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Loss of West Nile virus genetic diversity
during mosquito infection due to
species-dependent population bottlenecks

Emily A. Fitzmeyer,1 Emily N. Gallichotte,1 James Weger-Lucarelli,2 Marylee L. Kapuscinski,1 Zaid Abdo,1

Kyra Pyron,1 Michael C. Young,1 and Gregory D. Ebel1,3,*

SUMMARY

Vector competence (VC) refers to the efficiency of pathogen transmission by vectors. Each step in the
infection of a mosquito vector constitutes a barrier to transmission that may impose bottlenecks on virus
populations.WestNile virus (WNV) ismaintained bymultiplemosquito specieswith varying VC. However,
the extent towhich bottlenecks and VC are linked is poorly understood. Similarly, quantitative analyses of
mosquito-imposed bottlenecks on virus populations are limited. We used molecularly barcoded WNV to
quantify tissue-associated population bottlenecks in three variably competent WNV vectors. Our results
confirm strong population bottlenecks during mosquito infection that are capable of dramatically reshap-
ing virus population structure in a non-selective manner. In addition, we found that mosquitoes with
differing VC uniquely shape WNV population structure: highly competent vectors are more likely to
contribute to the maintenance of rare viral genotypes. These findings have important implications for
arbovirus emergence and evolution.

INTRODUCTION

West Nile virus (WNV, Flaviridae: flavivirus), an arthropod-borne virus (arbovirus), is the leading cause of arboviral disease in the contiguous

United States.1 Since the introduction ofWNV to theWestern Hemisphere in 1999, it has spread rapidly and undergone dramatic population-

level genetic changes as it adapted to local transmission cycles.2–6 Due to error-prone replication, RNA viruses such as WNV exist as genet-

ically complex mutant swarms.7–10 This confers significant adaptive plasticity to these viruses as they encounter different selective environ-

ments within vertebrate and invertebrate hosts, enter and spread within new environments, and adapt to new environmental

conditions.4,5,8,11–13 Previous work demonstrated that mosquito infection dramatically shapes WNV populations via selective pressures

and single nucleotide polymorphism (SNP) accumulation in the viral genome, indicating that mosquito infection has a significant impact

on the evolution of WNV.4,5,10,14,15 However, stochastic processes such as genetic drift, that are not generally selective, also have a major

impact on RNA virus evolution within individual hosts.8,16,17

During infection of themosquito vector,WNV sequentially infects themosquitomidgut and salivary glands, and ultimately is released into

the saliva.8,13,18–21 Infection of and escape from the midgut and salivary glands constitute the main barriers to virus transmission within an

individual mosquito.8,15,22 These barriers also impose stochastic reductions on the richness and complexity of the virus population (i.e., bot-

tlenecks), which can negate changes that occur selectively by randomly selecting variants for onward transmission.8,15,19,20 Several studies

have clearly demonstrated that tissue-level bottlenecks play an important role in shaping virus population structure in mosquitoes.18–20 More-

over, it has been established thatmechanisms of evolution – such as bottlenecks – that alter the frequency of virus variants within themosquito

vector, are determinants of emergence.23

WNV is transmitted in nature bymosquito species of varying vector competence (VC) – the capacity to become infectedwith and transmit a

virus. VC clearly influences the rate of virus evolution during mosquito infection.15,24–26 While it is known that bottlenecks play an important

role in virus evolution, it remains unknown whether VC impacts these stochastic mechanisms of intrahost evolution.15,18,20,27 Additionally,

quantitative characterization of bottlenecks and their impact on virus populations within the mosquito are scarce.8,16 Therefore, we deter-

mined the impact of VC on the severity of tissue-associated bottlenecks in three variably competent vectors of WNV.

We utilized a highly diverse, molecularly barcoded WNV (bcWNV) to mimic an RNA virus mutant swarm, allowing us to determine the

extent to which bottlenecks and VC are related.28,29 Using bcWNV, we quantitatively measured population bottlenecks in threeWNV vectors

with varying VC; Culex tarsalis, Culex quinquefasciatus, and Aedes aegypti. Cx. tarsalis is the most competent WNV vector of the three
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species, followed by Cx. quinquefasciatus and Ae. aegypti.15,24 We examined alterations in virus population structure by measuring changes

to barcode diversity in midguts, salivary glands and expectorated saliva from each of these species. We quantified how bottlenecks associ-

ated with infection, dissemination, and transmission influence the overall diversity of a WNV swarm, which gave insight into the impact of VC

on the stringency of bottlenecks that occur during mosquito infection. In addition to providing a comprehensive and quantitative analysis of

WNV population dynamics in three relevant mosquito species, we determined the probability of infection and transmission for barcodes of

varying frequencies in the input population – demonstrating the effect initial proportion in the population has on successful virus transmission,

and highlighting the stochastic nature of bottlenecks and their influence on virus transmission potential.

RESULTS

Molecular characterization of barcode diversity

We utilized a virus barcoding method that has been employed previously with Zika virus.18,30 Barcoded-WNV contains degenerate nucleo-

tides at the third coding position of 11 consecutive codons in the NS4b region of the genome.28 These changes are synonymous and do not

alter the NS4b amino acid sequence (Figure 1A). We deep-sequenced the barcode region of our bcWNV stock and confirmed the barcodes

contained varied proportions of A, T, C and G only at the third nucleotide positions, with no alterations to the barcode region amino acid

sequence (Figure 1A). We then performed a bootstrap rarefaction to examine barcode richness as a function of read number (presented

as subsample size) and found that sample richness increased as subsample size increased, with no notable flattening of the curve for any sam-

ple volume (50ml, 100ml, 200ml) (Figure 1B). This demonstrated that our sampling volume of 50ml and target coverage of 1.2 million paired-end

reads per sample captured a subset of the most abundant barcodes, but not the full richness of the barcode population in each sample. We

then evaluated barcode abundance and diversity of the bcWNV stock (Figures 1C and 1D). When visualizing individual barcodes, dominant

barcodes (those comprising�10% of total barcodes) were consistently identified across all sample volumes, whereas low frequency barcodes

(those detected only once) were variably captured (Figure 1C). The percent of barcodes occurring at certain abundances was similar across

sample volumes, with barcodes occurring only once comprising�70% of the population, whereas those occurring 100+ times comprised only

Figure 1. Confirming the diversity of the molecular barcode

(A) The barcode, located in the NS4B region of the WNV genome, contains degenerate nucleotides inserted at every third codon position for 11 consecutive

codons. Degenerate nucleotides produce synonymous changes and do not alter the encoded amino acid. (created with weblogo.berkeley.edu) (B)

Rarefaction analysis of sequenced bcWNV stock samples estimates barcode richness as a function of sequencing depth. RNA was extracted from 50, 100,

and 200ul of virus, deep sequenced and (C) barcode frequencies were determined from abundance values and ranked from most to least frequent across

three stock samples and a merged population containing unique barcodes from all three stock populations (D) and number and frequency of detected

barcodes was determined.
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�0.2% (Figure 1D). To maximize the richness of our input population for downstream analyses, we merged the three stock samples by bar-

code (Figures 1C and 1D) and, for barcodes that overlapped between samples, retained the highest detected abundances. Thismerged input

population was used as our input reference for all proceeding analyses.

Barcoded WNV replication in cells and mosquitoes

To determine whether introduction of the barcode affects virus replication, we infected mammalian (Vero) and mosquito (CT, Cx. tarsalis

derived) cells with bcWNV and the parental recombinant wild type WNV (rWT-WNV) at two multiplicities of infection (MOI) and measured

extracellular viral RNA (vRNA) (Figure 2A). vRNA levels were not significantly different between the barcoded and WT viruses at both

MOIs, in both cell types, on all days post-infection (Figure 2A). We next exposed Cx. tarsalis, Cx. quinquefasciatus, and Ae. aegypti to an in-

fectious bloodmeal containing bcWNV, collectedmidguts, salivary glands, and saliva onmultiple days post-infection andmeasured vRNA. All

Figure 2. Barcoded WNV efficiently infects, and replicates in cells and mosquitoes

(A) bcWNV (red) replication was evaluated relative to rWT-WNV (black) at MOIs of 0.1 (dashed line) and 1.0 (solid line) in mammalian (Vero) and insect cells (CT,

Culex tarsalis-derived embryonic cell line) (n = 3, error bars denote mean G SD). vRNA copies = WNV envelope copies per reaction. Cx. tarsalis (orange) and

quinquefasciatus (blue), and Ae. aegypti (green) mosquitoes were infected with bcWNV. At the indicated days, saliva, salivary glands and midguts were

collected from each species.

(B) Infection rates of midguts, salivary glands, and saliva were determined for all species at all timepoints.

(C) Levels of viral RNA were measured via qRT-PCR (n = 35–40), solid lines denote mean. vRNA copies = WNV envelope copies per sample. Within each time

point, statistical significance between mosquito species was determined by two-way ANOVA with Tukey’s multiple comparisons test, * = p < 0.05, ** =

p < 0.005, *** = p < 0.0005, **** = p < 0.0001. Only significant relationships are shown.
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species became infected with bcWNV. However, midgut infection, dissemination (as measured by infection of salivary glands), and transmis-

sion (shedding into the saliva) rates were variable across species (Figure 2B; Table S1). At 8 days post-infection,Cx. tarsalis consistently had the

highest infection rates of salivary glands, and saliva, followed by Ae. aegypti and Cx. quinquefasciatus (Figure 2B). By 12 days post-infection

Cx. quinquefasciatus salivary gland infection rates overtook Ae. aegypti, however, Ae. aegypti maintained slightly higher transmission rates

(Figure 2B). We examined vRNA levels in all samples and found that, on average, Cx. tarsalis attained the highest peak vRNA levels in the

midgut and salivary glands (Figure 2C). While vRNA peak days and levels varied by species, lower competence vectors (Cx. quinquefasciatus

and Ae. aegypti), despite having lower transmission rates (Figure 2B), did not have significantly lower levels of vRNA in the saliva compared to

the higher competence species (Cx. tarsalis) (Figure 2C).

Mosquito bottlenecks reduce richness and diversity of bcWNV populations

We next examined differences in barcode richness (number of unique barcodes) and complexity (Shannon’s index) within 10 individual

mosquitoes per species at 4, 8, and 12 days post-infection using next-generation sequencing (Figures 3A–3C and S1). At 8 days post-infection,

bcWNV population richness and complexity decreased significantly between the midgut and salivary glands (p < 0.005), and midgut and

saliva (p < 0.001) in Cx. tarsalis (highest VC) (Figure 3A). A decrease in richness and complexity was seen between the midgut and salivary

glands, (p = 0.002) andmidgut and saliva (p < 0.05) inCx. quinquefasciatus (Figure 3B). InAe. aegypti the only significant decreases in richness

and complexity were between themidgut and saliva (p = 0.02, p = 0.01) (Figure 3C). No significant reductions in richness nor complexity were

observed between the salivary glands and saliva for any species (Figures 3A–3C). We observed similar trends at day 12 post-infection, and no

significant reductions in population diversity in any species at day 4 post-infection (Figure S1).

We then examined what percent of population richness is retained after each bottleneck at all timepoints combined (Figure 3D). Culex

species retained significantly more population richness (unique barcodes) between the input and midgut populations than Ae. aegypti

(p < 0.0001), with Cx. tarsalis and Cx. quinquefasciatus retaining 10.0% and 4.4% respectively, compared to only 0.8% in Ae. aegypti (Fig-

ure 3D). Ae. aegypti retained significantly more population richness between the midgut and salivary gland populations than both Culex

species (p < 0.005), and between the salivary gland and saliva populations than Cx. quinquefasciatus (p = 0.03) (Figure 3D). Cx. tarsalis

sustained the greatest loss of richness between the midgut and salivary glands (97.5%), while Cx. quinquefasciatus and Ae. aegypti sus-

tained the greatest loss of richness between the input andmidgut populations (95.6% and 99.2% respectively). To further examine barcode

dynamics and to ensure differences in richness/complexity were not an artifact of total barcodes detected, we compared vRNA, total barc-

odes and unique barcodes for all samples from each species (Figures 3E and 3F). We saw a significant, positive linear correlation between

vRNA and total barcodes in all samples from all species, demonstrating that vRNA and total barcodes are analogous (Figure 3E). However,

while we observed a significant, positive linear correlation between unique and total barcodes in all Cx. tarsalis and Cx. quinquefasciatus

samples, (r > 0.7, p < 0.0001) there was no significant linear correlation between unique and total barcodes inAe. aegypti samples (r = 0.13,

p = 0.32) (Figure 3F).

Visual representation of barcode population dynamics

Visual inspection of barcode population dynamics in individual mosquitoes that expectorated detectable barcodes reinforced our quantita-

tive findings in Figure 3. We saw decreases in barcode population complexity at days 4, 8, and 12 post-infection in individual mosquitoes for

each species (Figure S2), with two representative plots for each species shown (Figure 4A). Midgut infection results in mosquito species-in-

dependent population bottlenecks - barcode populations in the midgut are always less complex than the input population (Figure 4A).

Following this initial bottleneck, the barcode population is rapidly reduced to a small subset of midgut barcodes as the population infects

the salivary glands, and sheds into the saliva (Figure 4A). Importantly, high barcode abundance in the input or midgut does not guarantee

progression to the salivary glands and saliva (Figure 4A).

Certain barcodes in our bcWNV stock were present at higher frequency than most, permitting examination of the relationship between

starting population frequency and the likelihood of detection in various mosquito tissues and secretions. We visually compared all midguts to

the input barcode population by ranking midgut barcodes by input abundance. In both Culex species, barcodes that are present at high fre-

quencies in the input (i.e., the red barcode found at the top of the input column) are consistently maintained in midgut infection, and often

become a highly abundant barcode in the midgut population (Figure 4B). The low complexity of barcode populations in Ae. aegyptimidguts

(consistent with Figure 4A) precludes inference from this visual comparison, as midgut populations in this species frequently comprise fewer

than 10 unique barcodes (Figure 4B).

Figure 3. Quantifying the impact of intrahost bottlenecks on population richness and complexity

(A–C) 8-day post-infection bcWNV population richness and complexity inmidgut, salivary gland, and saliva samples fromCx. tarsalis (A),Cx. quinquefasciatus (B),

and Ae. aegypti (C) mosquitoes. Lines connecting points indicate that samples were collected from the same mosquito. Diversity indices were generated by

applying the Shannon function from the QSutils package in R to barcode abundance vectors. Dashed line represents 0.

(D) Percent of preceding unique barcode population retained after each bottleneck in each species (all timepoints included). Solid lines denote mean. (A-D)

Statistical significance determined using Kruskal-Wallis with Dunn’s multiple comparisons test, * = p < 0.05, ** = p < 0.005, *** = p < 0.0005, **** =

p < 0.0001. Only significant comparisons shown.

(E) Pearson’s correlation between vRNA and total barcodes, and (F) unique and total barcodes in all samples from each species. Pearson’s r values and

significance values are displayed on plots.
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Differences in diversity of populations establishing infection in the midgut across species

We next compared richness and complexity of bcWNV populations across species to determine whether VC impacts bottleneck stringency.

Midgut richness in Cx. tarsalis was significantly higher than Cx. quinquefasciatus at 8 days post-infection (p < 0.05), and significantly higher

than Ae. aegypti at all timepoints (p < 0.002) (Figure 5A). Cx. quinquefasciatus midgut richness was significantly higher than Ae. aegypti

midgut richness at days 4 and 8 post-infection (p < 0.05) (Figure 5A). Population complexity in Culex midguts was significantly higher than

Ae. aegypti midguts at all time points (p < 0.05) (Figure 5B). The only significant difference in salivary gland population complexity was

observed between Cx. tarsalis and Ae. aegypti at 12 days post-infection (p < 0.05) (Figure 5B). No significant differences in saliva population

diversity were observed between species. To ensure that variability in sequencing coverage did not impact barcode abundance measure-

ments, a subset of sample files were down-sampled to 750,000 reads.We replicated these analyses and findings on these down-sampled files

(data not shown); confirming that coverage variability did not impact our results.

Barcode dominance in the input does not guarantee transmission

Having determined that input frequency of a barcode influences barcode maintenance in the midgut of Culex species, we examined input

frequency’s impact on barcode transmission (i.e., detection in the saliva). We plotted the input frequency of every barcode detected in all

saliva samples, with the frequencies of the most (upper dashed line, 0.062) and least (lower dashed line, 0.000039) frequent barcodes in

the input (Figure 6A). Transmissible barcodes had a large range of input frequencies, including one at the lowest input frequency, and we

saw no significant differences in the starting frequency of transmissible barcodes between species (Figure 6A). Next, for all transmissible barc-

odes, we assessed the relationship between proportion in the input population and proportion of successful transmission events (number of

saliva samples that contained a barcode/total positive saliva samples).19 There was a significant positive relationship between input propor-

tion and proportion of successful transmission in both Cx. tarsalis and Cx. quinquefasciatus (r = 0.62, p < 0.0001 and r = 0.52, p = 0.0002

respectively) (Figure 6B), however, no significant relationship was observed in Ae. aegypti (r = 0.37, p > 0.05) (Figure 6B).

Barcode infection and transmission probability is predominantly influenced by frequency in the input

We next wanted to quantify the likelihood of barcode infection and transmission based on frequency in the input. We calculated the prob-

ability a barcode would survive from the input to midgut, midgut to salivary glands, and salivary glands to saliva, based on that barcode’s

abundance in the preceding population and the size of the proceeding population.

We found that barcodes of higher abundance in the input population consistently had greater probabilities of infecting the midgut and

salivary glands, and eventually entering the saliva (transmission) (Figures 6C–6E; Table 1). Barcodes of all frequencies had a significantly higher

probability of infecting the midgut in Cx. tarsalis (p < 0.0001), followed by Ae. aegypti, with the exception of the most abundant barcode

quantile (p < 0.0001) (Figure 6C; Table 1). Cx. quinquefaciatus had the lowest midgut infection probabilities for all barcodes present at fre-

quencies %0.0021 (%99 barcodes in input). Barcodes present at frequencies >0.00063 (>30) in the input did not have significantly different

probabilities of infecting the salivary glands of one Culex species over the other. However, barcodes present at frequencies%0.00018 (%9)

were significantly more likely to establish infection in Cx. tarsalis salivary glands (p < 0.0001) (Figure 6D). The probability of infecting Ae. ae-

gypti salivary glands was significantly lower than both Culex species for all barcode frequencies, apart from barcodes with an abundance of 1

(p < 0.003) (Figure 6D). Transmission probabilities were comparable betweenCulex species for barcodes at frequenciesR0.00021 (R99), but

barcodes at frequencies of 0.00018–0.000083 and 0.00002 (9-4, and 1) had a greater probability of transmission in Cx. tarsalis (p % 0.0004)

(Figure 6E; Table 1). Cx. tarsalis consistently had significantly higher transmission probabilities than Ae. aegypti for barcodes present at

%0.0021 (%99) (p < 0.009) (Figure 6E; Table 1). Barcodes at frequencies of%0.00018 (%9) had the lowest transmission probability inCx. quin-

quefaciatus (Figure 6E; Table 1). The highest observed probability of transmission for barcodes of the lowest frequency was 1.8x10�6 in Cx.

tarsalis – significantly higher thanCx. quinquefaciatus andAe. aegypti (p < 0.0001). (Figure 6E; Table 1). This is consistent with our finding that

Cx. tarsalis was the only species to expectorate a barcode of the lowest frequency (Figure 6A).

DISCUSSION

In nature, both selective and stochastic processes control virus population structure.8,15–17,31 Arboviruses, including WNV, experience

extreme population bottlenecks as they cycle between mosquito and avian hosts.14,16 The degree of WNV virus diversification, the strength

of purifying and positive selection, and the ‘tightness’ of population bottlenecks is host dependent.8,15,32 However, precise quantification of

the degree to which different vectors impose bottlenecks on virus populations remains elusive.16,20 Additionally, the degree to which pop-

ulation bottleneck size is dependent onmosquito VC has not been quantified using high resolutionmolecular tools. This is a significant short-

coming in the field considering the rapid globalization of arboviruses in recent decades, and the frequency with which they encounter new

Figure 4. Visualizing barcode dynamics across bottlenecks

(A) bcWNV barcode dynamics during mosquito infection in individual Cx. tarsalis, Cx. quinquefasciatus, and Ae. aegypti mosquitoes at days 8 and 12 post-

infection. Barcodes were ranked from most to least frequent by each midgut sample. Color represents barcode rank and is not consistent across graphs.

MG = midgut, SG = salivary glands, SL = saliva.

(B) bcWNV barcode maintenance in all midgut samples containing detectable barcodes, at each timepoint post-bloodfeed in Cx. tarsalis, Cx. quinquefasciatus,

and Ae. aegypti mosquitoes. Barcodes were ranked from most to least frequent by the input population. Color represents both barcode rank and barcode

sequence and is consistent within and across graphs.
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vectors of varying VC in different environments.12,32–35 Therefore, we sought to determine how tissue-associated bottlenecks, and their

impact on virus population dynamics, varied between three WNV vectors of varying competence. The selected species represent high

competence (Cx. tarsalis) moderate competence (Cx. quinquefasciatus) and low competence (Ae. aegypti) vectors of WNV.15,24,36,37 Cx. tar-

salis and Cx. quinquefasciatus are known enzootic vectors of WNV that, in addition to being competent vectors, have high vectorial capacity

for WNV due to their propensity to feed on birds, with mammal feeding occurring in a context-dependent manner.26,36–38 Ae. aegypti have

low vectorial capacity for WNV due to their preference for feeding on humans and other mammals.39,40 However, despite being somewhat

refractory to infection, Ae. aegypti are capable of transmitting WNV – making them an ideal model for bottlenecks in a low competence vec-

tor.24 This, in conjunction with WNV’s historical propensity to rapidly adapt to new ecological niches, makes Ae. aegypti:WNV a vector:virus

pairing of great interest.3,6

We used a previously described barcodedWest Nile virus (bcWNV) whichmimics a genetically diversemutant swarm, allowing us to quan-

tify the impact of mosquito bottlenecks on viral populations and measure stochastic genetic restriction of the swarm.18,28,29 Sequencing our

bcWNV stock confirmed a high degree of barcode genetic diversity and preservation of the native amino acid sequence. Importantly, we used

unique molecular identifiers (UMIs) in our cDNA primers to uniquely tag RNA molecules and ensure that barcode abundance calculations

were free of sequencing errors and amplification bias (Figure S3).41,42 Characterization of bcWNV revealed that bcWNV replicates comparably

to unbarcoded WNV in vitro and was infectious to, and transmissible by, the mosquitoes in our study. Notably, results from VC studies con-

ducted herein with bcWNV are extremely similar to those in a prior publication using unbarcodedWNV.15 These data indicate that bcWNV is

highly genetically diverse and phenotypically comparable to wild-type WNV and therefore a suitable tool for our studies. Because the intro-

duction of the barcode is coding-neutral and maintains similar fitness between each uniquely barcoded virus, the individual fitness of each

barcode in our ‘input’ WNV population (i.e., that has been successfully produced and propagated) is likely approximately equal.19,20,28,29

However, RNA secondary structure and codon usage can impact the fitness of RNA viruses and result in alterations to the fitness of any given

barcode.43–45 In nature, fitness would likely play a role in every step ofmosquito infection and transmission.8,13 However, intrahost bottlenecks

withinmosquitoesmake survival andmaintenance of any variant challenging for even themost fit viruses in a population.13,16 Removing fitness

as a variable by using a swarm of comparably fit barcoded viruses, allowed us to specifically quantify the impact of stochastic pressures on a

virus population within mosquitoes.

We hypothesized based on prior literature that the diversity of barcode populations would decrease during stages of systemic mosquito

infection (i.e., from input to midgut, midgut to salivary glands, etc.).7,8,15,18–21 We also reasoned that bottleneck size would decrease with

decreasing VC (e.g., high diversity in highly competentCx. tarsalis and lower diversity in less competentAe. aegypti).24,26We observed overall

decreases in barcode diversity between the midgut and saliva populations in all species – confirming the occurrence of bottlenecks, consis-

tent with previous studies of bottlenecks in mosquitoes, in all species of interest.18–20 However, Ae. aegypti was the only species in which we

Figure 5. Bottleneck severity, post-midgut infection, does not vary between vectors of differing competence

(A and B) Comparing bcWNV population richness (A) and complexity (B) in midgut, salivary gland, and saliva samples across Cx. tarsalis (orange), Cx.

quinquefasciatus (blue), and Ae. aegypti (green) mosquitoes at days 4, 8, and 12 post-infection. Dashed line represents 0 and was added for easier

visualization of low complexity values. Within each mosquito sample type, statistical significance between mosquito species was tested using Kruskal-Wallis

with Dunn’s multiple comparisons test, * = p < 0.05, ** = p < 0.005, *** = p < 0.0005, **** = p < 0.0001. Solid lines denote mean. Only significant

comparisons shown.
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Figure 6. The impact of barcode input frequency on infection and transmission probability

All points correspond to unique barcodes not mosquitoes.

(A) The input frequency of all barcodes detected in all saliva samples from each species were plotted and compared by Kruskal-Wallis with Dunn’s multiple

comparisons test. Dashed lines represent the highest and lowest barcode frequencies in the input. Solid lines denote median.

(B) Relationship between barcode proportion in the input and proportion of successful transmission events (number of saliva samples that contained the

barcode/total positive saliva samples) for all species was determined using Pearson’s correlation – Pearson’s r values and significance values are displayed

on plots, with splines added for visualization.
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did not observe significant decreases in barcode diversity between themidgut and salivary glands due to the extremely low barcode diversity

found in Ae. aegyptimidguts. We found that the complexity of barcode populations infecting the mosquito midgut were significantly higher

in Culex species than Ae. aegypti on all sampled days post infection. We also saw, on average, 13-fold and 5-fold higher barcode richness in

Cx. tarsalis and Cx. quinquefasciatus midguts compared to Ae. aegypti. In contrast, we observed minimal differences in barcode diversity

between salivary gland and saliva populations across different mosquito species with different VC. It seems likely that this is due to the severe

initial reduction of genetic diversity imposed on the bcWNV population during midgut escape.20,22 This indicates that bottlenecks occurring

downstream of midgut infection negate differences in diversity observed in the midguts of these mosquitoes, as all species end up expec-

torating comparably diverse virus populations. Moreover, these data support the observation that maintenance of WNV genetic diversity

upon mosquito infection is associated with the degree of VC – with a larger proportion of standing viral genetic variation from the input pop-

ulation present in the midguts of our more competent vectors. This founding population is then subject to additional, non-species depen-

dent, bottlenecks during systemic infection of the mosquito.

Reduction of input population richness upon midgut infection varied by species with Ae. aegypti sustaining the greatest reduction, fol-

lowed by Cx. quinquefasciatus and Cx. tarsalis, further demonstrating the stringency of the midgut infection barrier in Ae. aegypti. Previous

work with barcoded Zika virus (bcZIKV) – a virus for which Ae. aegypti is a highly competent vector – saw no significant decrease in bcZIKV

population diversity between the input population and midgut.18 This further supports that Ae. aegypti’s low competence as a WNV vector

impacts the diversity of the barcode population establishing infection in the midgut. Interestingly, we noted themost dramatic loss of unique

barcodes between the midgut and salivary glands of Cx. tarsalis, our most highly competent vector. It has been previously shown that when

the midgut is readily infected, as in Cx. tarsalis, a severe bottleneck occurs during midgut escape, which supports this finding.8,20,22 The most

severe reduction in barcode richness between the salivary glands and saliva was seen in Cx. quinquefasciatus, which aligns with our findings

thatCx. quinquefasciatusproduced the fewest transmission positive saliva samples out of the three species (Figure 2B) and that low frequency

barcodes have the lowest probability of transmission in Cx. quinquefasciatus (Figure 6E). Further, this finding aligns with a study of WNV VC

that noted high midgut infection rates and low dissemination and transmission rates in Cx. quinquefasciatus.36

The cause of the significant differences in midgut population diversity between Culex and Ae. aegypti remain to be determined. Ae. ae-

gyptiwas the only species in which no significant linear relationship existed between total and unique barcodes – indicating an overall dearth

of barcode population diversity in that species. Interestingly, despite the low barcode diversity in Ae. aegypti, all Ae. aegypti samples con-

tained more total barcodes than Cx. quinquefasciatus, and Ae. aegypti salivary glands contained more total barcodes than Cx. tarsalis. The

lack of linear relationship between total and unique barcodes, in conjunction with the high number of total barcodes identified in Ae. aegypti

tissues, demonstrates that low diversity inAe. aegyptimidguts is not due to poor virus replication. This is further supported by our finding that

Ae. aegypti and Cx. quinquefaciatus achieved comparable peak vRNA levels in the midgut.

Successfulmidgut infection hinges upon a virus entering and replicating inmidgut cells.22,26,46 Thus, the strong bottleneck/genetic restriction

inAedesmidguts compared toCulex could be due to a smaller subset ofmidgut cells that are susceptible to infection. Further, genetic bases for

infection and escape barriers have been identified and shown to have significant influence on the success of vector-virus pairings.21,22,26 It is

possible that the Ae. aegypti – WNV pairing is impacted by unknown cellular, and genetic factors.26,47 Single-cell analyses of mosquito midguts

at early timepoints post-infection could identify differences in cell population involvement in, and genetic response to, midgut infection. This

wouldelucidate theestablishmentofpopulationdiversitybetweendifferent species, andprovidekey insight into thephysiologyof infectionwithin

arbovirus vectors. Additionally, themosquitomicrobiome is known tohaveaprofound impactonbothVCand vectorial capacity.26,48 Recentwork

has demonstrated that pre-activation of mosquito innate immune system by the microbiome can promote antiviral defense.49,50 This innate im-

mune activity can, in turn, impede virus transmission.49 While our understanding of mosquito microbiome interactions with pathogens remains

limited for most mosquito:virus pairings, the microbiomes of Culex species and Ae. aegypti are known to differ.48,51,52

An important remaining question concerns the likelihood of transmission ofminority population variants given the bottlenecks that occur in

mosquitoes. In other words: at what population frequencies does transmission of aWNV variant becomeeither very likely or very unlikely? Pre-

vious work demonstrated thatmosquitoes expectorate a unique virus population each time they feed, and that conditions that impact the fre-

quency of virus variants within themosquito vector are causal factors of emergence.23 This knowledge, combinedwith the stringent reductions

in barcodepopulationdiversity thatweobserved uponescape into the saliva, suggests that bottlenecksplay a role in the transmissionof rare or

unique variants regardless of their fitness.

We found a significant relationship between barcode frequency and proportion of successful transmission events inCulexmosquitoes, the

most significant WNV vectors included in this study. However, despite the relationship between starting frequency and successful transmis-

sion, higher barcode frequency (�3%) in the input does not guarantee transmission, as we only identified ourmost frequent input barcode in 7

saliva samples. This is consistent with studies of bcZIKV in Ae. aegypti, that demonstrated that the highest frequency barcode in the input

population was not consistently the highest frequency in the saliva.18 We found that infection and transmission probability decreased with

barcode input frequency in all species – this aligns with previous work demonstrating that in a stochastic system, the main variable that

Figure 6. Continued

(C) Midgut infection probabilities for Cx. tarsalis (orange), Cx. quinquefasciatus (blue), and Ae. aegypti (green) by abundance in the input population.

(D) Salivary gland infection probabilities for Cx. tarsalis (orange), Cx. quinquefasciatus (blue), and Ae. aegypti (green) by abundance in the input population.

(E) Transmission probabilities for Cx. tarsalis (orange), Cx. quinquefasciatus (blue), and Ae. aegypti (green) by abundance in the input population. All error bars

denote GSEM. Significance between mosquito species for infection/transmission probabilities was determined using Kruskal-Wallis with Dunn’s multiple

comparisons test. * = p < 0.05, ** = p < 0.005, *** = p < 0.0005, **** = p < 0.0001. Only significant comparisons shown.
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influences viral dominance and/or maintenance throughout infection is frequency in the input population.17,19 However, we observed that,

while rare, barcodes of the lowest frequency can escape into the saliva, and noted that rare barcodes (i.e., low frequency barcodes – present

in the input population at frequencies from 2.1e�5 – 6.3e�5) had a non-zero chance of midgut and salivary gland infection and transmission in

all species. This finding is supported by work characterizingWNVpopulation dynamics inCx. pipiens, which demonstrated that all variants in a

starting population had a chance of surviving intrahost bottlenecks.19 Further, this finding highlights the stochasticity of mosquito transmis-

sion, as previous studies have demonstrated that stochastic transmission is marked by a non-zero chance of transmission for all viruses in a

population.18,53 Interestingly, low frequency barcodes had a significantly higher chance of establishing infection in, and being transmitted by,

Cx. tarsalis when compared to our lower competence vectors. This indicates that the most competent vector is the most likely to become

infected with and promote the transmission of rare variants in a virus population. Given that the virus population that is being expectorated

by amosquito can ultimately establish infection in a new host, these findings suggest that mosquito infection, particularly in highly competent

vectors, serves as an opportunity for rare virus variants to be transmitted and establish infection in a new host, which has important implica-

tions for WNV evolution and emergence.7,23 Moreover, bottlenecks and transmission of novel, low-frequency virus variants that go on to

establish infection in new hosts, alter virus population structure in a non-selective manner.

The ongoing globalization of arboviruses has guaranteed that they will continue to encounter new vectors of varying VC.35 Additionally, it

is likely that as viruses adapt to their local ecology and vectors, the interactions between virus and mosquito species (e.g., VC, bottleneck

stringency, etc.) may be altered as well. The work presented here demonstrates that VC is linked to the stringency of intrahost population

bottlenecks and that this in turn influences the maintenance of WNV population diversity upon midgut infection. Ultimately the virus that

is relevant in nature is the one that gets transmitted; while VC does not appear to impact the diversity of transmissible virus populations, infec-

tion of a highly competent mosquito vector can promote the transmission of new or rare virus variants.

Limitations of the study

The severity and variability of the midgut infection and escape barriers across species makes it difficult to compare salivary gland associated

bottlenecks across species. The salivary glands are critical sites of virus infection and replication as they are the compartment directly preced-

ing virus transmission.21,22 Previous work has demonstrated the impact replication in the salivary glands has on WNV population diversifica-

tion and the subsequent diversity of the transmissible population.15,16,23 Future work in this area could better examine salivary gland bottle-

necks by infecting mosquitoes via intrathoracic injection and bypassing the midgut infection and escape barriers; an approach used

previously in a study characterizing the impact of intrahost bottlenecks on Venezuelan equine encephalitis virus in its primary vector.20

This approach was not undertaken as part of this work because our focus was on biological transmission mechanisms, and as such we opted

to mimic natural infection as closely as possible. Additionally, limitations associated with laboratory colony-derived mosquitoes may impact

VC.54 Future studies with outbred or field-collected mosquitoes could be warranted to confirm the phenotype.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

Table 1. Barcode infection and transmission probabilities by input frequency

Barcode

abundance

in input: 100+ 99–31 30–10 9–4 3–2 1

Mean frequency: 0.00558 0.00105 0.00032 0.00011 0.00005 0.00002

Frequency range: 0.033–0.0021 0.0021–0.00065 0.00063–0.00021 0.00018–8.34E-05 6.26E-05–4.17E-05 2.09E-05

n total: 3747 3527 3468 3379 3639 30188

n unique: 14 70 224 613 1590 30188

Midgut Infection

Probability

Cx. tarsalis 0.9685 0.9187 0.7786 0.5273 0.2978 0.1498

Cx. quinquefasciatus 0.8719 0.7375 0.5212 0.2891 0.1441 0.0681

Ae. aegypti 0.8627 0.8085 0.6199 0.3658 0.1900 0.0917

Salivary Gland

Infection

Probability

Cx. tarsalis 0.4273 0.1979 0.0851 0.0228 0.0057 0.0015

Cx. quinquefasciatus 0.3967 0.2177 0.0895 0.0216 0.0037 0.0005

Ae. aegypti 0.1018 0.0342 0.0146 0.0027 0.0008 0.0005

Transmission

Probability

Cx. tarsalis 0.0836 0.0218 0.0031 0.0006 2.59693E-05 1.83174E-06

Cx. quinquefasciatus 0.0823 0.0261 0.0037 2.56627E-05 2.45158E-06 6.62569E-09

Ae. aegypti 0.0153 0.0040 0.0009 3.97347E-05 9.61687E-06 4.89198E-08
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Gregory Ebel

(gregory.ebel@colostate.edu).

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

barcoded West Nile virus (bcWNV),

lineage I, strain 3356

Colorado State University,

Microbiology department

N/A

Deposited data

Sequencing files (.fastq) Mendeley Data:

https://doi.org/10.17632/88xx6596wz.1

https://doi.org/10.17632/s7kthpysb7.1

https://doi.org/10.17632/556zktntym.1.

N/A

Experimental models: Cell lines

Vero cells ATCC CVCL_0059

CT (Culex tarsalis derived) cells Aaron Brault, Centers for Disease

Control and Prevention

CVCL_0F44

Experimental models: Organisms/strains

Culex tarsalis mosquitoes USA, CA N/A

Culex quinquefasciatus mosquitoes USA, FL N/A

Aedes aegypti mosquitoes Mexico, Poza Rica N/A

Oligonucleotides

WNV_ENV_F70 - TCAGCGATCTCTCCACCAAAG IDT N/A

WNV_ENV_R70 - GGGTCAGCACGTTTGTCATTG IDT N/A

WNENV-prob - FAM/TGCCCGACC/

ZEN/ATGGGAGAAGCTC/3|ABkFQ/

IDT N/A

ID_cDNAWNV_7374_Rev - GTCTCGTGGGCTCG

GAGATGTGTATAAGAGACAGNNNNNNNNN

cagtGCCATCCACTACAGCGTTCT

IDT N/A

5’_ID_Primer_Rev - GTCTCGTGGGCTCGGA

GATGTGTAT

IDT N/A

5’_ID_WNV_7171_For - TCGTCGGCAGCGTCA

GATGTGTATAAGAGACAGNNNNTTCCCCTT

CGTCGATGTTGG

IDT N/A

2ND round FP (N5XX) - AATGATACGGCGAC

CACCGAGATCTACAC[i5]TCGTCGGCAGCGTC

IDT N/A

2ND round RP (N7XXX) - CAAGCAGAAGACG

GCATACGAGAT[i7]GTCTCGTGGGCTCGG

IDT N/A

Software and algorithms

Original code used for used for data

processing, analysis, and visualization.

https://github.com/fitz-meyer/

bcWNV_analysis.git

R - SCR_001905

GitHub - SCR_002630

Statistical analyses R version 4.2.2

Prism version 9.4.1

R - SCR_001905

Prism -SCR_002798
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Materials availability

This study did not generate unique reagents.

Data and code availability

d Sequencing data files have been deposited at Mendeley Data and are publicly available as of the date of publication. DOIs are listed in the

key resources table.

d All original code used for data processing, analysis, and visualization has been deposited on GitHub. Link to repository is listed in the key

resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cells

Vero (ATCC CCL-81) cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS), 1%

penicillin-streptomycin (10,000 U/ml), and 50 mg/mL gentamicin at 37�C with 5% CO2 (18). CT, Cx. tarsalis-derived embryonic cell line cells

weremaintained in Schneider’s insectmediumwith 10% FBS, 1% penicillin-streptomycin (10,000 U/ml), and 50 mg/mL gentamicin at 28�C.18,55

Mosquito infection

Mosquito studies were conducted using three species of laboratory colony-derived mosquitoes; Culex quinquefasciatus (>50 passages),

Culex tarsalis (>50 passages) and Ae. aegypti (>30 passages). West Nile virus infections in mosquitoes were performed under A-BSL3 con-

ditions. Larvae were raised on a diet of powdered fish food. Mosquitoes were maintained at 26�C–27�C (Culex) or 28�C (Aedes) with a 16:8

(Culex) or 12:12 (Aedes) light:dark cycle.25 All species were maintained at 70–80% relative humidity, with water and sucrose provided ad libi-

tum. Cx. tarsalis, Cx. quinquefasciatus, and Ae. aegypti mosquitoes were exposed to an infectious bloodmeal containing a 1:1 dilution of

defibrinated calf’s blood and bcWNV stock at a final concentration of 3-6x107 pfu/ml. A final concentration of 1 mM ATP was added to

Ae. aegypti bloodmeals to encourage feeding to repletion. All bloodmeals were provided in a hog’s gut membrane feeder, warmed by circu-

lating 37�C water. Following 40–60 min of feeding, mosquitoes were anesthetized at �20�C, engorged females were separated into cartons

corresponding to each timepoint and maintained on sucrose.

METHOD DETAILS

Generation of rWT-WNV and bcWNV P2 stocks

The parental rWT-WNV (epidemic lineage I strain, 3356) and bcWNV P2 stocks were generated by infecting confluent flasks of Vero cells at an

MOI of �0.5 with rWT-WNV or bcWNV P1 stock, as previously described.56,57 Supernatant was harvested from cells 3 days post-infection,

aliquoted into single use stocks and stored at �80�C. Titers for each stock were determined by standard Vero cell plaque assay.30 RNA

was extracted from the bcWNV P2 stock at volumes of 50, 100, and 200ml using a Direct-zol miniprep plus kit (Zymo) and sequenced as

described below.

Growth curves

Vero andCT (Culex tarsalisderived) cells were infectedwith bcWNVand rWT-WNVatMOIs of 0.1 and 1.0, for 1 h, andwashed three timeswith

PBS before fresh growth media was added. Supernatant was sampled daily and RNA was extracted using the Omega MagBind Viral DNA/

RNA 96 kit on the KingFisher FlexMagnetic Particle Processor (ThermoFisher). qRT-PCRwas performed usingOne-Step SuperScript qRT-PCR

kit (Invitrogen) andWNV envelope primer and probes (Table S2). RNA copies/ml was extrapolated using an RNA standard. The RNA standard

was generated by amplifying�1 kb of sequence surrounding the envelope region of theWNVgenomeusing a forward primer containing a T7

promoter sequence. The resulting amplicon was transcribed with T7 polymerase, and RNA was extracted and quantified.

Collection of mosquito tissues

At indicated time points, mosquitoes were cold-anesthetized and legs and wings were removed prior to salivating on capillaries containing

immersion oil for 30 min. Capillaries were broken off into tubes containing 100ul of mosquito diluent and centrifuged at 15,000xg for 5 min at

4�C. Mosquitoes were then transferred to a dish containing 1X phosphate buffered saline (PBS) for salivary gland andmidgut dissection. Sali-

vary glands and midguts were rinsed in clean PBS before being transferred to individual tubes containing 200ul of mosquito diluent and a

stainless-steel bead for homogenization. Tissue samples were homogenized using RetschMixerMill MM400 at a frequency of 29 cycles/sec-

ond for 1 min. RNA was extracted using the Omega MagBind Viral DNA/RNA 96 kit on the KingFisher Flex Magnetic Particle Processor

(ThermoFisher). Presence of viral RNA was assessed by qRT-PCR as described above. Midgut, salivary gland, and saliva samples from 10

mosquitoes per species per timepoint were selected for next-generation sequencing with preference given to those with detectable

vRNA in their saliva.
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Library preparation and sequencing

cDNA was generated using Superscript IV RT enzyme and kit (ThermoFisher), and a previously described custom cDNA primer containing a

unique molecular identifier41,42 (Table S2; Figure S3). cDNA was purified using AMPure XP beads (Beckman) at a 1X concentration. All bead

purifications were performed using the KingFisher Flex Magnetic Particle Processor. The barcoded region of the genome was amplified via

PCR using custom primers and KAPA HiFi HotStart mastermix (Roche) (Table S2). Amplified samples were purified using AMPure XP beads at

a 0.6X concentration. Samples were uniquely indexed with Illumina i5 and i7 indices via PCR using custom primers and KAPA HiFi HotStart

mastermix (Table S2). Second-round amplification products were purified using AMPure XP beads at a 0.6X concentration. Samples under-

went a final library amplification using a KAPA Library Amplification Kit (Roche) and were purified using AMPure XP beads at a 0.7X concen-

tration prior to quantification and pooling. Sample concentrations were determined using Qubit dsDNA High Sensitivity kit (Thermo Fisher)

and pooled by mass at 2 ng per sample. The final pool was concentrated using AMPure XP beads at a concentration of 1.4X. Size distribution

(�350 bp for this library) and concentration of the final pool were verified by TapeStation D1000 HS Screen Tape assay (Agilent) and KAPA

library quantification (Roche) respectively. A pilot run was performed to determine target coverage and stock diversity. The pilot library was

denatured and a 15% PhiX control was spiked in. The library was loaded at a concentration of 1.5p.m. and sequenced using a NextSeq 550

system, 300 cycle (2x150 paired-end) mid output kit (Illumina). A 40% PhiX control was spiked into all following libraries to offset the low di-

versity of the library and prevent low sequence quality. All libraries were loaded at a concentration of 1.5p.m. and sequenced using a NextSeq

550 system, 300 cycle high output kit (Illumina). Sequencing data files can be accessed through Mendeley Data: https://doi.org/10.17632/

88xx6596wz.1, https://doi.org/10.17632/s7kthpysb7.1, https://doi.org/10.17632/556zktntym.1.

QUANTIFICATION AND STATISTICAL ANALYSES

Analyses

The data manipulation and analyses of next generation sequencing data was performed as previously described.28,41 Briefly, sequence data

was demultiplexed and trimmed of adaptor and index sequences. Paired-end reads were merged and aligned to the WNV genome, reads

were grouped by UMI and consensus sequences for unique RNAmolecules were generated (Figure S3). The barcode region was identified by

upstream and downstream flanking regions, extracted from the consensus sequences, and abundance determined using custom Perl and

Ruby scripts. Barcode population richness and complexity (Shannon’s index) for each sample were determined using custom R scripts (R

version 4.2.2.); richness was determined by summing the number of unique barcodes detected in a sample, while complexity was determined

by applying the Shannon function from the QSutils (quasispecies diversity) package to barcode abundance vectors.58

When calculating richness retention (Figure 3D) there were salivary gland and saliva samples inAe. aegypti that appeared to retain greater

than 100% of the unique barcodes identified in the preceding population – a finding consistent with previous studies employing a barcoded

virus system.18 This system does not allow for the generation of novel barcodes after amplification and rescue of the initial barcoded virus

stock, and any barcodes introduced by mutation are removed from the dataset prior to analysis. While some barcodes were found to be truly

‘‘parentless’’ (i.e., present in one compartment but not present in the upstream compartment) we found that many of these parentless barc-

odes were present in the raw reads from the sample file associated with the upstream compartment. These missing parent barcodes were

present at low enough levels that theywere removed from the dataset by previously described Primer ID cutoff rates.41,42 For every casewhere

richness retention exceeded 100%due to low-level parent barcodes being filtered out of the dataset, we adjusted the percent retention value

to 100%.

We merged all sample files by barcode and determined that the entire dataset contained >30,000 unique barcodes. As mentioned pre-

viously, this system does not allow for the generation of novel barcodes within the mosquito – leading us to determine that �20,000 unique

barcodes not initially identified in our bcWNV stock populationwere present in the stock, but not detected.Wemerged the additional unique

barcodes into our merged input population to create an estimated input population. Since we could infer presence but not abundance, we

preserved the abundances of themerged input population and assigned theminimumabundance of 1 to all additional unique barcodes. This

estimated input population was used for all probability calculations. All probability calculations are derived from barcode abundance, pop-

ulation size (number of total barcodes in the current population), and subsample size (number of total barcodes in the downstream popula-

tion) and thus are based upon but not entirely representative of the data. Infection and transmission probabilities were calculated via customR

scripts, using the following equation:

�
1 �

�
1 �

�
xi1
n1

��n2
�

3

�
1 �

�
1 �

�
xi2
n2

��n3
�

3 .3

�
1 �

�
1 �

�
xib� 1

nb� 1

��nb
�

These calculations were performed for all barcodes in all mosquitoes individually and then averaged to produce mean probabilities for

each barcode in each species. We divided all barcodes present in the estimated input population at abundances >1 into quintiles containing

�3500 total barcodes (G250 barcodes to prevent dividing abundance groups) (Table 1). We then averaged the mean probabilities for each

species within each of the abundance quantiles (Table 1).

All scripts used for data processing, analysis, and visualization are available on GitHub: https://github.com/fitz-meyer/bcWNV_analysis.

git. Statistical analyses were performed in GraphPad Prism version 9.4.1. Normality of datasets was measured by Shapiro-Wilk test (sha-

piro.test()) in R. Differences in sample richness and complexity by sample type and species were measured by Kruskal-Wallis with Dunn’s
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multiple comparisons test. Differences in infection and transmission probability were measured by Kruskal-Wallis with Dunn’s multiple

comparisons test. Relationships between unique and total identified barcodes, and starting frequency and infection/transmission prob-

ability were measured by Pearson’s and Spearman’s correlation respectively. Additional statistical details can be found in the text and

figure legends.
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