two non-synonymous variants at residues E-330 and NS1-98 were identified in the ZIKV 

isolate PRVABC59 when the sequence of the original patient sera sample was compared to 

the widely-distributed Vero passage three isolate. Following inoculation of male AG129 

mice with the passage three PRVABC59 isolate, these variants increased further in 

frequency, suggesting selection in mice. However, mice subsequently inoculated with 

viruses containing the derived ZIKV E-330L mutation, with or without the NS1-98G 

mutation, experienced delayed mortality and decreased viral dissemination to the eye and 

brain compared to the original E-330V/NS1-98W virus, indicating these variants are 

attenuating in mice. Yet, viruses containing the E-330L/NS1-98G mutations were more fit in 

Vero cell culture. These results, coupled with the very low frequencies of these variants in 

the initial patient serum, suggest the variants arose during initial passaging of the isolate, 

perhaps due to increased fitness in Vero cells conferred by the mutations. Furthermore, these 

results indicate that the E-330 locus is a determinant of ZIKV pathogenesis in mice.

Cell culture adaptive mutations in flaviviruses have been described previously [13, 14]. The 

E-V330L/NS1-W98G mutations may increase fitness in Vero cells by causing an increase in 

binding and uptake in cultured cells. While not specifically shown in this study to 

independently modulate Vero growth fitness, the E-V330L mutation could epistatically 

augment Vero cell fitness with NS1-W98G, another protein that, although not expressed on 

the surface of the virion, is secreted from infected cells. Both envelope and NS1 can bind 

glycosaminoglycans (GAGs) on the plasma membrane of the cell [15]. Viral adaptation to 

cell culture systems can result in envelope modifications to optimize binding to GAGs that 

facilitate viral entry but that concomitantly result in reduced levels of circulating virus and 

subsequently reduced in vivo virulence. This has been described extensively for alphaviruses 

that commonly incorporate positively charged residues on their surface envelope domains to 

more efficiently bind negatively charged GAGs [16, 17]. Additionally, flaviviruses such as 

Japanese encephalitis virus [18], tick-borne encephalitis virus [19] and the 17D yellow fever 

live viral vaccine have demonstrated GAG binding that has been accentuated by cell culture 

passage. Increased GAG binging of 17D compared to wildtype virus has specifically been 

implicated with reduced viscerotropism/attenuation of 17D [20]. A specific E-T380R 

mutation, found in all 17D sub-strains and that encodes a positive charge modification, 

results in enhanced GAG binding and loss of virulence. Dengue virus culture passage 

mutations have also specifically been associated with increased GAG binding efficiency and 

reduced neuroinvasiveness [21]. However, in this case, it is unclear whether the same 

mechanism is involved, as the valine to leucine change at E-330 would not alter charge.

In agreement with these previous studies, the E-V330L mutation conferred a decreased 

neuroinvasive phenotype in AG129 mice but did not negatively impact the dissemination to 

the epididymis by day 9. This could explain the frequency of these variants in the 

reproductive tract and seminal fluids of male mice infected with the Vero passage three 

isolate. Unfortunately, the high virulence of the mutant containing E-330V precluded a 

direct assessment of the role of this mutation on seminal transmission efficiency in the 

AG129 males. Viral infection in the epididymis and specifically within the epididymal tail 

has previously been associated with sexual transmission potential in this mouse model [22]. 
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Thus, although testes titers were higher for the E-330V/NS1-98W virus compared to the 

E-330L/NS1-98G virus, the indistinguishable levels of virus in the epididymis of mice 

inoculated with these viruses indicates that altered sexual transmissibility would be unlikely.

Many studies have found decreased pathogenicity of the Asian genotype ZIKV isolates 

compared to the African genotype ZIKV isolates in mice [8, 9], as well as low in utero 
transmission rates and mosquito infection rates in non-human primates [23, 24]. This may be 

partially due to the attenuation of PRVABC59 that occurred with as few as three passages in 

cell culture. However, sequences for other ZIKV isolates do not display a leucine at E-330, 

suggesting this attenuation may be specific to PRVABC59. Future animal experiments 

should consider use of the clone-derived ZIKV with a valine at E-330 to reduce the potential 

contribution of cell culture derived mutations to pathogenesis and/or vaccine efficacy 

studies.

Materials and Methods.

Deep sequencing of ZIKV.

Unbiased library prep was performed similarly to [25]. Briefly, viral RNA was extracted 

from PRVABC59 passage 3 stocks in duplicate using the MagMax 96 Viral RNA kit 

(Ambion). rRNA was depleted using the RNase H selective depletion method with 

modifications using in-house probes targeting mouse rRNA. Briefly, AMV reverse 

transcriptase (NEB) was added with probes, DNA:RNA hybrids were degraded with RNase 

H (NEB), and probes were degraded with DNase I (Promega). RNA was purified using 

AMpure RNAclean beads (Beckman Coulter). Double-stranded cDNA was generated using 

random primers, Superscript IV RT (Invitrogen), and NEBNext Ultra II Q5 polymerase, and 

fragmented using Nextera XT (Illumina). Illumina adapters were added by 12 cycles of PCR 

using Q5 polymerase and purified with AMpure XP beads (Beckman Coulter). Libraries 

were amplified using a Kapa real-time library amplification kit and size-selected using 

AMpure XP beads. Libraries were quantified with a NEB library quantification kit, and 

fragment sizes were measured by Tapestation (Agilent). Libraries were pooled equally and 

sequenced on an Illumina Nextseq with 300 bp paired-end reads.

Reads were demultiplexed using Bcl2fastq and trimmed for adapters and low quality using 

BBDuk (part of the BBTools suite, https://sourceforge.net/projects/bbmap/). BBMap was 

used to align the trimmed reads to the PRVABC59 reference sequence and variants were 

called using LoFreq 2.1 [26].

Mutagenesis of ZIKV infectious clone.

The two-part ZIKV PRVABC59 infectious clone system that we have previously described 

was used to make all mutations [11]. Plasmid mutagenesis was performed using IVA cloning 

[27] following the protocol with the exception that Q5 polymerase was used instead of 

Phusion. Primer sequences are available upon request. Viruses were rescued as described in 

[11] and sequenced to confirm identity.
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Mouse inoculations.

Mice deficient in interferon α/β and -γ receptors (AG129 mice) were bred in-house, and the 

receptor knockout genotype of the mice was confirmed as described previously [6]. Thirty-

six 12-16-week-old male mice were inoculated subcutaneously in the rear footpad with 3 

log10 PFU of ZIKV strains E-330L/NS1-98G, E-330L/NS1-98W or E-330V/NS1-98W 

diluted in PBS. Mice were weighed daily and checked twice a day for signs of morbidity. 

Serial blood samples were obtained on dpi 1, 3, 5 and 7 from the submandibular vein. Mice 

were euthanized after isoflurane-induced deep anesthesia followed by cervical dislocation. 

Tissues were collected at time of euthanasia. For plaque assays, brain, testes, and seminal 

vesicles were weighed and re-suspended in an equal volume of BA-1 medium. The eye was 

re-suspended in 25 μL of BA-1 medium. These tissues were then homogenized using a 

pestle. All tissues were clarified by centrifugation and serially diluted for cell plaque assay 

to enumerate plaque forming units (PFU).

Collection of seminal fluids from male AG129 mice.

Seminal fluids from male AG129 mice were collected as previously described [6]. In brief, 

inoculated male mice were housed individually, and each evening beginning on dpi 7 three 

female CD-1 mice were introduced into the cage. The following morning, mating activity 

was determined by the presence of a copulatory plug in the female. Mated females were 

euthanized by isoflurane anesthesia followed by cervical dislocation. 500 μL of BA-1 media 

was used to gavage both horns of the uterus. Infectious ZIKV in the seminal fluids was 

titrated by Vero cell plaque assay, and RNA was quantified by real-time RT-PCR as 

described previously [6].

Tissue histology and RNA in situ hybridization.

Tissues were fixed in 10% neutral buffered formalin for 3 days and then stored in 70% 

ethanol prior to routine processing and paraffin-embedding. Sections were cut at 4 microns 

and stained by H&E for histopathological evaluation, or by in situ hybridization (ISH) as 

previously described [1].

In vitro growth curve.

Vero cells were grown at 37°C with 5% CO2 in DMEM supplemented with 10% FBS and 

1% penicillin-streptomycin. Cells were plated at 1.5×105 cells/well in 12-well plates and 

inoculated when 80% confluent at an MOI of 0.1. Timepoints were taken daily and titrated 

by Vero cell plaque assay.

Competition assay.

Vero cells were plated at 1.5×105 cells/well in 12-well plates. At 80% confluency, cells were 

inoculated with a 1:10 mix of viruses at an MOI of 0.1 in triplicate. Viruses were harvested 

on dpi 2 and titrated by Vero plaque assay. The virus was then passaged again in triplicate at 

an MOI of 0.1 for a total of 3 passages. Viral RNA was extracted from all samples using 

Quick-RNA Viral Kit (Zymo) and amplified using OneStep RT-PCR (Qiagen) using primers 

1711F (5’-CAAGGACGCACATGCCAAAA-3’) and 2964R (5’- 
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TACCCCGAACCCATGATCCT-3’). Amplicons sequenced directly by Sanger sequencing. 

Chromatograms were viewed in DNAstar v14.

Statistics.

Survival curves were compared using a Log-Rank (Mantel Cox) test. Mean weights and 

viral titers were compared using ANOVA. Statistics were performed in GraphPad Prism 7.
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Highlights.

• Zika virus isolate PRVABC59 contains two variants at high frequency: E-

V330L and NS1-W98G

• Variants increased in frequency within 3 Vero cell culture passages of patient 

serum sample

• Reverse engineering the E-V330L mutation resulted in a virus with attenuated 

disease in mice

• Future pathogenesis and vaccine studies should include the original E-330V 

variant
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Figure 1. Increasing frequencies of ZIKV mutations.
Frequencies of single nucleotide variants in PRVABC59 sequenced from patient serum, 

passage 3 virus stocks (inoculum), and in the testes and ejaculates of inoculated AG129 

mice (A) E-V330L (B) NS1-W98G (C) NS5-860 (synonymous variant) (D) NS5-627 

(synonymous variant) (E) NS1-177 (synonymous variant).
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Figure 2. Morbidity and mortality of ZIKV mutants in AG129 mice.
Yellow symbols represent mice inoculated with ZIKV E-330V/NS1-98W (n=12); red 

symbols represent mice inoculated with ZIKV E-330L/NS1-98W (n=12); and blue symbols 

represent mice inoculated with ZIKV E-330L/NS1-98G (n=12). Three mice from each 

group were sacrificed on dpi 6 and dpi 9, such that time points after dpi 6 and 9 are 

representative of n = 9 or 6 mice, respectively. (A) Average weight of mice post-inoculation, 

represented as a percentage of initial weight. Error bars represent standard deviations. (B) 

Daily percent survival of mice post-inoculation. Error bars represent standard deviations. * p 

< 0.05, ** p < 0.001.
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Figure 3. Viremia of ZIKV mutants in mice.
Yellow symbols represent mice inoculated with ZIKV E-330V/NS1-98W (n=12); red 

symbols represent mice inoculated with ZIKV E-330L/NS1-98W (n=12); and blue symbols 

represent mice inoculated with ZIKV E-330L/NS1-98G (n=12). Three mice from each 

group were sacrificed on dpi 6, such that time points after dpi 6 are representative of n = 9 

mice. Mean viremia (PFU/mL sera) of mice. * p < 0.05, ** p < 0.001.
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Figure 4. Viral titers of ZIKV mutants in mouse tissues.
Yellow symbols represent mice inoculated with ZIKV E-330V/NS1-98W (n=3); red 

symbols represent mice inoculated with ZIKV E-330L/NS1-98W (n=3); and blue symbols 

represent mice inoculated with ZIKV E-330L/NS1-98G (n=3). Titers from tissues, sera, and 

ejaculates are represented as PFU per gram of tissue, per of mL sera, and per ejaculate, 

respectively. Titers from individual mice are represented by circles, with means represented 

by solid lines. The limit of detection is represented by a dashed gray line. ZIKV titer in (A) 

Duggal et al. Page 16

Virology. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



testes; (B) seminal vesicles; (C) epididymides; (D) eye; (E) brain; (F) serum; (G) ejaculates; 

and (H) ejaculates (log10 RNA copies/ejaculate) *p < 0.05, **p < 0.001, *** p < 0.0001
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Figure 5. Pathology and ZIKV ISH in mouse tissues.
Tissues were stained with H&E (top) or by ISH for ZIKV RNA (bottom). (A) Parasagittal 

sections of cerebrum from mice inoculated with ZIKV E-330V/NS1-98W (left), E-330L/

NS1-98W (middle), or E-330L/NS1-98G (right). Original magnifications: 40X (H&E and 

ISH), 400X (H&E insets), 80X (ISH inset). (B) Eye, testis, and seminal vesicle from mice 

inoculated with E-330V/NS1-98W. The vitreous chamber (V) of the eye, neural component 

(N) of the testes, and mucosal necrosis (M) in the seminal vesicle are marked. In the testis, 

ZIKV ISH staining of scattered epithelial cells and peritubular myoid cells (arrowheads) are 

indicated. In the epididymides, sperm (*) and ZIKV ISH straining of lining epithelium 
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(arrowheads) are indicated. Original magnifications: 200X (retina, testis H&E, seminal 

vesicle, epididymis), 40X (teratoma), 100X (testis ISH).
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Figure 6. Adaptation of ZIKV mutants to Vero cells.
(A) Growth curve of ZIKV mutants in Vero cells. Symbols represent the average titer of 

triplicate wells inoculated with the ZIKV E-330V/NS1-98W (yellow); ZIKV E-330L/

NS1-98W virus (red); and ZIKV E-330L/NS1-98G virus (blue). Error bars represent 

standard deviations. Growth curves were performed twice, and one representative 

experiment is shown. (B) in vitro competition experiment. Chromatograms from passage 0 
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(inoculum) through passage 3 are show. The experiment was performed in triplicate, and one 

representative replicate is shown.
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