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Since the reemergence of St. Louis Encephalitis (SLE) Virus (SLEV) in the Southwest 
United States, identified during the 2015 outbreak in Arizona, SLEV has been seasonally 
detected within Culex spp. populations throughout the Southwest United States. Previous 
work revealed the 2015 outbreak was caused by an importation of SLEV genotype III, 
which had only been detected previously in Argentina. However, little is known about 
when the importation occurred or the transmission and genetic dynamics since its arrival 
into the Southwest. In this study, we sought to determine whether the annual detection 
of SLEV in the Southwest is due to enzootic cycling or new importations. To address this 
question, we analyzed 174 SLEV genomes (142 sequenced as part of this study) using 
Bayesian phylogenetic analyses to estimate the date of arrival into the American Southwest 
and characterize the underlying population structure of SLEV. Phylogenetic clustering 
showed that SLEV variants circulating in Maricopa and Riverside counties form two distinct 
populations with little evidence of inter-county transmission since the onset of the outbreak. 
Alternatively, it appears that in 2019, Yuma and Clark counties experienced annual 
importations of SLEV that originated in Riverside and Maricopa counties. Finally, the 
earliest representatives of SLEV genotype III in the Southwest form a polytomy that includes 
both California and Arizona samples. We propose that the initial outbreak most likely 
resulted from the importation of a population of SLEV genotype III variants, perhaps in 
multiple birds, possibly multiple species, migrating north in 2013, rather than a single 
variant introduced by one bird.

Keywords: St. Louis encephalitis virus, BEAST, genomics, phylogenetic analysis, Culex mosquitoes

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles
http://crossmark.crossref.org/dialog/?doi=10.3389/fgene.2021.667895&domain=pdf&date_stamp=2021--08
https://www.frontiersin.org/journals/genetics#editorial-board
https://www.frontiersin.org/journals/genetics#editorial-board
https://doi.org/10.3389/fgene.2021.667895
https://creativecommons.org/licenses/by/4.0/
mailto:crystal.hepp@nau.edu
https://doi.org/10.3389/fgene.2021.667895
https://www.frontiersin.org/articles/10.3389/fgene.2021.667895/full
https://www.frontiersin.org/articles/10.3389/fgene.2021.667895/full
https://www.frontiersin.org/articles/10.3389/fgene.2021.667895/full
https://www.frontiersin.org/articles/10.3389/fgene.2021.667895/full


Ridenour et al. SLEV in the Southwestern United States

Frontiers in Genetics | www.frontiersin.org 2 June 2021 | Volume 12 | Article 667895

INTRODUCTION

St. Louis Encephalitis Virus (SLEV) is the causative agent of the 
disease St. Louis Encephalitis (SLE). Transmission of SLEV is 
enzootically cycled between Culex spp. mosquito vectors and 
numerous bird hosts (Day, 2001; Reisen, 2003). Although SLEV 
can infect humans, it does not achieve high enough levels of 
viremia to be  further transmitted; humans are a dead end host. 
SLE symptoms include headache, fever, nuchal rigidity, 
disorientation, and tremor, and are often confused with the flu. 
However, 80% of clinical cases result in encephalitis, of which 
5–20% is fatal (Reisen, 2003). SLEV was not discovered until 
1933, after a viral outbreak in St. Louis, Missouri resulted in 
1,095 reported cases, including 201 fatalities (Webster and Fite, 
1933). Since 1933, SLEV has been characterized into eight genotypes 
(I–VIII; Day, 2001; Kramer and Chandler, 2001; Baillie et  al., 
2008). The only genotypes known to cause disease in humans 
are genotypes I, II, and III, with genotypes I and II being endemic 
to North America, and genotype III formerly endemic only to 
South America (Day, 2001). Genotypes I  and II have caused 
over 50 SLEV outbreaks in the United States and southern Canada, 
resulting in ~10,000 reported encephalitis cases and more than 
1,000 fatalities (Webster and Fite, 1933; Day, 2001).

St. Louis Encephalitis Virus’s incidence and medical 
prominence within the United  States were displaced with the 
importation of West Nile Virus (WNV) in 1999 (Lanciotti 
et al., 1999; Reisen et al., 2008). WNV quickly spread throughout 
the entire United States, becoming established by 2004 (Reisen, 
2013). Concurrent with the geographic radiation of WNV, 
SLEV cases caused by genotypes I  and II rapidly decreased 
(Reisen et  al., 2008; Diaz et  al., 2018). Both SLEV and WNV 
are flaviviruses, imparting cross-immunity in shared hosts 
(Tesh et  al., 2002; Drummond and Rambaut, 2007). Previous 
efforts have revealed that prior infection with WNV can cause 
complete immunity to a secondary SLEV genotype II or V 
infection, whereas a primary SLEV infection reduced the viral 
load of a subsequent WNV infection by a 1,000-fold (Tesh 
et al., 2002; Brault et al., 2004; Fang and Reisen, 2006; Maharaj 
et  al., 2018). It is quite plausible that these cross-immunity 
effects are responsible for the drastic decrease of SLEV cases 
caused by genotypes I  and II after the rapid dispersal of 
WNV (Reisen et  al., 2008).

In 2015, an SLEV outbreak occurred in Maricopa County, 
Arizona where 23 individuals were infected, 19 of who developed 
encephalitis, resulting in two fatalities (White et  al., 2016; 
Maharaj et  al., 2018). These were the first cases of SLEV in 
Arizona in 10  years. Moreover, this was the first outbreak in 
the United States since the 2001 Louisiana outbreak that resulted 
in four deaths (Jones et  al., 2002). The strain isolated from 
the 2015 epidemic was related most closely to one previously 
circulating in Argentina, placing it within genotype III, which 
caused the first epidemic in South America (Diaz et  al., 2006; 
White et  al., 2016). During 2005, Cordoba City, Argentina 
had 47 probable human cases of SLEV, which resulted in 45 
hospitalizations and nine deaths (Diaz et  al., 2006). This is 
not the first time a genotype first detected in South America 
was observed circulating within the United  States. An SLEV 

strain collected in Florida in 2006, determined to be  genotype 
V, was previously observed only in South America (Kramer 
and Chandler, 2001; Ottendorfer et  al., 2009). The current 
working hypothesis is that genotypes from South America have 
been introduced into North America via migratory birds.

To date, it is unknown whether seasonal SLEV in the 
Southwest are due to the virus overwintering locally or from 
annual importations from surrounding regions (Reisen et  al., 
2006; Diaz et  al., 2018). Therefore, acquiring a thorough 
understanding of the molecular history and epidemiology of 
SLEV is essential for health agencies to assess the potential 
risk of SLEV to the local populations (Maharaj et  al., 2018). 
The overarching goals of our study were to (1) determine 
when SLEV entered the Southwest United  States, hereafter, 
referred to as the Southwest; (2) characterize the spatial-temporal 
trajectories of SLEV within Maricopa County, AZ and Riverside 
County, CA – two counties with a substantial annual SLEV 
burden; and (3) identify how SLEV variants within the two 
aforementioned counties are related to those in nearby counties.

MATERIALS AND METHODS

Sample Collection
Maricopa County, Arizona
The Maricopa County Environmental Services Vector Control 
Division (MCESVCD) mosquito surveillance program places 
~800 CO2 traps throughout the Phoenix Metropolitan area. 
Each trap is placed within its designated square mile area for 
a 12-h collection period once weekly for 50  weeks of the year 
(sampling is paused for epidemiological weeks 52 and 1).

Yuma County, Arizona
Yuma County Pest Abatement District (YCPA) has a surveillance 
season from March to late October or early November. During 
this time, YCPA places 22 Encephalitis Vector Survey (EVS) 
CO2 baited traps on a biweekly basis. The traps are placed in 
riparian areas in the early evening throughout the county and 
left for a 12  h collection period.

Coachella Valley, California
Coachella Valley Mosquito and Vector Control District 
(CVMVCD) conduct regular mosquito trapping and abatement. 
The CVMVCD splits surveillance in Coachella Valley into two 
regions: eastern valley and western valley. The eastern valley 
has 56 CO2 traps set every 2  weeks. The western valley has 
53 gravid traps and 53 CO2 traps set weekly.

Clark County, Nevada
Southern Nevada Health District (SNHD) mosquito surveillance 
program has a surveillance season from March to through 
September. In 2019, they set, on average, 138 EVS CO2 baited 
traps per week (4,150 total) during the 7  month surveillance 
period. The traps are set throughout Clark County but the 
total number set per week is variable due to weather conditions 
or other Environmental Health responsibilities.
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Mosquito Sorting and Identification
After collection, the mosquitoes were frozen in the field using 
dry ice. Mosquitoes were transported to the respective health 
agencies laboratory and sorted by sex, with males being discarded, 
while the females were pooled by species with a maximum 
of five pools per trap with 50 females per pool. Resulting 
pools were tested for WNV and SLEV, following the protocol 
described by Lanciotti et  al. (1999) and Baillie et  al. (2008). 
SLEV-positive pools were stored in −80°C freezers until they 
were either same-day transported to Northern Arizona University 
on dry ice or shipped using FedEx ground transportation while 
preserved in DNA/RNA Shield™ 2X Concentrate. Metadata 
supplied with each of the samples included the GPS coordinates 
of the mosquito traps, date of collection, total number of 
mosquitoes captured, and mosquito species. For this study, 
we  selected 142 positive mosquito pools for whole genome 
sequencing, see Supplementary Table S1.

Sample Processing, SLEV Tiled Amplicon 
Sequencing
The methods used to prepare SLEV samples for transport, 
RNA extraction, and reverse transcription followed the protocol 
previously described for WNV (Baillie et al., 2008; Hepp et al., 
2018). Multiplex PCR primers were designed using the software 
package Primal Scheme (Quick et  al., 2017); where the 42 
primer pairs were based on an SLEV genome from Kern 
County, California (KY825743.1) with an average primer pair 
product of 400  bp, see Supplementary Table S2. For each 
sample, a multiplex PCR reaction was performed for each 
pool individually. The PCR reaction used 12.5  μl of KAPA 
2G Fast Multiplex Mix (2X; Kapa Biosystems, Wilmington, 
MA, United  States), with a final per primer concentration of 
0.2  μM, 2.5  μl of cDNA, in a total reaction volume of 25  μl. 
The thermocycler settings used: 3 min of denaturation at 95°C, 
30  cycles of 98°C for 15  s, 60°C for 30  s, and 72°C for 1  min, 
and a final extension of 72°C for 1  min. The PCR product 
was cleaned using 1X Agencourt AMPure XP beads (Beckman 
Coulter, Indianapolis, IN, United  States). A second PCR using 
universal tail-specific primers was performed to add the Illumina 
specific indexes (Colman et  al., 2015). The reagents for the 
reaction were 12.5  μl of 2X Kapa HiFi HotStart Ready Mix 
(Kapa Biosystems), 400 nM of each forward and reverse indexed 
primer, and 2 or 4  μl of the cleaned amplified SLEV product. 
The thermocycler protocol is as follows: 98°C for 2 min, 6 cycles 
of 98°C for 30  s, 60°C for 20  s, and 72°C for 30  s, and a 
final extension at 72°C for 5  min. The DNA for the samples 
in each pool was quantified using the Kapa Library Quantification 
kit (Kapa Biosystems). The samples were then pooled to achieve 
an equal concentration of each sample. Sequencing was conducted 
on the Illumina MiSeq sequencing platform, using a v3 600 
cycle kit.

Post-sequencing Data Processing
To generate consensus sequences needed for phylogenetic 
analysis, sequencing reads were first trimmed using Amplicon 
Sequencing Analysis Pipeline 0.9 (ASAP; https://github.com/

TGenNorth/ASAP). ASAP trimmed reads of adapter and primer 
sequences using BBDuk, a tool integrated into the BBMap 
package.1 Resulting paired-trimmed reads were aligned to the 
reference genome, FJ753286.2, using Bowtie2 (Langmead and 
Salzberg, 2012), and alignments were indexed using Samtools 
1.4.1 (Li et  al., 2009). Consensus sequences were generated 
using the program iVar 1.0 (Li et  al., 2009; Grubaugh et  al., 
2019). The criterion for base calling was a minimum of 10x 
coverage and a majority base proportion of 0.80. Base calls 
were coded according to the International Union of Pure and 
Applied Chemistry (IUPAC) nucleotide codes. Additionally, a 
read pileup was produced using the Integrated Genome Viewer 
(IGV) 2.4.16 command line tool (Robinson et  al., 2017).

Maximum Likelihood Analysis
To determine if SLEV strains circulating within Maricopa 
County and Coachella Valley were genotype III, we  conducted 
a Maximum Likelihood phylogenetic analysis using the 74 
publicly available whole genome sequences from the National 
Center for Biotechnology Information (NCBI), which includes 
representatives from genotypes I–VIII, and the 142 genomes 
sequenced by our lab. Sequences were aligned using MUSCLE 
(Edgar, 2004) followed by substitution model testing using 
IQ-TREE. The GTR substitution model with invariable sites 
and base frequencies sampled from a gamma distribution was 
determined to be  the best fit model based on the Bayesian 
information criterion. The maximum-likelihood tree was 
constructed using IQ-TREE with 10,000 bootstraps iterations 
(Nguyen et al., 2015; Kalyaanamoorthy et al., 2017; Wang et al., 
2018). The tree was rooted using the two strains of SLEV 
(JQ957869.1 and JQ957870.1) detected in Columbia in 2008 
as described by Hoyos-López et  al. (2015).

Bayesian Phylogenetic Analysis
The temporal signal for the 174 SLEV genome dataset was 
determined by a root-to-tip genetic divergence and time of 
sampling regression, performed in TempEst v1.5.1 (Rambaut 
et  al., 2016; Supplementary Figures S1A,B). TempEst requires 
a phylogeny where branch lengths are scaled by genetic distances 
as input. For our analysis, a maximum likelihood tree was 
generated by IQ-TREE using the TN93+𝚪 substitution model; 
the substitution model was the best fit to the data according 
to IQ-TREE’s model selection tool. It should be  noted that 
the Arizona 2014 sample (KX965720) was removed from further 
analyses because it was an incomplete genome that had a 
drastically different temporal signal than the rest of the samples 
(i.e., an outlier, Supplementary Figure S1A, teal circle). Removing 
the 2014 Arizona sample improved the R2 value from 0.1 to 
0.7, indicating that the maximum likelihood phylogeny branch 
lengths were positively correlated with time.

To estimate the time of entry and population structure of 
SLEV in the American Southwest, a Bayesian phylogenetic 
analysis was conducted using the BEAST v1.10.5 software 
package (Rambaut et  al., 2016; Suchard et  al., 2018). 

1 https://sourceforge.net/projects/bbmap/
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The specified substitution model, as determined by IQ-TREE 
previously, is the TN93+𝚪 nucleotide substitution model. The 
best fitting molecular clock and demographic models were 
determined by marginal likelihood comparison using path-
sampling and stepping-stone sampling (Baele and Lemey, 2013; 
Baele et  al., 2013; Supplementary Table S1). The Bayesian 
Skyline model was found to be  best fitting in combination 
with a relaxed molecular clock. The final model was run on 
four independent Markov chains where each chain ran for 
100  million Markov chain Monte Carlo steps, and the state 
was sampled every 10,000 steps. Convergence was assessed 
using Tracer v1.7 (Rambaut et  al., 2016, 2018; Suchard et  al., 
2018). States were combined using LogCombiner, discarding 
the first 10% as burn-in (10,000,000 generations per chain), 
and then resampling every 30,000 generations. Trees were 
summarized using TreeAnnotator (Drummond and Rambaut, 
2007), producing a maximum clade credibility tree that was 
visualized using the R package GGtree (Yu et  al., 2017, 2018; 
Yu, 2020). The branches of the tree were collapsed into polytomies 
if the posterior support was below 0.50, using a custom R 
script https://github.com/ChaseR34.

Phylogeny-Trait Association Analysis
To detect evidence of SLEV phylogenetic structure by Culex 
sp. vector, we  inspected the Bayesian posterior sets of trees, 
produced by BEAST, using the Bayesian Tip-association 
Significance testing (BaTS) program (Parker et al., 2008). Briefly, 
BaTS uses three statistics, the Association Index (AI; Wang 
et  al., 2001), Fitch parsimony score (PS; Fitch, 1971), and the 
maximum exclusive single-state clade size (MC; Parker et  al., 
2008), to determine if character states are clustered more 
frequently within a phylogeny than would be  expected due to 
chance. We  focused this analysis on the Clade 2 Maricopa 
County-derived genomes, 75 genomes in total, as that is the 
only location where SLEV positive mosquito pools were distributed 
among both Culex quinquefasciatus and Cx. tarsalis populations.

RESULTS

Genetic Relatedness of 2015 to Historical 
SLEV Samples
The 142 genomes we  sequenced were genotype III, as they all 
nested within the Argentinian samples (Supplementary Figure S1). 
Swetnam et  al. (2020) sequenced 30 SLEV genomes from the 
Southwestern United  States sampled from 2015 to 2018 and 
similarly found them to be  genotype III. Therefore, our results 
corroborate Swetnam et  al. (2020) along with previous work 
by White et  al. (2016) and Diaz et  al. (2018).

BEAST Phylogenetic Analysis
Date of Entry and Bulk Migration Event
The first line of inquiry was to estimate the timing and location 
for the initial SLEV genotype III migration into the Southwest 
using BEAST. The phylogeny indicated two well-supported 
sister clades, here, well-supported means that the posterior 
probability of the clade being observed is over 0.5; hereafter, 

referred to as Clade 1 and Clade 2, see Figure 1. The formation 
of sister clades is indicative of multiple migration events into 
the Southwest, therefore the time of arrival needs to be addressed 
for each clade independently.

Clade 1, the most geographically diverse clade, contains 
samples from Arizona, California, Nevada, Oregon, Idaho, and 
Texas. Posterior estimates for branches below 0.5 were collapsed 
into polytomies (Figure  1; Supplementary Figure S2), which 
are indicative of a rapid radiation event (Whitfield and Lockhart, 
2007). Moreover, Clade1 contains genomes from both Arizona 
and California where most California samples clustered 
monophyletically, with samples collected in 2017 and 2018 
being sourced by variants circulating within the state in previous 
years. The remaining California, Arizona, and Nevada genomes 
do not cluster with genomes originating from the same location 
in downstream years. These data indicate that Clade I  variants 
did not give rise to contemporary counterparts (i.e., 2017–2019) 
sequenced as part of this study. Finally, there is no well-
supported basal and paraphyletic cluster of genomes from 
Arizona or California, and therefore, we are unable to determine 
if Clade I members of SLEV genotype III arrived into California 
or Arizona first. However, the lack of clear structure within 
Clade 1 leads us to consider the possibility that the introduction 
of SLEV into the Southwestern United  States was due to 
migration over a short period of time. In this scenario, a flock 
or flocks of birds with multiple infected individuals may have 
entered the Southwest, explaining the lack of a robust signal 
supporting the arrival into one location over another.

Clade 2 is sister to Clade 1 with its topology containing 
a distinct basal node with the remaining samples nested within 
it. Two samples (MN233312 and MN233313) from Imperial 
Valley, California are at the base of the clade, with two distal 
subclades encompassing genomes from (2A) Coachella Valley, 
CA, to (2B) Maricopa County, CA. Coachella Valley is 
immediately north of Imperial Valley, and the two counties 
share the Salton Sea where many of the Coachella Valley 
samples sequenced in this study were collected. Taken together, 
southern California genomes form a basal and paraphyletic 
cluster in relationship to Maricopa County genomes (Figure 1), 
Clade (2A) providing evidence for a second migration event 
originating within California and spreading to Maricopa County 
and other parts of the Southwest.

Characterizing Source Location of Seasonal SLEV 
Populations
Our second line of inquiry was to determine whether seasonal 
occurrences of SLEV within Maricopa County, Arizona, and 
Coachella Valley, California are sourced from endemically 
circulating variants or are newly introduced each year via 
annual migration events. Because we are interested in estimating 
migration patterns for current populations, only the two clades 
containing extant lineages, Clade 2A composed primarily of 
Coachella Valley samples and Clade 2B containing Maricopa 
County samples, were considered. The geographic clustering 
allows us to draw two conclusions: first, migration events 
between Coachella Valley and Maricopa County have been 
rare, and second, the inference about the two populations can 
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FIGURE 1 | The maximum clade credibility phylogenetic tree reconstructed using 174 genotype III St. Louis Encephalitis Virus (SLEV) genomes throughout the 
Southwest. The tip colors distinguish the sampling location of each sample Arizona Counties, Maricopa (Blue), and Yuma (Gray); California Counties, Imperial 
(Green), Riverside (Teal), and Others (Brown); Nevada, Clark (Pink); Texas, El Paso (Yellow); Oregon, Malheur (Dark Blue); and Idaho, Gem (Purple). Posterior values 
for branches above 0.50 are written above their corresponding branch. Branches with posterior values below 0.5 were collapsed into polytomies (Supplementary 
Figure S3 contains the BEAST tree prior to collapsing and contains the 95% HPD CI for each node). After correcting for low confidence branches, the phylogeny 
clusters into three distinct clades. Clade 1 consists of all the 2015–2016 California and 2015 Arizona samples. Clade 2 consists of the 2017–2018 California 
samples and the 2017–2019 Arizona samples. Clade 2 is further divided into two subclades 2A and 2B. Subclade 2A comprises Coachella Valley, California; Yuma 
County, Arizona, and Clark County, Nevada; subclade 2B comprises 2017–2019 Arizona samples, with two Yuma County and three Clark County samples.
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TABLE 1 | The results from the four test statistics used by bayesian tip-association significance testing (BaTS) to determine if there were phylogenetic-trait associations 
between SLEV and its mosquito vectors Culex quinquefasciatus and Cx. tarsalis.

Statistic Observed mean Lower 95% CI Upper 95% CI Null mean Lower 95% CI Upper 95% CI Significance

AI 3.923 3.061 4.790 3.584 2.792 4.347 0.754
PS 26.704 24.000 29.000 24.727 21.604 27.443 0.917
MC (state 0) 2.490 2.000 3.000 2.920 2.188 4.226 0.997
MC (state 1) 3.177 2.000 5.000 3.855 2.760 6.257 0.859

be done independently. Therefore, the two clades are interpreted 
separately below.

Clade 2A is estimated to have originated in late 2016 (2016.9, 
95% HPD CI:2015.9–2017.2), and contains Coachella Valley, 
California samples from 2017 to 2018. The internal branch 
topology of Clade 2 supports two monophyletic clusters, 
distinguished by year of collection. This topology is indicative 
of two possible scenarios for the seasonal appearance of SLEV. 
The first scenario is that the population of SLEV in 2018 was 
seeded by cryptically circulating SLEV from the previous year. 
The second and more plausible scenario is that a closely related, 
and perhaps closely situated and endemic, population of SLEV 
was imported into Coachella Valley each year.

Clade 2B, estimated to have originated in 2014 to early 
2015 (2015.0, 95% HPD CI:2014.0–2015.1), is composed of 
genomes sequenced from samples collected in Arizona in 2015 
(a single sample), 2017, 2018, and 2019, and a single California 
genome. There are two plausible patterns to the seasonal 
establishment of SLEV within Maricopa County. First, if SLEV 
was sourced from nearby regions rather than internally, we would 
expect to observe multiple monophyletic clades that cluster 
by year, mirroring the Clade 2A topology. The second possibility 
is a temporally paraphyletic clade that includes the 2018 and 
2019 Arizona samples nesting within the 2017 Arizona samples. 
The phylogeny clearly shows that Clade 2A is consistent with 
the second scenario. Therefore, our results indicate SLEV has 
become endemic in Maricopa County and the seasonal emergence 
of SLEV is due to annual re-seeding by multiple local populations.

Movement Within the Southwest United  States
Clade 1 contains all but one of the genomes from samples 
collected in 2015, and the majority forms a polytomy, indicative 
of rapid population expansion or the presence of multiple 
seeding events with SLEV genotype III over a short period 
of time in the Southwest. Given this polytomy, there is not 
enough posterior support to determine in which location this 
genotype first entered. In addition, none of the Clade 1 genomes 
sampled in 2015 have clear extant descendants. However, there 
is a cluster of genomes from samples collected in 2016–2018 in 
Central California, although their origination location is unclear. 
Genomes from two samples collected in Idaho and Oregon 
in 2017, which cluster together, are also not nested within 
sequences from any other state, indicating that samples currently 
available from 2015 do not capture the diverse population of 
SLEV that was present early on. Also, the Texas sample is 
part of the polytomy, which may indicate that this diverse 
migration event expanded farther east than had been previously 

considered. It is estimated that Clade 1 members share a 
common ancestor that migrated into the Southwest around 
July 2013 (2013.5, 95% HPD CI:2011.7–2014.7).

Within clade 2, Maricopa County and Coachella Valley form 
sister clades. This provides evidence that migrations between 
California and Maricopa County are very rare, as there is 
only a single Maricopa County genome within Clade 2A and 
a single Coachella Valley genome within Clade 2B. The Coachella 
Valley clade forms two sister clades that are segregated temporally, 
providing evidence that SLE is not endemic to Coachella Valley 
but outbreaks are caused by seasonal migration events into it 
from a nearby source location such as Imperial County. The 
2018 sister clade has Clark County and Yuma County samples 
nested within it, indicating migration from Coachella Valley 
to these two counties.

The Maricopa County sister clade is composed of a single 
2015 and several 2017, 2018, and 2019 samples. Each year is 
nested within the previous year, indicating that SLEV has 
become endemic in Maricopa County, as it has in central and 
northern California (Swetnam et  al., 2020). The formation of 
polytomies within each year is most likely the result of 
oversampling as described for clade 1. Furthermore, Yuma 
and Clark County samples nesting within Maricopa County 
samples highlight likely migration events out of Maricopa County.

Phylogenetic Structure by Vector
To determine if SLEV variants are structured within the Bayesian 
phylogeny by Culex vector, we  performed an analysis using 
the program BaTS (Parker et  al., 2008). The BaTS analysis 
with 1,000 null model replicates resulted in all four test statistics 
failed to reject the null hypothesis that SLEV’s mosquito vectors, 
Cx. quinquefasciatus and Cx. tarsalis, are randomly distributed 
throughout the phylogeny. Therefore, we  conclude that we  are 
unable to detect any phylogenetic-trait associations between 
SLEV and its mosquito vectors (Table  1).

DISCUSSION

The focus of our study was to better understand the dynamics 
of SLEV circulation in the southwestern United  States since 
the 2015 outbreak. We sequenced 142 genomes from Coachella 
Valley, CA, Maricopa County, AZ, Yuma County, AZ, and 
Clark County, NV from 2015 through 2019. Using Bayesian 
phylogenetic techniques, we  considered the following: (1) the 
timing of the first introduction of genotype III into the Southwest, 
(2) the number of distinct introductions, (3) whether 
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contemporary variants in Maricopa County or Coachella Valley 
have become endemic, and (4) the amount of time endemic 
variants have been established.

Our study revealed that the introduction of SLEV into the 
Southwest occurred between September 2011 and May 2014, 
but went undetected until the 2015 outbreak. Unfortunately, 
it is currently unknown how the importation of SLEV into 
the Southwest occurred. To address this question would require 
substantially more SLEV positive mosquito samples and bird 
competence studies from Central and South America. Therefore, 
we  were unable to confidently provide any scenarios of 
importation but we  were able to address the question of SLEV 
dynamics pre and post 2015 outbreak within Maricopa County 
and Coachella Valley.

Since the 2015 outbreak, SLEV has been reliably circulating 
within the region. However, an interesting caveat occurred in 
2016 where Maricopa County, the epicenter of the 2015 outbreak, 
reported zero human cases and no positive mosquito traps. 

It is unclear why SLEV was not observed in 2016, even though 
testing in Maricopa County, AZ did not change between 2015 
and 2016. However, in 2017, SLEV was detected at high levels 
again and has been consistently detected each year since.

The phylogeny in Figure  2 strongly suggests that SLEV had 
at least two introductions into the Southwest. Therefore, the 
reemergence of SLEV in Maricopa County, Arizona was 
reestablished by a second introduction, independent of the 
primary 2015 outbreak introduction, which established 
populations in California and Arizona. Clades 2A (California) 
and 2B (Arizona) are isolated populations with limited migration 
between the two, so it seems unlikely that a migration event 
from Coachella seeded the 2017 reemergence in Maricopa 
County. This is not the first time that a SLEV genotype has 
had multiple introductions into the southwestern United States. 
In 2001 and 2002, genotype V was detected in Southern California 
and the samples formed temporally separated sister clades, 
similar to the pattern observed in Coachella for 2017 and 2018 

FIGURE 2 | The United States map colors counties where SLEV positive mosquitoes or human cases were observed between 2015 and 2019. Sampling locations 
for the genomes sequenced in this study are indicated by the numbered black stars. Star 1 is Coachella Valley, Star 2 is Yuma County, Star 3 is Maricopa County, 
and Star 4 is Clark County. Heat map of densities of positive mosquito traps found within Coachella Valley from 2015 to 2018 and Maricopa County from 2015 to 
2019. The black points represent the individual mosquito trap locations. Two-dimensional kernel density estimation with axis-aligned bivariate normal kernel was 
used to estimate the density of positive mosquito traps within each year. Red indicates a higher density of positive traps.
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(Reisen et  al., 2002; Auguste et  al., 2009). Finally, we  found 
that SLEV does not have a vector bias which implies that both 
Cx. quinquefasciatus and Cx. tarsalis play pivotal roles in the 
seasonal circulation of SLEV within Maricopa County, Arizona.

Unlike Maricopa County, it is unclear whether the seasonal 
circulation of SLEV in Coachella Valley is seeded by the 
immigration of SLEV from a nearby endemic population or 
if there is endemic low-level circulation within Coachella Valley. 
Efforts prior to the emergence of SLEV genotype III revealed 
that previous genotypes overwintered in a saltmarsh habitat 
adjacent to the northeastern edge of the Salton Sea, then spread 
along the Salton Sea, and northwest into Coachella Valley 
(Reisen et  al., 1995a,b; Reisen and Wheeler, 2016). From 1996 
to 2013, Reisen and Wheeler (2016) captured 28,388 birds 
and collected serum samples, finding that individuals from 15 
species were seropositive for SLEV in Coachella Valley. It is 
possible that these species may also participate in reseeding 
Coachella Valley from an endemic SLEV genotype III population 
maintained at the Salton Sea. However, a more complete sampling 
of potential avian hosts is necessary to determine which species 
are participating in short-distance migration events responsible 
for SLEV genotype III movement between sites in this region. 
We  suggest focusing efforts on species that were previously 
identified as seropositive (Reisen and Wheeler, 2016), or those 
that have been identified through bloodmeal analyses, as previous 
studies have had relatively limited sample sizes for many species 
despite many decades of sampling for viral encephalitides (Lord 
et al., 1974; Reisen et al., 2003, 2005; Diaz et al., 2016; Pedersen 
et  al., 2016; Díaz et  al., 2018). Furthermore, the formation of 
monophyletic clades for 2017 and 2018 within Clade 2A, leads 
us to tentatively conclude that transient variants of SLEV are 
responsible for the seasonal circulation within Coachella Valley 
(Reisen et  al., 2002). However, samples from other regions of 
California are needed to conclusively determine the origin of 
Coachella Valley’s seasonal SLEV populations.

Overall, SLEV genotype III has been the most frequently 
identified genotype in human cases since its detection in 2015. 
Between 2015 and September 2019, 50 of 59 human cases of 
SLEV reported nationwide to the Center for Disease Control 
(CDC) were genotype III and occurred in Arizona and California. 
Furthermore, in 2019, the CDC reported the highest SLEV 
mosquito infections ever recorded in the southwestern 
United States. In Maricopa County, this phenomenon occurred 
alongside WNV, which also had a near record year for detections 
in 2019. Coachella Valley had unprecedented detection levels 
of both viruses as well, with 513 WNV and 105 SLEV positive 
samples. Such co-circulation magnitude for SLEV and WNV 
has not been previously observed in the United States. Therefore, 
like WNV, SLEV appears to be  an emerging health risk in 
the southwestern United  States.
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