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Abstract

Arboviruses such as Zika virus (ZIKV, Flaviviridae; Flavivirus) must replicate in both mammalian
and insect hosts possessing strong immune defenses. Accordingly, transmission between and
replication within hosts involves genetic bottlenecks, during which viral population size and
genetic diversity may be significantly reduced. To help quantify these bottlenecks and their effects,
we constructed 4 “barcoded” ZIKV populations that theoretically contain thousands of barcodes
each. After identifying the most diverse barcoded virus, we passaged this virus 3 times in 2
mammalian and mosquito cell lines and characterized the population using deep sequencing of the
barcoded region of the genome. C6/36 maintain higher barcode diversity, even after 3 passages,
than Vero. Additionally, field-caught mosquitoes exposed to the virus to assess bottlenecks in a
natural host. A progressive reduction in barcode diversity occurred throughout systemic infection
of these mosquitoes. Differences in bottlenecks during systemic spread were observed between
different populations of Aedes aegypti.
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INTRODUCTION

Zika virus (ZIKV, Flaviviridae; Flavivirus) was responsible for a pandemic first noted on the
Pacific Island of Yap in 2007 that expanded throughout the Americas beginning in 2013-14
[1,2]. ZIKV produces either an asymptomatic infection or mild febrile disease in most
infected humans. However, the ongoing outbreak has been characterized by a high incidence
of malformations in developing fetuses and neurological complications in adults resulting in
massive public concern [3,4]. In addition to mosquito-borne transmission, ZIKV is capable
of being spread sexually [5], via direct contact [6], and vertically in both humans and
mosquitoes [7-9]. Understanding the dynamics of transmission is essential for developing
strategies to prevent future pandemics caused by ZIKV or other arboviruses.

Transmission bottlenecks are a major stochastic force in virus evolution that occur when
conditions prevent a significant proportion of the viral population from establishing infection
in a new host or after some barrier. When the effective population size (N) is reduced
following a population bottleneck, the effect of genetic drift is increased, which can have
either negative or positive effects on viral fitness. In particular, arthropod-borne viruses
(arboviruses) must replicate efficiently in two vastly different hosts in order to perpetuate in
nature. Several bottlenecks may exist within each host. For example, for mosquito
transmission to occur, arboviruses must first infect and replicate within the insect’s midgut
epithelial cells and disseminate to secondary tissues such as the fat body, hemocytes, and the
nervous system [10]. Following infection of these tissues, the virus must then productively
infect the salivary glands to eventually be expectorated from the saliva during feeding. Any
of these steps may impose genetic bottlenecks that reduce the genetic diversity of
arboviruses including West Nile virus (WNV) [11], Powassan virus [12], and Venezuelan
equine encephalitis virus [13]. Recovery of lost genetic diversity is dependent on error-prone
virus replication that is vector species-specific and depends on virus population size and the
time elapsed since the bottleneck event. Previously, we demonstrated that WNV genetic
diversity is increased in Culex mosquitoes during systemic infection. However, in Aedes
aeqypti, this diversity becomes progressively lower as the virus passes through several
anatomical barriers, ultimately to the saliva [11]. The degree to which replication in
mosquitoes imposes bottlenecks on ZIKV populations has not been described. Repeated
bottlenecks are known to reduce virus fitness [14] and therefore represent targets for
interrupting virus transmission.

In this study we describe the construction and characterization of a set of ZIKV constructs
that contain degenerate nucleotides that result in random “barcodes” within a small region of
the genome. Barcoded viruses were characterized /n vitro and then used to assess
bottlenecks in mammalian and mosquito cell lines and in Ae. aegypti mosquitoes. We then
used an amplicon-based next-generation sequencing technique to quantify the barcode
frequencies and measure bottlenecks. These viruses represent a useful tool to study ZIKV
population biology within ecologically relevant hosts.
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RESULTS

Barcoded ZIKV viruses replicate at similar levels to wild-type ZIKV

Barcoded viruses have been used to track bottlenecks in different virus systems [13,15-18].
Using an approach similar to Fennessey et al., we introduced genetic barcodes consisting of
8 or 9 degenerate nucleotides into the ZIKV genome (strain PRVABC59, GenBank
accession number KU501215). Two barcoded viruses were constructed in the coding
sequence (bcl in the NS2a protein (nucleotide position 4008-4031) and bc2 in the NS4a
protein (nucleotide position 6639-6665), and two were constructed in the 3° UTR (bc3 after
position 10388 and bc4 after position 10475) (Fig. 1A). In order to do this, we used a novel
technique called “bacteria-free cloning” or BFC (Fig. 1B). This technique has the advantage
of facilitating the easy propagation of constructs that are toxic to £. coliand maintaining the
degeneracy of the barcode sequences. Since no bacteria are used, the potential negative
effects of lipopolysaccharide during transfection and recovery of virus are also mitigated.
Virus replication for all four barcoded viruses and the wild-type clone-derived virus (wt
ZIKV-IC) was assessed on four cell lines. Two mammalian cell lines, Vero and LLC-MK2,
both primate kidney epithelial cells, were chosen because the former lacks a functional
type-1 interferon (IFN) response while the latter does not [19]. The two insect cell lines,
C6/36 and Aag2, derived from Aedes embryonic cells, were selected because the former
lacks a functional RNAI response and the latter does not [20,21]. Upon infection at a
multiplicity of infection (MOI) of 0.01 PFU/cell, all four cell lines supported replication of
all four barcoded viruses and the wild-type derived infectious clone (Fig. 2A-D). Few
differences were observed in multi-step growth curves between the viruses with the
exception of bc4 replicating to higher levels in LLC-MK2 cells. As expected, all viruses
replicated faster and to higher peak titers in cells lacking IFN or RNAI responses.
Replication in Aag2 cells (Fig. 2D) was poor for all viruses, but titers on days 5 and 6 were
significantly higher (p<0.05 by two-way ANOVA) as compared to day O for all viruses
except for barcode 2 (bc2), indicative of replication.

Barcodes in the coding sequence maintain more diversity than those in the 3’ UTR

A high level of nucleotide diversity in the barcode region is necessary to assess population
size changes. Therefore, we sought to characterize the initial barcode composition of all four
viruses using next-generation sequencing. By sequencing the wild-type clone stock, which
should be predominantly wild-type sequence, we were able to generate a cutoff to
differentiate between likely valid and possibly artifactual barcodes present in the samples.
We tested three independent approaches to define which barcodes to consider ‘authentic.” In
the first approach (Approach ‘A”), we identified all the distinct non-WT barcodes detected in
the wt ZIKV-IC and the ZIKV-bc1 stocks in the region encompassing the barcode. We
subsequently calculated the arithmetic mean plus 3 times the standard deviation of the
frequency of all the non-WT barcodes present in three replicates of the wt ZIKV-IC stock,
even if the frequency of a specific barcode in the stock was 0%. This threshold frequency
was 0.01% and resulted in 146 ‘authentic’ barcodes called in the ZIKV-bcl stock. For the
second approach (Approach ‘B’), we calculated the arithmetic mean plus 3 times the
standard deviation of the frequency of all the non-WT barcodes present only in the wt ZIKV-
IC stock. This threshold frequency was 0.10% and resulted in 37 ‘authentic’ barcodes called
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in the ZIKV-bc1 stock. For the final method (Approach ‘C’), we identified the highest
frequency of the most common non-WT barcode present in any of the three replicates of the
wt ZIKV-1C stock. This threshold frequency was 0.42% and resulted in 18 ‘authentic’
barcodes called in the ZIKV-bc1l stock. As this third calculation was the most conservative,
we used 0.42% to be the minimum threshold to consider a barcode in ZIKV-bcl as
‘authentic.” Using this value, we included 18 sequences in our list of authentic barcodes, and
followed these throughout the study. The same analysis was performed for the three other
barcoded viruses. A list of the ‘authentic’ barcodes used for ZIKV-bc1 and their sequence is
presented in Table 1. The number of unique barcodes present in the two coding sequence
barcoded viruses (barcoded viruses 1 (bcl) and bc2) was significantly higher than the
number of unique barcodes present in viruses with the 3° UTR insertions (Fig. 2E, by one-
way ANOVA,; bcl vs bc3 p=0.0051, bcl vs be4 p=0.0016, be2 vs be3 p=0.0107, bc2 vs be4
p=0.0027). This was true in both the transfection-derived stock and after one passage in Vero
cells (by one-way ANOVA; bcl vs be3 p=0.0045, bel vs bed p=0.0007, be2 vs be3
p=0.0088, bc2 vs bc4 p=0.0011). Diversity in the barcode region was also assessed by
calculating the complexity present at the degenerate positions that were inserted in the
barcode. In order to do this, we used Shannon’s index, which takes into account the
frequency of each nucleotide present in the barcode sequence and the total number of
barcode sequences present [22]. With greater complexity, the likelihood of encountering the
same nucleatide (i.e. the same barcode) becomes lower, indicating greater diversity. Levels
of complexity were similar among all barcodes in the initial stock following transfection
(Fig. 2F). However, following a passage on Vero cells at MOI 0.01, the barcode 4 (bc4) virus
(3" UTR insertion) had a significant reduction in complexity in the barcode region (by one-
way ANOVA,; p<0.0001). The complexity of the other barcoded viruses remained relatively
stable following a single passage (all p>0.05 by one-way ANOVA). Consistent with this
result, we performed Kolmogorov-Smirnov tests (herein called KS tests) to compare the
average (n=2) barcode distributions between two populations and found that only the bc4
virus barcode distribution was significantly different after one passage on Vero cells (p-
values, bcl: .794, bc2: .5262, bc3: .954, bcd: .037). The proportion of barcodes present in
the population during this passage is presented in Fig. 2G. In the stock viruses derived
directly from transfection (passage 0), the diversity of barcoded viruses appears to be greater
in bcl virus than the others, consistent with data in Fig. 2E—F. Given that barcode diversity
was highest and replication differences compared to the wild-type infectious clone were
lowest in bcl virus, we chose this for all future studies 7 vitroand in vivo.

Reduced bottlenecks in mosquito cells lacking functional RNAI

In-vitro passaging experiments have been instrumental in dissecting basic evolutionary
mechanisms and assessing host differences in arboviruses [23-25]. Therefore, we used four
cell lines, Vero, LLC-MK2, C6/36, and Aag2, to analyze bottleneck forces in vitro after
three passages. While all cells were infected at an MOI of 0.01 for the first passage, due to
lower replication rates on LLC-MK2 and Aag2, passaging was performed at MOI 0.001 on
these cells while an MOI of 0.01 was used on Vero and C6/36 cells. Following the three
passages, the number of unique barcodes present in each of the samples was reduced
significantly in all cell lines except C6/36, which lacks an RNAI response (Fig. 3A, by one-
way ANOVA, all as compared to the input; Vero p=0.0133, C6/36 p=0.9893, LLC-MK2
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p<0.0001, Aag2 p<0.0001). In addition, the barcode populations present in virus after
passage in both Vero and C6/36 were not significantly different to the input population by
the KS test (Table 2). Finally, as expected, the number of genomes that was estimated to
initiate infection in C6/36 cells was higher than any of the other cell lines, consistent with
the result that the bottleneck force in these cells is lower than the other 3 cell lines tested
(Table 3). Virus passaged in C6/36 cells similarly maintained high levels of complexity and
the distribution of barcodes after the three passages, as compared to the input (Fig. 3B-C).

A sequential reduction of barcode diversity occurs during infection and dissemination in
mosquitoes characterized by stochastic forces

We exposed three different recently field-derived Ae. aegypti populations to an infectious
bloodmeal containing 1.5e06 PFU/mL of either wild-type clone-derived or bcl virus. Two of
the 3 populations tested (Merida and Poza Rica, herein called Merida and PR) had relatively
high rates of infectious virus expectorated in saliva, while one (Coatzacoalcos) had a lower
transmission rate for wild-type PRVABC59 (Fig. 4A, by two-tailed Fisher’s exact test;
p<0.0001 for Coatzacoalcos compared to Merida and PR). However, no difference in
transmission rate for infectious virus was observed between the three groups for bcl virus
(Two-tailed Fisher’s exact test; Merida vs Coatzacoalcos p=1, Merida vs PR p=0.76,
Coatzacoalcos vs PR p=0.57). In contrast, the percentage of mosquitoes with ZIKV RNA
positive saliva was significantly higher for Merida and PR than Coatzacoalcos for the both
wild-type PRVABC59 and bcl virus (Supp. Fig. 1A, by two-tailed Fisher’s exact test; for
wild-type PRVABC59 p<0.0001 for Coatzacoalcos compared to Merida and PR; for bcl
virus, Merida vs Coatzacoalcos p=.02, Merida vs PR p=0.34, Coatzacoalcos vs PR
p<0.0001). Despite the difference in transmission rate as tested by PCR, there was no
difference in average saliva titer between the three groups (Supp. Fig. 1B, one-way ANOVA
with Tukey’s correction, all p>0.05). Five samples (bloodmeal, midguts, legs, salivary
glands (sg) and saliva) were collected from three mosquitoes (for three biological replicates
per population) of each population to represent possible anatomical barriers to virus
transmission and sequenced using next-generation sequencing (NGS). For the Merida and
PR populations, the drop in barcode complexity and number of unique barcodes from the
bloodmeal to the midgut was not significant (Fig. 4B). In contrast, in comparing the
bloodmeal and the midgut for the Coatzacoalcos population, the difference in the number of
unique barcodes and the barcode complexity was significant (p=0.001) and approaching
significance (p=0.051, both by one-way ANOVA), respectively. In all populations, both the
complexity and number of unique barcodes decreased as the virus spread through the
mosquito body to the saliva (Fig. 4B—C). This is clearly visualized in Fig. 4D-F, where in
the majority of mosquitoes a single barcode population took over in the legs and
predominated through to the saliva. In most cases, the barcode that was predominant in the
saliva was different for each individual mosquito tested from each population. Additionally,
the highest frequency barcode in the saliva was not necessarily the highest in the bloodmeal,
as even the fifth and tenth most abundant barcode in the bloodmeal was able to take over
after midgut infection (Fig. 4F). Finally, it was possible for a barcode that was not the most
frequent or even absent in previous tissues to either take over in the saliva (See Fig. 4, panel
E, sample 3; blue color in replicate 1 or brown in replicate 2) or re-emerge. The titer of bcl
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virus in the saliva in both PFU/mL and genome equivalents/mL of the mosquitoes that were
used for sequencing is presented in supplementary table 1.

Further analyses to compare distributions of barcodes between tissues using the KS test
showed that the population of barcodes present in the midgut samples was not significantly
different in the Merida and Poza Rica mosquitoes, as compared to the bloodmeal control
(Table 4). The population in the legs was significantly different for both than in the midgut,
however. In contrast, the population in the midgut was significantly different from that of the
bloodmeal in Coatzacoalcos mosquitoes, while the legs were not significantly different than
the midguts. Finally, we estimated effective population size (Nj) using Fst statistics with
previously published statistical methods [26]. In the midguts, N¢ was highest in the Merida
and Poza Rica populations and lowest in Coatzacoalcos, consistent with complexity and KS
test results (Table 5). Also consistent with KS test results, N¢ for the population infecting the
legs from the midguts was highest in Coatzacoalcos. Generally, N continued to increase or
stay stable after dissemination from the midgut.

DISCUSSION

We developed a barcoded ZIKV to measure population bottlenecks both /n vitroand in vivo.
Using a novel approach called bacteria-free cloning, we constructed four distinct barcoded
viruses and characterized their /in vitro growth characteristics and barcode composition.
Using one of the barcoded viruses, called bcl virus, we characterized bottlenecks /n vitroin
several cell lines of both mammalian and mosquito origin. C6/36 cells, RNAi deficient Ae.
albopictus cells, were shown to maintain the most barcode diversity after three passages. In
order to characterize bottlenecks /n vivo, three distinct populations of recently field-derived
Ae. aegypti mosquitoes were exposed to bcl virus. Multiple populations were employed as
it is known that large vector competence and therefore possibly bottleneck differences can
exist between different collections of Ae. aegyptri[28]). Bottleneck strength differed between
different mosquito populations of the same species, particularly as the virus infected the
midgut. Sequencing of the barcode region in different tissues representing different points
for potential bottlenecks emphasized the stochastic nature of replication and transmission of
ZIKV in mosquitoes. The barcodes present at a high frequency (>10%) in the bloodmeal
stock virus commonly were the most abundant in the saliva, although this was not always the
case, suggesting that the input virus population structure is a critical determinant of what
goes on to be transmitted.

Barcoded viruses have become important tools to investigate virus population dynamics.
Several technical strategies have been used to construct these viruses [13, 15-18]. While
some approaches used a mixture of known tags, approaches that are more recent have
incorporated degenerate nucleotides that increase the theoretical number of barcodes present
in a population [18]. We sought to use a similar approach and introduced 8 or 9 degenerate
nucleotides in either the coding sequence (CDS) or 3"UTR of an infectious clone of ZIKV
strain PRVABC59, which was originally derived from an infected individual in Puerto Rico
in 2015. We found two areas in the region of the genome encoding the non-structural
proteins that allowed for the introduction of either 8 or 9 synonymous changes. For the
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3’UTR, we used the RNA secondary structure of ZIKV to identify two regions that would
allow insertion of an 8-nucleotide barcode sequence [29].

The flavivirus 3"UTR is highly structured and known to be sensitive to indels that disrupt
native RNA folding. Several deletions in the 3"UTR of dengue virus (DENV) have been
shown to result in almost complete abrogation of RNA replication in different cell lines [30].
In addition, motifs within the 3"UTR are responsible for genome circularization as well as
production of sfRNA, both of which are required for efficient replication [31, 32]. This may
have led to decreased maintenance of diversity observed in the two barcoded viruses with
3’UTR insertions. While RNA structure in the coding region can be important for function
[33-35], those sequences in the barcoded viruses in the CDS that disrupted this likely would
have been quickly removed. Since this was not an insertion, but rather substitutions at 8
nucleotide sites, it is less likely that RNA structure would have a comparable effect on the
maintenance of diversity of barcodes as might be expected in the highly structured UTRs. It
may be that although degenerate nts in the CDS are translationally “silent,” they could
influence virus fitness through codon- and codon-pair biases or translational selection, a
theory that suggests that highly expressed genes will favor codons that are more efficiently
translated in a given system. Our results on virus replication in various cell lines and
mosquitoes demonstrated that the barcoded viruses replicated to similar levels compared to
wild-type clone-derived virus and had similar transmission rates in Ae. aegypti mosquitoes,
suggesting that the impact of these alterations to the viral genome carried minimal fitness
cost. It’s possible that individual barcodes within a population have fitness advantages
through codon usage or other mechanisms and certain sequences could have been selected
for/against. This is supported by the fact that several barcodes were present at high
frequency in the virus stock and further increased in frequency during additional passage. If
individual barcode sequences have much higher fitness than others, this would be a major
drawback to this approach. This initial appearance of high frequency barcodes may have
been due to low transfection efficiency in Vero cells, which would result in a significant
bottleneck during virus recovery that would not be due to selection. Virus rescue in more
readily transfectable cells has validated this hypothesis and we are using this more complex
starting population for future studies. Distribution analyses suggested that selection for
individual barcodes was not particularly strong /n vitro or in vivo, as even after three
passages in Vero or C6/36 cells the composition of barcodes did not significantly change as
compared to the stock virus. This was further supported by results in mosquitoes, where two
of the three populations showed no difference in barcode composition in the midgut as
compared to the bloodmeal input, suggesting little selection during infection of this
preliminary tissue for specific barcodes. These observations allow us to conclude that ZIKV
possessing barcodes in the CDS are appropriate tools to measure virus population dynamics.

Using the most diverse barcoded ZIKV, we quantified bottlenecks in several different cell
lines /n vitroand in Ae. aegypti mosquitoes /in vivo. Our results demonstrated that passaging
in C6/36 cells places a weaker bottleneck on the virus population, especially when compared
to Aag2 cells and even compared to both Vero and LLC-MK2 cell lines. Similarly, virus
passaged on Vero cells maintained barcode diversity and distribution when compared to
LLC-MK2. The fact that different MOI were used for passaging in C6/36 and Vero (MOI
0.01) and LLC-MK2 and Aag2 (MOI 0.001) should temper the conclusions here. However,
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this was experimentally necessary due to low replication in the latter cell lines. It’s possible
that the lack of functional RNAI response in C6/36 and IFN response in Vero were
responsible for the observed phenotypes as compared to both Aag2 and LLC-MK2,
respectively, although further studies are required to confirm this. The reason for differences
in population size reduction between C6/36 and Vero are unclear but may be due to
differences in susceptibility to infection between the two cell lines [36], effectively making
the starting MOI higher for the invertebrate cells. ZIKV has been shown to induce an RNAI
response in mosquitoes and thus it is likely playing a role during infection of mosquito cells
as well [37]. Vero cells are also known to produce type Il interferon which likely plays a
role in reducing replication of ZIKV, thereby reducing barcode diversity [38]. Since we did
not specifically silence the RNAI or IFN system, we cannot definitively attribute this result
to the lack of functional RNAI or IFN response. Additionally, C6/36 and Aag2 cells are
known to harbor persistently infecting viruses [39, 40] and also flavivirus endogenous
elements [41], in addition to being derived from different species. Future work should
address the role of RNAi and IFN, along with endogenous viral elements in relation to
bottlenecks using barcoded ZIKV. It should be noted that all virus titrations were performed
on Vero cells and that these titers were used to calculate MOI. Therefore, initial infectivity
may have been increased for C6/36 as compared to other cell lines, making the effective
population size larger. This was confirmed by using Fst based estimations of population size.

We observed differences in population size after infection of different anatomical barriers in
different populations of Ae. aegypti mosquitoes by using both the Kolmogorov-Smirnov test
and Fst based estimations the measure population size. This appeared to be related to the
transmission rate (TR) of the mosquito population, as the population with the biggest
reduction in barcode complexity, significant difference in barcode distribution and smallest
NE between the bloodmeal and midgut also had the lowest TR. This suggested the midgut
barrier is a major determinant of vector competence in this population. As previously
observed with a marked population of VEEV, diversity progressively decreased as the virus
passed through anatomical barriers to transmission [13]. Previous work showed that WNV
haplotypes changed considerably in Culex mosquitoes as the virus moved from the midgut
to the saliva [11]. However, in Ae. aegypti mosquitoes, WNV haplotypes remained relatively
stable during the same progression. A similar trend was observed here, as the barcodes
present in the midgut of one mosquito rarely differed from the virus in the saliva. However,
in contrast to that study, we observed a sharp initial drop in virus diversity from the
bloodmeal to the midgut and then the legs in infected mosquitoes. This was presumably due
to a high amount of complexity (present in the barcoded region) in our starting virus stocks,
whereas the cloned virus used in the previous study had very little initial genetic diversity.
Thus, although we started with low overall population diversity on a whole genome level,
the barcode sequence provided a high level of starting complexity to assess bottlenecks. One
potential drawback of this approach is that it is difficult to measure virus diversification after
a bottleneck due to the massive loss of barcode complexity. Combined sequencing of the
barcode region along with the whole genome may allow for further analyses after a
bottleneck event occurs. The reason for the observed differences in bottleneck strength
between the different mosquito populations is unclear at present. However, many factors
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have been shown to impact vector competence; including RNAI [42], the microbiome [43],
vector genotype and virus genotype interactions [44], among others.

Many of the mosquitoes tested here had one barcode predominate in the legs, salivary glands
and saliva, indicating that a severe population bottleneck occurs as virus either infects or
disseminates from the midgut. This was confirmed using the KS test and measuring effective
population size. However, the virus that predominated in the saliva was not always the
highest frequency barcode in the midgut, reflecting the stochastic nature of virus population
dynamics, and the importance of genetic drift during mosquito transmission. Visual
inspection of the barcode sequences during spread throughout individual mosquitoes (Fig.
4D-F) illustrates this: the vast majority of mosquitoes in each population has a different
barcode that predominates in the saliva with significantly reduced total numbers of barcodes
and complexity. This result is entirely consistent with previous reports showing that
mosquitoes significantly constrain arbovirus evolution [11, 23, 45]. It is interesting to note
that the smallest Ng and tissue where the KS test was found significant always occurred at
either infection of the midgut or dissemination from this tissue. This strongly suggests that
in these mosquito populations, the predominant bottleneck occurs early in infection with
ZIKV. Another caveat with this approach is that changes in barcode frequencies could occur
by dilution of the stock virus, effectively resulting in a different population being used
during every experiment. By using a conservative approach to select ‘authentic’ barcodes we
mitigated this problem, as the top barcodes were the same in the undiluted stock as in the
diluted infection inocula or bloodmeal. Future studies with these viruses should always
account for the potential stochastics effects of using a highly diverse viral population.

In conclusion, barcoded ZIKV populations are a promising tool to use for experimental
evolution /n vitroand /n vivo. These viruses are currently being tested in monkeys and in
mice to track viral replication dynamics and bottlenecks in mammalian species. By
sequencing the stock virus in replicate for every experiment, it is possible to track the
barcode population from starting virus to final outcome, even with new virus stocks. In
addition, although the barcoded viruses described here had high complexity, the number of
barcodes present did not approach the theoretical limit. With 8 degenerate nucleotides, the
theoretical number of barcodes present in a “perfect” stock is ~65,000, considerably higher
than what we achieved here. By improving our rescue technique, we have now improved the
number of unique barcodes present in the stock virus to a level of almost perfect complexity,
which will be used in future studies in pregnant monkeys, mice and mosquitoes.

MATERIALS AND METHODS

Cells and mosquitoes

Vero (ATCC CCL-81) and LLC-MK2 (ATCC CCL-7) cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS) and 50 pg/mL
gentamicin at 37°C with 5% CO,. C6/36 cells (ATCC CRL-1660) were maintained in MEM
with 10% FBS and 50 ug/mL gentamicin at 28°C with 5% CO,. Aag?2 cells (obtained from
Dr. Aaron Brault) were maintained in Schneider’s insect medium with 10% FBS at 28°C.
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Aedes aegypti [L.] mosquitoes were collected from wild populations in different locations of
Mexico (Merida, Coatzacoalcos and Poza Rica) (Garcia-Luna et al., in submission). The
mosquitoes used in this study were between the F2 and F4 generation and were maintained
on citrated sheep blood and given 10% sucrose ad /ibitum. Following emergence, adults
were maintained under controlled conditions of temperature (28°C), humidity (70% RH),
and light (14:10 L:D diurnal cycle). Experiments involving infectious ZIKV in mosquitoes
were performed under BSL3 conditions.

Construction of Barcoded ZIKV

A total of four barcodes consisting of 8 or 9 degenerate nucleotides were constructed, 2
present in the coding sequence at consecutive wobble positions and 2 in the 3" untranslated
region (Figure 1A). Coding-sequence barcodes were selected by searching for consecutive
codons in which inserting a degenerate nucleotide in the third position would result in a
synonymous change. Barcoded ZIKV was constructed using BFC. First the genome of
ZIKV was amplified in two overlapping pieces from the two-part plasmid system previously
described [46]. The CMV promoter was amplified from pcDNA3.1 (Invitrogen). The
barcode region was then introduced in the form of an overlapping PCR-amplified oligo (for
the coding sequence) or gBlock (for the 3" UTR) (IDT, lowa, USA). Primers used in the
study are presented in Table 1. All PCR amplifications were performed with Q5 DNA
polymerase (NEB, MA, USA). The amplified pieces were then excised from a gel using
crystal violet for DNA visualization [47], thus avoiding the need for exposure to ultraviolet
light, and purified with a gel extraction kit (Macherey-Nagel). The purified overlapping
pieces were then assembled using Gibson assembly with the HiFi DNA assembly master
mix (NEB) and incubated at 50°C for four hours. The Gibson assembly reaction was then
digested with Exonuclease | to digest sSDNA, lambda exonuclease to remove non-circular
dsDNA, and Dpnl to remove any original bacteria derived plasmid DNA at 37°C for 30
minutes followed by heat inactivation at 80°C for 20 minutes. 2 pl of this reaction was then
used for rolling circle amplification (RCA) using the Qiagen repli-g mini kit (Qiagen). RCA
was performed as instructed except that 2M trehalose was used in place of water for the
reaction mix to reduce secondary amplification products [48]. Reactions were incubated at
30°C for 4 hours and then inactivated at 65°C for 3 minutes. Correct banding pattern was
confirmed by restriction digestion and sequence was confirmed by Sanger sequencing. A
schematic depicting the construction and rescue of the barcoded viruses can be seen in
Figure 1B.

Rescue of Infectious Clones

Following completion, the RCA reactions were digested with Nrul at 37°C for 1 hour in
order to linearize the product and remove the branched structure of the RCA reaction.
Generation of an authentic 3'UTR was assured due to the presence of the hepatitis-delta
ribozyme immediately following the viral genome. The digested RCA reaction was then
purified using a PCR purification kit (Macherey-Nagel) and eluted in molecular grade water.
Purified and digested RCAs were transfected into 80-90% confluent T75 flasks of Vero cells
using Xfect transfection reagent (Clontech) following the recommended protocol. Infectious
virus was harvested upon seeing 50-75% cytopathic effect (CPE), which was 6 days-post
transfection. Viral supernatant was then clarified and supplemented to a final concentration
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of 20% fetal bovine serum (FBS) and 10 mM HEPES before being frozen in single-use
aliquots. The titer was measured by plaque assay on Vero cells.

In vitro replication

Multi-step growth curves were performed on Vero, LLC-MK2, C6/36, and Aag?2 cells at an
MOI of 0.01. The day before infection, cells were seeded in 12-well plates. Following
infection, the virus was allowed to absorb for two hours, at which point virus inoculum was
removed, cells were washed with PBS and fresh culture media was added. To monitor
replication dynamics, a 100 pL supernatant was harvested and frozen for later titration every
day (including day 0) for a total of 6 days. Cells were then supplemented with 100 uL fresh
media at each time point. Viral titers were determined by plaque assay on Vero cells.

In vitro passaging experiments

Passaging experiments were performed on Vero, LLC-MK2, C6/36, and Aag2 cells in 12-
well plates. Passages on Vero and C6/36 cells were performed at a MOI of 0.01. Due to low
replication levels, passages were performed at a MOI of 0.001 in LLC-MK2 and Aag? cells.
Cell culture supernatant was harvested at day 3 post-infection for Vero and C6/36 and day 6
post-infection for LLC-MK2 and Aag2. Infectious virus was then quantified by plaque assay
on Vero cells and used to initiate another passage on the corresponding cell line. The
original inoculum of diluted virus stock and the passage 3 supernatant was used for NGS to
analyze barcode populations.

Vector competence studies

To assess bottlenecks in vivo, adult females from the 3 different populations were exposed to
an infectious bloodmeal containing 1.5e06 PFU/mL of either ZIKV wild-type clone virus or
barcoded virus. Following each infectious bloodmeal, back-titration was performed to
ensure that virus titers were comparable. The titers after back-titration were as follows; for
Coatzacoalcos and Merida, wild-type 3.87e06 PFU/mL and bcl 2.93e06 PFU/mL, for Poza
Rica, wild-type 2e06 PFU/mL and bcl 2.5e06 PFU/mL. On day 14, mosquitoes were
dissected for midguts, legs/wings, salivary glands and saliva in the same manner as we have
previously described [49]. Presence of virus was assessed in the saliva using both gRT-PCR
[50] and plaque assay. The bloodmeal containing diluted virus stock and mosquito tissues
were subsequently used for NGS to analyze barcode populations.

Library Prep and Data Analysis

RNA was extracted from all samples using the Mag-Bind Viral DNA/RNA 96 kit (Omega
Bio-Tek) on the KingFisher Flex Magnetic Particle Processor (Thermo Fisher Scientific).
RNA was eluted in 30 pl nuclease-free water. RNA was then reverse transcribed into cDNA
using Protoscript Il reverse transcriptase (NEB) random dodecamer primers (IDT) at 23°C
for ten minutes, 50°C for one hour and 85°C for 5 minutes. Regions around the barcode
were amplified using primers tagged with lllumina compatible adapters using the NEBNext
Ultra Il Q5 Master Mix (NEB) adapted for gPCR by adding 5 uM Syto 9 green fluorescent
nucleic acid stain (primers listed in supplementary table 2). Conditions used for the PCR
were as follows; initial denaturation at 98°C for 30 seconds, followed by an initial
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touchdown PCR for 14 cycles of 98°C for 10 seconds, 72-65°C (down 0.5 C/cycle) for 15
seconds and 72°C for 30 seconds. The PCR was continued for an additional 6-20 cycles at a
constant melting temperature of 65°C. Amplicons were then purified with AMPure XP
beads (Beckman-Coulter) at a 1.0x ratio. A second indexing PCR was performed using
homemade Illumina indexing primers (ordered from IDT) in the same manner as the first
PCR, for 10 cycles, followed by a bead purification. Libraries were then pooled by volume
and sequenced following manufacturer’s instructions on the Nextseq 500 (Illumina) via
paired-end sequencing (2x150bp).

Sequencing data was demultiplexed, and fastq files were trimmed of adapter and index
sequences. The paired-end reads were then merged using BBMerge, aligned to the ZIKV
genome using BBMap, trimmed to the barcode region using Reformat.sh, and barcode
sequences were counted and provided in fasta format using kmercountexact.sh. All of the
programs listed are a part of the BBTools suite of software (Brian Bushnell, sourceforge.net/
projects/bbmap/).

The number of “authentic’ barcodes was determined statistically by identifying the highest
frequency of the most common non-WT barcode present in any of the three replicates of the
wt ZIKV-1C stock. For ZIKV-bcl, this frequency was found to be 0.42% and was used as the
minimum threshold to consider a barcode in ZIKV-bc1 as ‘authentic.” Using this value, we
included 18 sequences in our list of authentic barcodes for ZIKV-bc1, and these were
followed throughout the study. The number of unique barcodes was defined as the number of
barcodes called at any frequency higher than the cutoff. The percent of unique barcodes is
defined as the number of unique barcodes divided by the total number of called barcode
sequences. Genetic complexity was calculated using Shannon’s index using the following
equation -

_Zi[% : l”gz(%)

Where nj is the frequency of each nucleotide at each barcode position and N is the total
number of barcode calls at that position. A perfectly complex viral population (a barcode
sequence with 25% of each nucleotide) would equal 2.

Measurement of effective population size

The effective population size (Ng) was measured in the same manner as previously described
by Monsion et al [26]. Briefly, Fst [51] is expressed as Fst = (Ht - Hg)/Ht where H is the

average gene diversity for all samples, assuming they form a single population and Hg is the
within population average gene diversity. The gene diversity was calculated with the formula

1- Zipl.z where pj is the frequency for each barcode. The frequency from all 18 barcodes
was used for all calculations. Since we could not conclusively determine that barcodes called
0 times in any given sample were truly negative or due to sampling, barcodes that were not
called in a given sample were assigned a value of the cutoff divided by 2 (0.21%). For our
application, Hy was the gene diversity of both the sample and input populations combined
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and Hg was the gene diversity for the individual group. Monsion et al. previously showed
that from this equation it is possible to calculate Ng with the following equation

N=(1- FST)/F’ST — FST

where F¢ and F’g; are from the input and sample populations, respectively.

Statistical analysis

Comparisons of virus titers in growth curves were performed using two-way ANOVA with
Tukey’s correction at each time point. One-way ANOVA with Tukey’s correction was used
for all other data sets. To compare barcode distributions, we used the Kolmogorov-Smirnov
test (KS test) which compares probability distributions. A p-value of < 0.05 was taken as an
indication that the two distributions were significantly different from one another.
Transmission rates were compared using a two-tailed Fisher’s exact test. GraphPad Prism
7.0 (La Jolla, CA) was used for all statistical tests, and significance was defined as p<0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Insertion of genetic barcodes into the ZIKV genome
A) Insertion site of degenerate nucleotide barcodes into the genome of ZIKV. Four barcode

viruses were constructed, two in the coding sequence and two in the 3"UTR. The coding
changes are a consecutive series of degenerate synonymous nucleotide changes at the third
codon position. B) Schematic of construction of barcode viruses using a bacteria-free
cloning (BFC) approach. This approach uses Gibson assembly and rolling circle
amplification in place of bacteria. Virus is then rescued by transfection in Vero cells.
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Figure 2.
ZIKV barcode viruses replicate similar to wild-type clone derived virus and have differences

in barcode diversity.

(A-D) The four barcode viruses have similar replication in two mammalian (Vero (A) and
LLC-MK2 (B)) and two insect-derived (C6/36 (C) and Aag2 (D)) cell lines. Cells were
infected at MOI 0.01. Titers were compared using a two-way ANOVA. E) The number of
unique barcodes present in each barcoded virus after transfection (passage 0) or one passage
at MOI 0.01 on Vero cells (n=3). Values were compared using a one-way ANOVA for each
passage. F) Average genetic complexity at the barcode positions for each barcoded virus.

n. n.
Calculated as - ¥, [ﬁ’ -log, (ﬁl)] Where n;is the frequency of each nucleotide at each

barcode position and N is the total number of barcode calls at that position. Values were
compared using a one-way ANOVA for each passage and between passages. **** p<0.0001.
G) Frequency of individual barcodes. Each color represents a unique barcode. More colors
indicate increased barcode diversity.
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>

Number of unique barcodes

MOI 0.01 MOI 0.001

Complexity (Shannon index)

MOI0.01 MOI 0.001

Barcode Frequency (%)

Figure 3. ZIKV barcode viruses undergo cell-type specific reduction in barcode diversity
The four barcode viruses were subjected to 3 three serial passages in two mammalian (Vero

and LLC-MK?2) and two insect-derived (C6/36 and Aag?2) cell lines. Passages were
performed at MOI 0.01 for Vero and C6/36 and 0.001 for LLC-MK2 and Aag2. A) The
number of unique barcodes present in each barcode virus iteration. Values were compared
statistically using a one-way ANOVA with Tukey’s multiple comparisons test, * p<0.05
**** n<0.0001 ns p>0.05 B) Average genetic complexity at the barcode positions measured

by Shannon’s index. Calculated as — Zi[% -log, (%)] Where n;is the frequency of each

nucleotide at each barcode position and N is the total number of barcode calls at that
position. Values were compared statistically using a one-way ANOVA with Tukey’s multiple
comparisons test, * p<0.05 ** p<0.01 ns p>0.05 C) Frequency of individual barcodes. Each
color represents a unique barcode. More bars indicate more barcode diversity. n=3 for all
treatments. The number following the group label on the x-axis refers to the biological
replicate.
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Figure 4.
Stochastic forces dominate the sequential reduction in barcode diversity during replication in

Aedes aegypti mosquitoes.

Mosquitoes were given infectious ZIKV bloodmeals and dissected for midguts, legs, salivary
glands and saliva 14 days later. A) Percent of mosquitoes with infectious virus in the saliva
14 days post-exposure. Comparison between wild-type clone derived ZIKV and barcode 1
virus. n=16-32 for each group. Statistical comparisons were made using a two-tailed
Fisher’s exact test. B) Average genetic complexity at the barcode positions measured by

Shannon’s index. Calculated as — Zi[% -log, (%)] Where n;is the frequency of each

nucleotide at each barcode position and N is the total number of barcode calls at that
position. This was measured in the three different mosquito populations across tissue type.
Statistical comparisons were made using a one-way ANOVA with Tukey’s correction for
multiple comparisons. C) The number of unique barcodes present in each barcode virus
iteration. Statistical comparisons were made using a one-way ANOVA with Tukey’s
correction for multiple comparisons. D—F) Frequency of individual barcodes from different
tissues from the three mosquito populations; Merida (D), Coatzacoalcos (E), and Poza Rica
(F). Each color represents a unique barcode. The light green portion at the top of each bar
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represents the remaining proportion of barcodes that were not considered “authentic”. More
bars indicate more barcode diversity. n=3 for all treatments.
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List of ‘authentic’

barcodes in ZIKV-bcl virus.

Table 1

Barcode Name

Barcode Sequence

Average Percentage in Stock+95% CI

BC_1
BC 2
BC 3
BC_4
BC 5
BC 6
BC_7
BC 8
BC 9
BC_10
BC 11
BC 12
BC 13
BC_ 14
BC_ 15
BC_16
BC_17
BC 18
BC_WT
other BC

Degenerate pattern

CTCGCAGCACTGACTCCTCTTGCG
CTGGCCGCGCTGACTCCTCTCGCT
CTCGCTGCCCTCACACCTCTTGCA
CTGGCTGCACTAACTCCGCTGGCG
CTTGCAGCTCTAACCCCCCTAGCA
CTCGCTGCTCTGACTCCTCTCGCC
CTGGCTGCACTGACTCCCCTAGCC
CTAGCCGCACTAACGCCGCTAGCC
CTCGCGGCACTAACGCCGCTGGCG
CTAGCCGCCCTAACCCCGCTAGCG
CTGGCCGCGCTGACGCCGCTGGCG
CTTGCGGCCCTGACTCCTCTAGCG
CTCGCGGCGCTTACGCCTCTTGCC
CTTGCAGCGCTGACGCCTCTAGCC
CTAGCCGCTCTGACTCCGCTAGCG
CTTGCCGCTCTAACGCCCCTTGCC
CTCGCTGCCCTCACGCCGCTCGCT
CTAGCTGCTCTAACACCTCTAGCT
CTGGCTGCTCTGACACCACTGGCC
n/a

CTNGCNGCNCTNACNCCNCTNGCN

16.18+0.19
10.19+0.22
10.21+0.25
5.42+0.04
4.16+0.05
3.88+0.07
3.62+0.1
3.79+0.02
2.47+0.07
2.21+0.2
2.01+0.06
1.48+0.1
0.77+0.09
0.77+0.02
0.8+0.04
0.64+0.01
0.55+0.01
0.43+0.05
0.08+0
30.33+0.55
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Results of the Kolmogorov-Smirnov test to compare distribution probabilities after three passages in different
cell lines as compared to unpassaged virus.

Cell Line  p-value (as compared to input)  Significant ?

Vero 0.0571
C6/36 0.9639
LLC-MK2 0.0002
Aag2 0.0002

No
No
Yes
Yes

Bold indicates distributions are significantly different.
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Table 4

Results of the Kolmogorov-Smirnov test to compare distribution probabilities between tissues compared
between three distinct mosquito populations.

p-value (as compared to previous tissue)

Mosquito Population  Midgut Legs Salivary Glands Saliva

Merida 0.27 0.0222 0.7658 0.7658
Coatzacoalcos 0.0077 0.1314 0.9999 >0.9999
Poza Rica 0.7658 0.0024 0.9999 0.9999

Bold indicates distributions are significantly different.
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The estimated number of Zika virus genomes that founded the population in different tissues as compared
between three distinct mosquito populations, estimated using Fst.

Ng (estimated pop. size founding infection in this tissue

Mosquito Population Midgut Legs Salivary Glands Saliva
Merida 169.94 2.96 8.84 23.46
Coatzacoalcos 5.23 59.6 33.17 51.17
Poza Rica 43.72 8.26 17.18 731.11
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