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|. Supplementary Discussion

1. A Time Tree for Mosquitoes

Direct fossil evidence for the Culicidae dates to the Cretaceous, but fossils for mosquitoes are
relatively rare !. The existence of abundant fossils placed in the sister lineage to mosquitoes, the
Chaoboridae, in the early Jurassic? indicates that the direct lineage leading to mosquitoes is
likely at least this old, despite lack of fossil evidence before the Cretaceous!=. This ancient age
for mosquitoes is in line with our estimates that they diverged from a common ancestor with
Chaoboridae in the late Triassic 216 [95% HPD:188-249] million years ago.

The late Triassic origin and subsequent early Jurassic divergence to extant lineages of
mosquitoes in our study (179 MYA, 95% HPD: 146-213) stands in stark contrast to the estimates
of Misof et al.*, which placed the origin of extant mosquito subfamilies in the early Cretaceous,
with a median estimate of 75 MYA (CI: 7-152 MYA). Our estimates are also older than those of
Tong et al.>, which used MCMCtree, although these authors found a late Cretaceous divergence
for extant mosquito subfamilies (125 MYA, 95% CI: 119-175). Both studies relied on the same



genomic dataset (primarily transcriptomes), and only two mosquitoes were sampled; this
difference in sampling may explain the large discrepancy in age estimates between those studies
and ours. A Jurassic origin of mosquitoes is consistent both with studies using only a handful of
species, usually based on available Aedes and Anopheles genomes®8, and those using more
extensive, multi-genera datasets®!?, However, our study is so far unique in its combination of
taxonomic coverage of so many lineages, and robust inference from a genomic dataset, allowing
insight into the evolution of particular mosquito lineages.

Our divergence time estimates, as well as previously paleontological evidence, and present-
day distributions, strongly support a Gondwanan radiation for many mosquito lineages. In
anophelines, for instance, a Gondawanan radiation explains both the endemic presence of
Chagasia and many subgenera in Anopheles in the Neotropics. The endemism of Bironella to
Australia and Papua-New Guinea and other species groups to Africa and India lend further
support to our finding. Lastly, the ~100 MY old anopheline fossil, Priscoculex burmanicus, is
from Burmese amber®. Burmese amber mines are located on the West Burma Block, which is
thought to have drifted from Australia to Southeast Asia during the Cretaceous'!, thus reflecting
Gondwanan origins.

Similarly in the Culicinae, many lineages have distributions remnant of Gondwanan
radiations. For example, both the Aedini and the Culicini have endemic lineages found in the
Neotropics and regions of east Asia. However, many of the earliest fossils in the Culicinae reveal
this subfamily was likely globally widespread even during the Cretaceous, as the oldest fossil
attributable to the Culicinae is Paleoculicus minutus, from Canadian Cretaceous amber!2. By the
Cenozoic, several fossils of Culicidae are attributable to extant genera of Aedes'®, Culiseta'?,
Culex'3, and Coquillettidia'>'®, in line with our estimates of these extant genera evolving in the
late Cretaceous or early Cenozoic.

2. The Evolution of Host Associations in Mosquitoes

Due to the global nature of our sampling and the high coverage of major extant lineages, our
study allows novel insight into the relative and absolute divergences of lineages at a level
previously not possible. The imprint of continental drift appears clear with our present sampling
across the family, from New World anopheline lineages to aedines in Psorophora. But more than
just apparent signals of biogeography, our analyses suggest divergences in line with major host
lineage diversification and expansion. To investigate this possibility, we compiled a century of
literature on mosquito host association and found striking patterns in the evolution of mosquitoes
reflected in shifts in host association.

Most mosquito species exhibited a strong association to a single class of host, while others
exhibited polyphagy across two or more host classes (Supplemetnary Figure 4 and
Supplementary Figure 5). Most of our host association observations were of mammals, likely
representing their dominance in terrestrial environments. However, we think that our observed
host associations signify more than the relative abundance of vertebrate hosts where mosquitoes
are found. Certainly, the relative abundance of hosts is important, and likely explains why there
is some variability even in clear mammal specialists in feeding behaviors (e.g. Anopheles
gambiae with 109 non-mammal observations out of 27,367), and how zoonotic vectors such as
those in the genera Culex, Mansonia, and Coquillettidia can transmit diseases from avian
reservoirs to mammals!”!8, However, host association studies different genera with different



proportions of blood-meal sources from the same area (e.g. as in'*2!), and perhaps more
importantly, class-level mosquito-host associations had significant phylogenetic signal,
indicating that genetically more similar mosquito species tended to have more similar host
associations.

The strong host associations we demonstrated allowed us to interrogate ancestral feeding
patterns in mosquitoes. We found strong evidence across a range of reconstructions for an
amphibian-feeding ancestor of the Culicidae (Fig 2, Supplementary Figure 20-23). Amphibians
were common terrestrial vertebrates during the Jurassic when mosquitoes evolved and could
have provided ample sources of vertebrate blood in Jurassic wetlands. Interestingly, the nearest
blood feeding relative of the Culicidae, the Corethrellidae, feed exclusively on amphibians.
However, blood feeding is thought to have evolved independently in the ancestors of the
Culicidae from entomophagy or plant-feeding??, as the sister family to mosquitoes, Chaoboridae,
do not blood-feed. Alternatively, as biting mouthparts may be ancestral in the Culicimorpha?24,
it is possible that blood feeding was lost in the ancestors of the Chaoborids. Loss of biting
behavior has occurred in some lineages in the Culicidae?>-2%, but there is no morphological
evidence of this in Chaoborids.

In the Culicinae, it is interesting that our models generally did not find strong support for a
strong association with mammals or birds in most lineages until after the K-Pg, when these two
major vertebrate clades radiated. Indeed, when comparing our ancestral state reconstruction to
the changes in lineages through time for extant vertebrate clades (Fig 2 D), major shifts in host
associations among mosquitoes do often occur when vertebrate lineages themselves become
more common, perhaps indicating that the proliferation of these vertebrate host lineages enabled
the same in mosquitoes.

In the Anophelinae, our reconstructions supported a mammal feeding ancestor for Anopheles,
perhaps unsurprising given that all but two species in this genus had mammal bloodmeal records.
This close association with mammals has enabled these mosquitoes to serve as major vectors for
Plasmodium in mammals throughout their global range, causing severe disease in much of the
tropics, and historically shaping human history in temperate regions, as well'727-28, At first, this
high degree of association to mammals prior to their major radiations may seem counterintuitive;
however, based on our divergence time estimates, it seems quite likely that ancient Anopheles
were found in west-central Gondwana during the Late Jurassic and Early Cretaceous, in what
would become South America and Africa, where abundant ancient mammal fossils have been
found®. As such, a host association with mammals could have evolved then.

A major limitation of our analyses on the evolution of host associations is our inability to
account for potential feeding on non-avian dinosaurs; however, our estimates did suggest a
strong possibility of reptile feeding among ancestral nodes of the Culicinae in the Cretaceous,
which could reflect this. Moreover, although our analysis is the largest to date on host
associations in mosquitoes, it still reflects only 422 of the approximately 3600 species of
mosquitoes. However, given the strong phylogenetic association with host associations at the
genus level, and our high degree of sampling at this level, we feel our analysis is robust to our
present sample size. Moreover, our analysis demonstrates the possibilities that a phylogenomic
backbone of mosquitoes present at better understanding the evolution of phenotypes critical to
disease.



3. Systematics of the Culicidae

Phylogenomic datasets have resolved evolutionary relationships across many insect
groups**, and the same is true here in mosquitoes. Here, we present a brief discussion of major
clades of mosquitoes, as well as touching on recent nomenclature controversies surrounding
these groups. We demonstrate that a phylogenomic dataset may finally resolve long-standing
controversies and provide a path forward for future systematic efforts and taxonomic revisions in
mosquitoes.

The relationships inferred by our analyses confirmed the monophyly of the Culicidae and
both subfamilies, as well as the monophyly of all tribes we sampled. While our findings with
regards to monophyly of the family and subfamily largely correspond to existing knowledge of
mosquitoes based on cladistics and natural history observations®!34, cladistic analyses based on
morphology have frequently questioned the monophyly of many tribes, particularly the
Aedini*>3, and have rarely provided strong or consistent evidence for the evolutionary
relationships within subfamilies, among tribes, genera, or subgenera3¢-38,

Our finding of an early divergence of Chagasia in the Anophelinae is unsurprising given the
unique morphology3® and chromosomal characteristics*® of this mosquito and is consistent with
prior hypotheses on the Anophelinae®*”*42, Chagasia has three pairs of autosomes and a pair of
sex chromosomes (2n=8), the same chromosomal configuration as Mochlonyx***>% but
different from all Anopheles (two pairs of autosomes and a sex chromosome). Moreover, despite
sharing the same number of chromosomes as members of the Culicinae, Culicinae lack a sex
chromosome, and chromosome content of the Culicinae and Anopheles suggests independent
fusion events**4. To our knowledge, there is no cytogenetic information on most early diverging
Culicinae (most cytogenetic knowledge of Culicinae comes from Culex and Aedes), but despite
this, it appears likely that Chagasia harbors an ancestral chromosomal configuration, consistent
with its phylogenetic position.

We sampled six of eight Anopheles subgenera, and the two unsampled subgenera, Baimaia
and Christya, have one and two species respectively. We found two major clades of Anopheles:
the first is composed of subgenera Stethomyia, Lophopodomyia, Kerteszia, and Nyssorhynchus;
the second contains Anopheles and Cellia. In our analysis, the first clade contains many
American malarial vectors, particularly in South American countries, such as Anopheles
(Nyssorhynchus) darlingi and Anopheles (Nyssorhynchus) albimanus. Morphological analyses
did not usually reflect these two clades of Anopheles subgenera®’#>46. However, recent analyses
based on mitochondrial genomes found similar relationships among New World subgenera to our
phylogenomic data!%*2. These subgenera were recently elevated to generic status by Foster et
al.*? after analyses suggested Bironella resolved within the genus Anopheles and sister to
subgenera Anopheles + Cellia (but see*’). Unfortunately, due to our inability to sample Bironella,
we are unable to evaluate this decision with our molecular dataset, but other recent analyses of
mitochondrial genomes suggest instead Bironella is sister to Anopheles sensu lato!'%#3.
Interestingly, we find Anopheles (Anopheles) stigmaticus as diverging prior to all other
Anopheles, thus rendering the subgenus Anopheles as paraphyletic. To our knowledge, this is the
first genomic data generated from a member of the Stigmaticus Group, but morphological
analyses also placed this group outside of Anopheles (Anopheles)*.



Our phylogenomic analysis provided strong support to a backbone phylogeny of the
Culicinae, which has remained contentious or unresolved, because of the ancient age of the
group, and the lack of comprehensive molecular phylogenies to date. Morphology has presented
conflicting resolution as to the relationships among tribes in the Culicinae?, perhaps due to
convergence in many morphological characters®. The cladistic analysis of 38 genera and 73
morphological characters conducted by Harbach and Kitching3® did support the position of the
Aedeomyiini and Uranotaeniini as early diverging genera in the Culicinae, consistent with our
phylogenomic analyses. This is unsurprising in the case of Aedeomyiini, as this group has long
been thought of as ancient. Belkin®! remarked that “Aedeomyia is probably a very ancient
primitive but highly specialized segregate...”, referring to both their unique ornamented adults
and specialized larval morphology with greatly swollen and elongate antennae. Interestingly,
Chaoborids, as well as the Anophelinae, Aedeomyiini, and the Uranotaeniini—the first three
branches of the culicids and the sister clade to mosquitoes—all have a completely or nearly
completely membranous proctiger. Such a feature is also present in Verrallina, though, where it
is certainly derived.

Relationships among Culicinae tribes have remained largely unresolved in the face of
morphological analyses or the limited molecular analyses performed to date. Previous analyses
of molecular data were restricted to either single marker datasets>*->2, multiple markers but
limited taxon sampling®*°, or genome-scale SNP or transcriptome datasets restricted to species
groups in Anopheles or Aedes or otherwise limited in taxonomic breadth®-57. Perhaps the most
comprehensive analysis of Culicinae phylogeny to date is from Reidenbach et al.?, which used
six genes and 80 morphological characters from three species in the Anophelinae and 23 in the
Culicinae. Although this sampling of Culicinae reflected ten tribes, only two of those tribes,
Sabethini and Aedini, had more than one species sampled, and their analysis had difficulty
resolving relationships between most tribes, as many backbone nodes had low support values.
Similarly, da Silva et al.!® sampled mitochondrial genomes 37 species from 15 genera and 7
tribes but had difficulty resolving deep relationships in the Culicinae. However, as in our
analyses, these authors found Uranotaenia and Aedeomyia as the earliest diverging lineages in
the Culicinae. Furthermore, while their analysis did find different relationships among tribes in
general, they also found a clade composed of Toxorhynchitini+Sabethini+Mansoniini, albeit
with an extremely low branch support value leading to this clade (BPP=0.5). These three tribes
are associated in our analyses, along with the Culisetini and Orthopodomyiini, both unsampled
by da Silva. Our finding that the Toxorhynchitiini is sister to the Sabethini confirms speculation
by Belkin in the 20™ century that these two lineages were closely related’!.

Among sampled mosquito genera, all but Aedes and Culex were monophyletic. The
classification of both genera has been contentious, likely because of their enormous size—Aedes
is more than 900 species in a tribe that contains a third of all mosquito species (1266), while
Culex contains 785 species in a tribe of 813 species(Mosquito Taxonomic Inventory).

The genus Aedes, as it is presently recognized, is defined by a larval and adult morphological
characters®!->8-6!, Based on a series of cladistic analyses of morphological characters, nearly all
species within the genus Aedes saw their generic epithet changed multiple times at the start of the
twenty-first century!7-*362, There were varying degrees of acceptance to these taxonomic changes
prior to the revision to an inclusive Aedes of more than 900 species in 20151763765 This revision
to an inclusive Aedes was not based on the monophyly of Aedes sensu lato but instead based on
the utility of the nomenclature (e.g. phenotypic diagnosability), lack of stability of clades under



different analysis conditions, and partially, the lack of corroborating molecular evidence!”. The
lack of monophyly highlighted by cladistic analyses in Aedes had been long recognized, as first
Dyar and then many others noted that there were two groups in the genus Aedes3!:61:62:6466.67 and
that these groups had strong affinity to other aedine genera, establishing that Aedes was not
monophyletic®!61-68, Belkin noted the affinity of genera Haemagogus and Opifex to subgenera
like Finlaya and Ochlerotatus in his Section A grouping of aedines, with affinity between
Heizmannia, Armigeres, and others, and subgenera Stegomyia and Aedes reflected in his Section
B3!. These sections largely correspond to the two clades of Aedes recovered in our analysis and
others!94952,

Our analysis confirms that 1) dedes in the traditional and present sense is not monophyletic,
and 2) that this is the case for both groups of Aedes mosquitoes proposed by Reinert®? as Aedes
and Ochlerotatus. We also find several subgenera in Aedes (Aedeomorphus, Ochlerotatus, and
Finlaya) are not monophyletic and thus caution against elevating all subgenera in Aedes to
generic status as the only solution to resolving conflicts in Aedes, as was previously attempted in
the early 21st century. Future analyses, ideally including more aedine genera and subgenera from
Aedes may enable a robust classification of aedine mosquitoes based on molecular evidence that
is consistent with morphological characters.

In the case of Culex, previous analyses based on either limited molecular or morphological
datasets have highlighted that Lutzia and Deinocerities (with allied genus Galindomyia, which
we did not sample) likely originated from within Culex®-"!, although other analyses recover
these genera as outside Culex’*7*. Owing to the unique ecology and morphology of these
species, for instance Lutzia’s predatory larvae, they have been held as separate genera according
to most mosquito taxonomy3*7>. Navarro and Liria® noted the affinity of Deinocerites to
Melanoconion, Microculex, and other subgenera, which we also observe here, and proposed the
demotion of Deinocerites to subgeneric status. This action has largely been neglected by
taxonomists, but our results certainly support this action. In our analysis, Lutzia resolves within
Culex as sister to the subgenus Culex (Fig S1), while Deinocerites resolves as sister to
Micraedes, in a clade with several other New World Culex subgenera including Melanoconion
(Fig S 1). Molecular phylogenies have consistently found Lutzia and Deinocerites as resolving
within the genus Culex”7%77 and where sampling was sufficient, typically with the same
subgenera as in our analysis. Although we have relatively poor sampling of each genus (one and
two species, respectively), given previous molecular and morphological analyses, it is clear that
both Lutzia and Deinocerites resolve within Culex, and thus likely should be demoted to
subgenera.

Our phylogenomic analyses set the stage for further work in mosquito systematics and
taxonomy, which we hope can finally address long-standing disagreements in systematics and
nomenclature which have plagued mosquito biology for the last century.



ll. Supplementary Notes

1. Supplementary Note 1
Taxon Sampling, Quality Assessment, and Dataset Characteristics

Our dataset contained 263 mosquito species from six different continents, along with
genomic data from 5 outgroup flies used for rooting or dating purposes. Our sampling included
individuals from 24 of 41 mosquito genera and nine (of eleven) tribes in the Culicinae, sampling
that reflects genera containing 3377 mosquito species, out of approximately 3600. We had at
least two species per genus for 17 of the 24 genera sampled.

This phylogenomic sampling included 215 anchor hybrid samples with 42 genomes and 11
transcriptomes. Our sequencing efforts resulted in new genomic sequencing data for 224
mosquito species, including nine new low-coverage genomes assemblies and associated
orthologs. Across all our samples, mean recovery of orthologs (Supplementary Figure 8) post
contamination removal was highest for genomes (6307), and lowest for anchor hybrid
enrichment samples (3584). However, due to the preponderance of anchor hybrid samples in our
dataset, as well as the fact our anchor hybrid enrichment samples consistently recovered the 477
mosquito orthologs targeted by our probes (Supplementary Figure 8), there was no difference in
the average number of loci in our primary amino acid alignment was similar across all three data
types (S Table 2, F=2.294, Df=2, P=0.103). There was no significant difference in the number of
orthologs we aligned between subfamilies (F=1.897, Df=2, P=0.152), and although there was a
difference between tribes (F=2.299, Df=§, P=0.022), this was due to the large sample size
differences between tribes (Fig S8).

Our primary amino acid alignment consisted of 709 orthologs found in 203 species or more
and had a total alignment length of 523,035 amino acids. Per gene alignments were on average
737 amino acids long. Our automated distanced-based method of removing highly
divergent/outlier gene sequences removed a total of 489 sequences from alignments (0.002% of
total sequences). Removal of these outlier sequences had relatively little change in topology in
most cases, but it helped resolve the place of Orthopodomyiini with the Culisetini; in our
analysis of our untrimmed alignment, Orthopodomyiini resolved as sister Mansoniini, albeit with
very low support. Additionally, our outlier removal method reduced terminal branch lengths of
many taxa, resulting in a total reduction in tree size from 10.67 to 10.16 (a 5% reduction),
including an increase in the relative length of internal branches.

2. Supplementary Note 2
Topological Congruency Across Analyses and the Influence of Saturation

The maximum likelihood phylogeny constructed from nucleotide position two had a
congruent topology with those from our amino acid analyses, with the only difference being deep
within clades (Supplementary Figure 2). We found strong support for the monophyly of both
subfamilies and all tribes (systematics are discussed at length below). Similar topologies were
recovered using various subsets or alternative datasets, although some differences did exist
(Supplementary Figure 9-13). From our analysis of the 55 genomes and transcriptomes in our



dataset, we retrieved orthologs found in at least 75% of these species, resulting in a concatenated
amino acid alignment of 2,459,406 amino acids from 5667 orthologs. We recovered similar
relationships among tribes in this analysis as previously described maximum likelihood analyses,
although this dataset lacked the same sampling and as such, we could not evaluate the
relationships among tribes or genera as clearly. Moreover, we found a similar topology with
coalescent-like analyses from ASTRAL based on genes trees from amino acid sequences
(Supplementary Figure 11-13), although this analysis had low support values for backbone
branches in the Culicinae. As we increased the number of tips required to include a gene tree to
80% (214 species) and 90% (241 species), some branch support values did increase, but others
remained low. Our alternative analyses did occasionally recover topological differences, usually
within clades, and often with low support. For instance, although our analysis of only orthologs
targeted by probes recovered the same tribe and genus-level topology as our primary analyses
(Fig S9), there were some differences within clades, such as An. stigmaticus as the earliest
diverging branch in the genus Anopheles, albeit with only moderate SH-like aLRT branch
support (89.9).

We found significant evidence of saturation at codon positions one and three, both of which
exhibited a non-linear relationship between genetic distance and transition and transversion
ratios (Supplementary Figure 6). The inclusion of nucleotide position one and/or three resulted in
conflicting topologies to those of position two and amino acids. For instance, when codon
positions one and two, the analysis supported a result wherein Toxorynchitinii was sister to
Orthopodomyiini, which were together sister to Culiestini, albeit with extremely low support
(61.2 for ultrafast bootstrap support, and 74 for SH-like aLRT). In contrast, the topology from
amino acids and nucleotide two showed Toxorynchitnii was sister to Sabethini with high support
(Fig 1, Supplementary Figure 1 and 2). We considered this difference to be a result of saturation.

As our primary analyses utilized amino acids and nucleotide position two to reconstruct
evolutionary relationships that were hundreds of millions of years old and thus may be less
informative at the tips of the phylogeny, we also reconstructed a phylogeny from all three
nucleotide positions, partitioned by gene and codon position, in which the subfamily, tribe, and
generic level relationships of mosquitoes were constrained to our primary topology. Species-
level relationships remained largely unchanged, although some relationships did shift deep
within genera, such as Aedes (Hulecoeteomyia) japonicus. This species was sister to the
subgenera Mucidus+Finlaya kochi + Gymnomtopea + Georgecraigius in the amino acid
topology, while this species resolves as sister to Patmarksia+Dobrotworskyius in a constrained
first second, and third, position nucleotides topology.

3. Supplementary Note 3
Clock Selection, Divergence Time Estimation, and Convergence of Chains

We found strong support for the independent rates relaxed clock model (i.e., posterior model
probability > 0.92; Supplementary Table 3), so subsequent divergence time estimation used this
clock model. Our analyses in MCMCTree ran for a combined total of 23,712,000 generations
across five chains (Fig S14), with each chain running for approximately 384 hours for a total
computation time of approximately 1,920 hours. The estimated sample size of most node and
parameter estimates exceeded 500 and only 12 were below 200, all of which were at least 190.



4. Supplementary Note 4
Database of Host Associations

We recorded 293,308 mosquito-host associations representing data from 435 species in 25
genera. We recovered blood-host associations from all subfamilies and all tribes of biting
mosquitoes. Virtually all observations were recorded at the species level of the mosquito, but
unfortunately, some were listed only as “sp” and were discarded from additional analyses (12
unidentified species with 352 total observations), resulting in 422 mosquitoes for which we had
host-associations. Among these 422, all but two fed predominantly on one of the four classes of
terrestrial vertebrate hosts: Aves, Mammalia, Reptilia, or Amphibia. However, two species were
exceptions: Uranotaenia sapphirina, which had 83 blood-meal observations of which 80
annelids®! and Aedes baisai, which had 283 observations of which 280 were fish’8. While we did
not exclude these species, we did not include host association categories for fish or annelids in
our dataset. These 422 species also contained representatives from two tribes of mosquitoes we
were unable to sample with molecular data: Ficalbiini (7 species with 66 observations) and
Hodesgiini (1 species with 1 observation).

Most species had multiple host-association observations (median = 46 observations,
Supplementary Figure 15). Due to the fact that species of medical importance typically had far
higher raw observation counts (e.g. Anopheles gambiae had 27,376 and Culex tritaeniorhynchus
had 29,597), we used a proportion of observations for each class in our analyses. In general,
mosquitoes tended to have a strong association with a single class of host (mean max host
association = 0.90, Supplementary Figures 4 and 5), but there were exceptions, particularly in the
genus Culex.

5. Supplementary Note 5
Phylogenetic Comparative Methods

We found significant phylogenetic signal across host associations in mosquitoes, as measured
by Blomberg’s K and a phylogenetic correlogram, both with and without Anophelinae. When we
separately considered each host class, Amphibia showed greatest the effect size of phylogenetic
signal (Supplementary Figures 16-20). We found significant and strong positive correlation at
lower genetic differences—evidence of similarity in host association at low genetic distances
between any two mosquitoes, and a significant negative correlation at higher genetic
differences—evidence of dissimilarity in host association between mosquitoes more distant
related.

For stochastic character mapping, we evaluated different models of character evolution, and
found that the model where all transition rates differed (ARD) was the best model based on AICc
weights. Using the ARD model across a range of reconstructions, we found the highest posterior
probability was for an amphibian feeding ancestor of the Culicidae and Culicinae (Fig 2). This
was true whether we included tribes we did not sample with our molecular backbone (Ficalbiini
and Hodgesiini) or not (Fig 2 and Supplementary Figure 21), and when we used a flat prior for
mosquitoes where we lacked host association data (Supplementary Figure 22), as well as when
we estimated stochastic character maps across a posterior of TACT reconstructions
(Supplementary Figure 23). While the degree of support for an amphibian feeding ancestor for
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the Culicidae and Culicinae did vary between these reconstructions, it was always the highest
posterior probability. Moreover, outside the Anophelinae, most reconstructions found that
mammal and bird feeding greatly increased as the supported ancestral state for clades starting at
about 65 MYA.
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Supplementary Table 1:

Calibrations Used in Divergence Time Estimates

Species Reference Age Used | MCMCtree Notation Additional Details
N/A - Root Wiegmann et al.” | <250 MYA | <250 Noted as Calibration 1 on Fig S3. We
placed a maximum age constraint on the
root node of 250 MY A based on Wiegmann
etal. 2011
Chaoboridae Borkent and 187 MYA | L(187,0.1,1,0.025) Noted as Calibration 2 on Fig S3. The
Grimaldi! Chaoboridae have a rich fossil history, with

more fossil occurrences than extant species,
and are known from fossil deposits as old as
the Early Jurassic (>183 MYA, see
Kalugina and Kovalev 1 985, Rohdendorf
1962, Borkent 1993, and Borkent 2014).
Borkent and Grimaldi 2004 considered 187
MY A to be an approximate age for the
Chaoboridae. Due to our minimal sampling
of the Chaoboridae, we considered this
calibration a stem calibration for
chaoborids, and placed it on the last

common ancestor between Culicidae and
Chaoboridae.
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Priscoculex burmanicus
Poinar, Zavortink, &
Brown, 2019

Poinar et al.!!

98.17
MYA

L(98.17,0.1,1,0.025)

Noted as Calibration 3 on Fig S3.
Priscoculex burmanicus is known from
mid-Cretaceous amber. A predominance of
anopheline features allowed the assignment
of this species to the Anophelinae, but has
some features that distinguish it from
present-day anophelines. As such, we
considered this a stem anopheline and
placed a calibration on the last common
ancestor of the extant subfamilies based on
the age of this fossil.

Culiseta lemniscata
Harbach & Greenwalt,
2012

Harbach and
Greenwalt!*

46.2 MYA

L(46.2,0.1,1,0.025)

Noted as Calibration 4 on Fig S3. Culiseta
lemniscata is known from a compression
fossil in a shale deposit of the Kishenehn
Basic, dated to the Eocene. The species can
not be placed within an extant subgenus, but
numerous subcostal setae indicate it likely
has an affinity to subgenus Culicella, and
apparently keys to the subgenus Culicella,
though it possesses some characteristics not
found in other members of this subgenus
and instead belonging to Climacura. We
thus placed this fossil at the node above the
common ancestor of Culicella and
Climacura, which was the common
ancestor of all sampled Culiseta.
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Aedes serafini
Szadziewski 1998

Szadziewski and
Gilkal!?

33.9 MYA

L(33.9,0.1,1,0.025)

Noted as Calibration 5 on Fig S3. Aedes
serafini is described as having a gonocoxite
with a distinct apical inner lobe, similar to
other members of the subgenus
Ochlerotatus. The authors specifically
mention similarity to Aedes (Ochlerotatus)
excrucians, a holarctic species. This is a
Baltic amber fossil dated to the Eocene. We
placed this fossil at the last common
ancestor of the subgenus Ochlerotatus.

Coquillettidia gedanica
Szadziewski, Sontag &
Szwedo, 2019

Szadziewski,
Sontag &
Szwedo!6

33.9 MYA

L(33.9,0.1,1,0.025)

Noted as Calibration 6 on Fig S3.
Coquillettidia gedanica was found in Baltic
amber and has been placed in the extant
genus Coquilletidia. We placed this fossil as
a calibration on the last common ancestor of
the Mansoniini, as these two genera are
closely related and can be difficult to
distinguish.

Culex (Culex) erikae
Szadziewski &
Szadziewska, 1985

Szadziewski &
Szadziewska®®

33.9 MYA

L(33.9,0.1,1,0.025)

Noted as Calibration 7 on Fig S3. Culex
erikae is known from Baltic amber. This
species has been found in multiple amber
occlusions, is morphologically quite similar
to Culex (Culex) pipiens adults, and has
been placed in the subgenus Culex. We
placed this fossil on the common ancestor
of Culex (Culex) and Culex (Culicimoyia),
the subgenus sister to Culex (Culex) in our
analysis.
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Supplementary Table 2: Comparing Ortholog Retrieval Across Genomic Data Source, Mosquito Subfamily, and Tribe.

Anchor Hybrid Enrichment Gene Sets from Genomes Transcriptomes Totals
N In Probe N In Probe In Probe N In Probe
Alignment Targeted Alignment | Targeted Alignment Targeted Alignment Targeted
Outgroups
4 0.75 0.75 0.91 0.92 5 0.78 0.78
Anophelinae
No Tribes 22 0.90 0.94 26 0.93 0.90 0.71 0.71 51 0.90 0.91
Culicinae
Aedeomyiini 1 0.90 0.91 1 0.84 0.76 2 0.87 0.83
Aedini 11 0.91 0.95 6 0.90 0.84 0.82 0.77 126 0.91 0.94
7
Culicini 44 0.88 0.94 4 0.85 0.80 0.98 0.98 49 0.88 0.93
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Culisetini 0.78 0.93 0.94 0.87 9 0.80 0.92
Mansoniini 0.75 0.82 7 0.75 0.82
Orthopodomyiini 0.83 0.93 2 0.83 0.93
Sabethini 0.89 0.91 0.78 0.79 10 0.87 0.89
Toxorhynchitini 0.89 0.92 0.81 0.82 4 0.87 0.89
Uranotaeniini 0.92 0.94 3 0.92 0.94

In Alignment refers to the proportion of alignment orthologs found, on average, in that taxonomic grouping.

Probe Targeted refers to the proportion of probe-targeted orthologs found, on average, in that taxonomic grouping.




Supplementary Table 3: Clock Selection in MCMCTree

Model Bayes Factor log(Bayes Factor) | Pr(M|D)
ILN 1 0 0.92
GBM 0.08 -2 0.7
CLK 0 -7153 0
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Supplementary Table 4: Bloodmeals Grouped into Reptiles, By Mosquito Genus

Clades grouped into Reptile in our Analyses

Mosquito Genus | Crocodilia | Unreported Squamata Testudines | Total
Aedeomyia 1 1
Aedes 9 5 13 27
Anopheles 1 2 1 4
Coquillettidia 3 2 5
Culex 32 55 11 107
Culiseta 4 6 10
Deinocerites 7 7
Mansonia 1 1 2
Psorophora 2 2
Uranotaenia 3 5 1 9
54 81 30 174
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V. SUPPLEMENTARY FIGURES

Supplementary Figure 1

The maximum likelihood topology from 1Q-Tree, based on partitioned amino acid alignment. Here, the model
for each partition was chosen based on individual analyses of gene trees. Support values are SH-like aLRT and
Ultrafast Bootstrap values. Values above 95/95 have been hidden. The scale is in amino acid substitutions per site.
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Supplementary Figure 2
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Supplementary Figure 3

Caloration 3

Calibration 1, 2

P ]

250 200 150 100 0 0
The divergence time analysis, from Figure 1, at a higher resolution and with species names visible on tips and
calibration points shown with red arrows. Calibration details are given in Supplementary Table 1.
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The maximum host proportion for each genus of mosquito, grouped by tribe or by subfamily for the
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particularly in Culex.
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Supplementary Figure 6
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Saturation plots per codon position, with genetic distance on the X axis of each plot and transition (Ps) and
transversion (Qv) ratios on the Y axis. Note difference in axis scales. Position 3 shows strong signs of saturation,
with non-linear relationships between genetic distance and observed Ps/Qv ratios. Position 1 shows weak signs of
saturation, as well. Regressions are local polynomial regression fits with 95% confidence intervals.
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Supplementary Figure 7
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Family-level lineage through time plots for major vertebrate classes which are commonly fed on by
mosquitoes: amphibians (purple), reptiles (yellow), birds (blue), mammals (green).
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Supplementary Figure 8
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thick black line for the median, a box showing the interquartile range, and whiskers that are 1.5 +/- the interquartile
range. Genomes in general recovered more orthologs from the total Culicologs catalog (A), but recovery was similar
when considered probe-targeted orthologs alone (B). Genomes and transcriptomes had similar numbers of orthologs
in our primary alignment we analyzed (C), and different taxonomic groups of mosquitoes had similar ortholog
recovery, although our relatively low sampling in the Mansoniini resulted in statistically different ortholog
recoveries between this tribe and the Aedini (D).
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Supplementary Figure 9
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The maximum likelihood phylogeny inferred in IQ-Tree, based on the alignment of only orthologs targeted
by AHE probes. Support values are SH-like aLRT branch support values and Ultrafast Bootstrap values, and only
values below 100/100 are shown.
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Supplementary Figure 10
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The maximum likelihood phylogeny inferred in IQ-Tree from genomes and transcriptomes. Support values are
SH-like aLRT branch support values, and only values below 100 are shown.
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Supplementary Figure 11
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The cladogram inferred by ASTRAL. Support values are local posterior probabilities, and only values below 1 are
shown. For easier visualization of relationships and support values, ASTRAL topologies are shown as cladograms.
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Supplementary Figure 12

The cladogram inferred by ASTRAL, considering only gene trees with at least 214 species (85% of taxa in the
analysis). Support values are local posterior probabilities, and only values below 1 are shown. For easier
visualization of relationships and support values, ASTRAL topologies are shown as cladograms.
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Supplementary Figure 13

The cladogram inferred by ASTRAL, considering only gene trees with at least 241 species (90% of taxa in the
analysis). Support values are local posterior probabilities, and only values below | are shown. For easier
visualization of relationships and support values, ASTRAL topologies are shown as cladograms.
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Supplementary Figure 14
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Five separate chains run in MCMCTree converge on similar node estimates and with overlapping 95%
HPDs. Node estimates are points (given some opacity, so other points can be visualized where they overlap), while
dashed lines are estimates of the 95% highest posterior density per node.

30



Supplementary Figure 15
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A histogram showing the distribution of host associations observed for mosquito species. Here, a single host

association is one mosquito observed with a blood meal identifiable to a given class of host. Host associations

shown on a log scale. Black horizontal line indicates the median number of host associations observed across

species, 46.
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Supplementary Figure 16
Mantel R for all hosts
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A phylogenetic correlogram showing the association between phylogenetic distance and host association for
all classes of vertebrate hosts in our analysis, including Anopheline mosquitoes. There is a significant positive
correlation at short to intermediate genetic distances, with a negative correlation at deep genetic distances. Dashed
lines indicate upper and lower 95% confidence limits derived from 1000 bootstrap replicates.



Supplementary Figure 17

Moran's | for amphibian host %
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A phylogenetic correlogram showing the association between phylogenetic distance and host association with
amphibians in our analysis. At short genetic distances, there is a positive correlation between genetic distance and
proportion of amphibians fed upon, but no association at intermediate distances. Dashed lines indicate upper and
lower 95% confidence limits derived from 1000 bootstrap replicates.



Supplementary Figure 18

Moran's | for bird host %
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A phylogenetic correlogram showing the association between phylogenetic distance and host association with
birds in our analysis. At short to intermediate genetic distances, there is a positive correlation between genetic
distance and proportion of birds fed upon, with a negative correlation at deep genetic distances. Dashed lines
indicate upper and lower 95% confidence limits derived from 1000 bootstrap replicates.



Supplementary Figure 19

Moran's | for mammal host %
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A phylogenetic correlogram showing the association between phylogenetic distance and host association with
mammals. This is a similar pattern to other host classes - at short to intermediate genetic distances, there is a
positive correlation between genetic distance and proportion of birds fed upon, with a negative correlation at deep
genetic distances. Dashed lines indicate upper and lower 95% confidence limits derived from 1000 bootstrap
replicates.



Supplementary Figure 20

Moran’'s | for reptile host %
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A phylogenetic correlogram showing the association between phylogenetic distance and host association with
reptiles in our analysis. Dashed lines indicate upper and lower 95% confidence limits derived from 1000 bootstrap

replicates.



Supplementary Figure 21
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The ancestral state reconstruction that includes tribes added via TACT, Ficalbiini and Hodgesiini. As in our
other ancestral state reconstructions, amphibian-associated is the most well-supported ancestral state.
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Supplementary Figure 22

The ancestral state reconstruction that includes all mosquito species. For species without bloodhost information,
a flat prior (equal probability of any feeding state) was supplied. As in our other ancestral state reconstructions,
amphibian-associated is the most well-supported ancestral state.
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Supplementary Figure 23
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The summarized ancestral state reconstruction using posterior trees sampled from MCMCTree and fed into
TACT to produce a range of topologies. This analysis used only data from sampled tribes. As in our other
ancestral state reconstructions, amphibian-associated is the most well-supported ancestral state.
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