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Cognitive abilities can vary dramatically among species. The relative
importance of social and ecological challenges in shaping cognitive
evolution has been the subject of a long-running and recently
renewed debate, but little work has sought to understand the
selective dynamics underlying the evolution of cognitive abilities.
Here, we investigate recent selection related to cognition in the
paper wasp Polistes fuscatus—a wasp that has uniquely evolved
visual individual recognition abilities. We generate high quality de
novo genome assemblies and population genomic resources for
multiple species of paper wasps and use a population genomic
framework to interrogate the probable mode and tempo of cogni-
tive evolution. Recent, strong, hard selective sweeps in P. fuscatus
contain loci annotated with functions in long-term memory forma-
tion, mushroom body development, and visual processing, traits
which have recently evolved in association with individual recogni-
tion. The homologous pathways are not under selection in closely
related wasps that lack individual recognition. Indeed, the preva-
lence of candidate cognition loci within the strongest selective
sweeps suggests that the evolution of cognitive abilities has been
among the strongest selection pressures in P. fuscatus’ recent evo-
lutionary history. Detailed analyses of selective sweeps containing
candidate cognition loci reveal multiple cases of hard selective
sweeps within the last few thousand years on de novo mutations,
mainly in noncoding regions. These data provide unprecedented
insight into some of the processes by which cognition evolves.
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Cognition is arguably among the most complex animal traits
and has been instrumental in the ecological and evolutionary
success of disparate lineages (1). Decades of research have
documented patterns of cognitive variation among animals,
consistent with environmental and social selective forces shaping
cognitive abilities (2, 3). Much research on cognitive evolution
has focused on brain size as a proxy for cognitive abilities and
utilized comparative methods to identify life-history, ecological,
and social factors that explain variation in brain investment (4—
6). Many studies, primarily in birds and mammals, have sought to
document the ecological and evolutionary consequences of
larger brains (7, 8). Increasingly, researchers are tackling the
issue of how cognition evolves by measuring the heritability of
cognitive abilities in wild populations (9), attempting to link
cognition to fitness (10) and using experimental evolution (11).
There are also attempts to understand the genetic architecture of
variation in cognition. For example, a genome-wide association
study of educational attainment in humans identified hundreds
of loci that jointly explained ~10% of variance in cognitive
performance (12). The presence of standing genetic variation in
cognitive traits has been found in many species, suggesting that
selection on standing variation can produce substantial shifts in
cognitive abilities. This intuition is consistent with changes in
cognitive abilities seen during the recent history of animal do-
mestication and in experimental evolution studies (11, 13-15).
Collectively, these studies indicate that, within species, variation
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in cognitive abilities is a heritable quantitative trait (9, 16). Al-
though these approaches have generated many hypotheses for
the selective forces driving the evolution of novel cognitive
abilities, these studies do not provide direct evidence for the
evolutionary dynamics underlying cognitive evolution and, as a
result, the process by which cognitive abilities evolve remains an
essentially unexplored question.

Analyses of genomic patterns of selection have the potential to
reveal the mode and tempo of cognitive evolution. Prior com-
parative genomic analyses have identified signatures of positive
selection on genes associated with the brain or nervous system in
a number of species (17-19). While these data show that neural
systems can be shaped by positive selection, the deep timescale
of such analyses obscures the evolutionary dynamics. Population
genomic scans have detected evidence of recent selection on
genes annotated with functions in the nervous system and cog-
nition in diverse species (20-23). Together, these studies provide
molecular evidence that cognition is shaped by natural selection
although the nature and timing of the selective events have not
been analyzed. The ability to detect the mode and tempo of
selection decays with time (24) so an ideal system for examining
the process of cognitive evolution requires a species that has
evolved cognitive abilities absent in close relatives, indicating
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recent cognitive evolution. From this starting point, we can then
interrogate the magnitude and nature of the selective signature on
loci related to cognition and brain function in a focal species
compared to its relatives. Such a system would provide novel in-
sights into the mode and tempo of cognitive evolution.

The evolution of visual individual recognition in the northern
paper wasp (25), Polistes fuscatus, provides an unusual oppor-
tunity to examine the mode and tempo of cognitive evolution. P.
fuscatus has uniquely evolved the ability to learn and remember
conspecific facial images (26). Facial processing in P. fuscatus is
likely not the result of an overall increase in cognitive ability as
other species of paper wasp are equally adept at learning nonface
images (26), but rather a novel cognitive trait related to recog-
nizing and remembering other individuals. Diverse facial pat-
terns mediate individual recognition in P. fuscatus, but they are
absent in close relatives that lack visual individual recognition
(25) (Fig. 1B). In P. fuscatus, nests are initiated each spring by
one or more mated females (27). Individual recognition medi-
ates dominance interactions among nest cofoundresses (25) and
has been associated with complex social cognition in P. fuscatus,
including highly robust social memories (28) and tracking others’
contribution to work and egg laying (29). Multiple paper wasp
species cooccur throughout much of the range of P. fuscatus,
often nesting on the same buildings and capturing the same prey
species (27). Thus, differences in facial recognition abilities rep-
resent a prominent difference between P. fuscatus and its relatives.

Taking advantage of the paper wasp system, we seek to ad-
dress four interrelated questions regarding the mode and tempo
of cognitive evolution.

1) What is the population genomic signature of cognitive evolu-
tion? Depending on the mode and tempo of evolution, the
population genomic signature of evolutionary changes in

2)

phenotypes will vary (30, 31). Here, we consider two scenarios.
First, the evolution of cognitive traits may be highly polygenic
(Fig. 14), with the total effect of selection spread across many
loci with small effects on fitness (32). A highly polygenic model
predicts selection on any given cognition allele is likely to be
relatively weak, although potentially detectable in aggregate.
Second, the evolution of cognitive abilities may involve stron-
ger selection on a more modest number of loci (Fig. 14) (31,
33). Under this oligogenic model, we would expect to observe
particularly strong signatures of selection on a more limited set
of loci annotated with cognition-related functions. Thus, de-
termining whether or not there is a detectable signature of
selection—and the relative strength of evidence for selection
among relevant loci—allows for inferences regarding the re-
cency, strength, and genomic architecture of selection on cog-
nition for a particular lineage.

Is there evidence of hard sweeps on de novo mutations in
cognition annotated loci? Adaptive evolution may proceed
by selection acting on standing variation or de novo mutations
(Fig. 14) (30, 34, 35). Selection acting on standing genetic
variation (i.e., alleles present in multiple copies in a popula-
tion) can lead to soft selective sweeps, partially reducing ge-
netic diversity surrounding the selected site by increasing the
frequencies of multiple haplotypes containing the target mu-
tation (36). Soft sweeps of standing variation provide the
potential for rapid evolution in the face of novel selection
pressures (35). The abundant evidence for heritable variation
in cognitive abilities in wild populations (9) suggests that
selection on standing variation is likely to be involved in cog-
nitive adaption. Adaptive change may also occur through
hard selection on de novo mutations, which produces a ge-
netic signature of a hard selective sweep characterized by a
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Fig. 1.

(A) Graphical representation of two potential hypotheses for the mode and tempo of cognitive evolution. Polygenic selection on many loci from

multiple segregating alleles of small effect would result in many soft selective sweeps whereas oligogenic selection from de novo mutations would be detectable as hard
selective sweeps across a moderate number of loci. The cartoon graphs depict the predicted patterns for each hypothesis. The leftmost cartoons shows selective sweeps,
with genomic position on the x-axis and strength of selection on the y-axis. Hatch marks on the phylogenetic tree indicate the branch where a selected mutation arose.
Simplified haplotypes given to illustrate soft versus hard sweeps. Haplotypes are depicted with polymorphisms shown as different colored shapes. A change in the
selective landscape could lead to concurrent selection on many loci; alternatively, a mutation order process could lead to selection on different loci over time. The
cartoons illustrate the estimate of the relative timing of selection for loci A-F, shown as horizontal violin plots. (B) P. fuscatus has greater phenotypic variation in facial
coloration than other species of Polistes, as exemplified by variation in female facial coloration within a single nest for P. fuscatus, P. metricus, and P. dorsalis. Faces were
photographed with antennae removed. (C) Pairwise Fsy among P. fuscatus, P. metricus, and P. dorsalis show limited genetic differentiation between species.
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broader region of reduced genetic diversity with a single dom-
inant haplotype (36). Signatures of hard sweeps of de novo
mutations are most detectable when selection is relatively
strong and recent (37). Moreover, hard sweeps of de novo
mutations would suggest that standing variation may not be
fully sufficient to generate the observed shifts in cognitive
abilities and that cognitive evolution is constrained by the
availability of adaptive mutations (30). Thus, evidence of hard
selective sweeps from de novo mutations linked to loci anno-
tated with cognition-related functions in P. fuscatus would pro-
vide novel insights into the relative mutational constraints, as
well as the strength of selection mediating cognitive evolution.

3) What is the relative evidence for selection on coding versus reg-
ulatory evolution related to cognitive evolution? Two prominent
mechanisms through which mutations can influence phenotypes
and be exposed to selection are by either changing the coding
sequence of a gene, thereby affecting the protein product, or by
changing regulatory elements that influence the relative levels,
timing, locations, or splice forms of that gene (38). Whereas
coding sequence changes can affect the structure of a protein,
regulatory mutations can act in specific tissues or developmental
stages (39). Many studies looking for signatures of selection in
relation to cognition have examined protein-coding evolution
(17-19) although there is evidence of selection on regulatory
elements with suggested links to cognition as well (19). More
generally, there is a broad consensus of the importance of regu-
latory evolution in shaping patterns of phenotypic change (40).
The relative signature of selection on coding versus regulatory
mutations remains an open question with regard to cognitive
evolution.

4) What is the relative timing of selective events? Identifying the
relative ages of selected alleles will reveal the tempo of cognitive
adaptation (41). The tempo of adaptive evolution is a function
of the strength of selection, as well as the timing of adaptive
mutations. For a single adaptive allele, the age of the allele
provides information about the speed of evolution. Comparing
the relative ages of multiple adaptive alleles can help test hy-
potheses regarding possible mechanisms driving change in cog-
nitive ability (42). For example, a change in ecological or social
pressures modifying the selective landscape could lead to con-
current selection on many loci until the population reaches a
new fitness optimum (43). Alternatively, the presence of multi-
ple discreet bouts of selection may imply that evolving novel
cognitive abilities is limited by the availability of adaptive muta-
tions (Fig. 14) (44). Little work has set out to explicitly address
the selective dynamics of cognitive evolution, and insights from
this process have important implications for our understanding
of how novel complex traits have evolved across animal lineages.

De Novo Assembly of Three High Quality Polistes Wasp
Genomes

We explored the genomic signatures of recent evolution by
first assembling and annotating high quality de novo genomes
for P. fuscatus and two closely related species lacking facial
recognition, Polistes metricus and Polistes dorsalis (Fig. 1B). The
three de novo genomes are ~220 megabases (Mb), among the most
highly contiguous Hymenopteran genomes to date, and contain a
nearly complete set of highly conserved genes (Table 1). Genomic
features were comparable to previously sequenced paper wasp
genomes (SI Appendix, Figs. S1-S5 and Tables S1 and S2, and refs. 45
and 46). These species provide an unusually tractable system for
identifying the targets of recent natural selection. Pairwise fixa-
tion index (Fst) calculations (Fig. 1C and SI Appendix, Fig. S6)
show only moderate genetic differentiation among species, in effect
limiting the genomic regions in P. fuscatus potentially associated
with recent cognitive evolution in this lineage. Analysis of pop-
ulation samples shows rapid decay of linkage disequilibrium (S

Miller et al.

Table 1. Summary statistics for P. fuscatus, P. metricus,
and P. dorsalis de novo genome assemblies

P. fuscatus P. metricus P. dorsalis

Genome Assembly

Scaffolds > 5,000 bp 187 216 1,075
Scaffolds > 50,000 bp 185 151 108
Scaffold N50 9.11 Mb 4.63 Mb 5.37 Mb
Scaffold N75 4.45 Mb 2.7 Mb 2.39 Mb
Scaffold L50 8 14 13
Scaffold L75 16 29 27
Largest scaffold 19.6 Mb 16.0 Mb 20.3 Mb
Total length 219 Mb 219 Mb 209 Mb
GC content, % 32.74% 31.61% 32.54%
No. of genes 12,034 12,032 11,311
Genome size
In silico estimate 227 Mb 205 Mb 261 Mb
BUSCO
Complete BUSCOs (eukaryote)  296/303 297/303 297/303

Complete BUSCOs (arthropod) 1,060/1,066 1,066/1,066 1,064/1,066

GC, guanine and cytosine.

Appendix, Fig. S7), consistent with high recombination rates
reported in other social hymenopterans (47). This combination of
features makes it possible to identify regions under selection with
exceptionally high precision.

Recent Strong Selection on Visual Cognition, Neural, and
Learning and Memory Annotated Loci in P. fuscatus

We conducted a genome-wide scan for selective sweeps in P.
fuscatus using 40 resequenced genomes from two populations
(mean coverage 12.2x) (SI Appendix, Table S3). Selective sweeps
were determined with SweepFinder2 (48), which calculates a
composite likelihood ratio (CLR) based on shifts in the allele
frequency spectrum consistent with selection. By including in-
dividuals sampled from two different populations, selective
sweeps should be detected only in genomic regions that are
under selection in both populations and not in genomic regions
that are under selection as a result of local adaptation. Using
simulations, we first demonstrated that CLR values increase with
the strength and recency of selection and that CLR values are
greater when selection acts upon new mutations rather than
standing variation (SI Appendix, Figs. S8 and S9). Highly poly-
genic selection would thus be detectable as a minor positive
shift in CLR values for target gene sets associated with cogni-
tion, compared to the genome-wide background, whereas oli-
gogenic selection would cause greatly elevated CLR across a
moderate number of loci with cognition-related annotations
(Fig. 14).

The genome scan identified many narrow selective sweeps
spread across the genome. We first examined the highest CLR
peaks consistent with recent, strong selective sweeps using a
stringent P value of <5e™® based on the Z-distribution of CLR
scores (Fig. 24). This cutoff identified 138 selective sweeps that
were narrow (median 2,843 base pairs [bp]; range 100 to 56,811
bp) and typically coincided with regions of elevated genomic
differentiation from a reconstructed ancestral genome (Fig. 24
and SI Appendix, Fig. S10), lending further support of recent
lineage-specific evolution at these genomic regions. Many of the
selective sweeps encompassed annotated gene boundaries, but
others fell nearby annotated genes but did not overlap with
coding regions or introns, suggesting a potential for regulatory
evolution. We identified 183 genes within 5 kilobases (kb) of the
top sweeps that are potential targets of selection (median = 1
gene per sweep, range: 0 to 8 genes). Of the 138 selective sweeps,
39 (28%) were associated with loci implicated in learning,
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Fig. 2. (A) Narrow peaks of elevated composite likelihood ratio (CLR) values indicate genomic regions in P. fuscatus characteristic of recent selective sweeps.
CLR peaks occur throughout the P. fuscatus genome. Peaks frequently coincide with regions of increased divergence from the P. fuscatus and P. metricus
ancestral genome. A subset of candidate cognition- and visual processing-related genes located within CLR peaks annotated with GO terms related to
learning and memory (red) and compound eye development (blue) are indicated. CLR and divergence values were calculated in 1,000-bp windows. Colored
bars show the position of each scaffold (first 26 shown). A detailed view of two selective sweeps shows CLR peaks located near genes (blue bars) involved in
insect memory formation and visual processing, EphR and Orb2. Divergence along the P. fuscatus lineage from a reconstructed genome of the most recent
common ancestor of P. fuscatus and P. metricus is indicated with the dotted red line. The narrow sweeps shown here are among the widest in P. fuscatus,
emphasizing the precision of localizing selection in this species. (B) CLR values for potential candidate cognition loci annotated with visual learning and
cognition related functions (“Yes”) are greater in P. fuscatus than in P. metricus or P. dorsalis. All other genes lacking GO annotation associated with visual
processing, cognition, brain development, or learning and memory are labeled as “No"”. CLR values have been scaled to compare across the three species.

memory, neurogenesis, or the insect visual system based on gene  brain development (49) and has been experimentally shown to
ontology (GO) terms of the gene within the locus (Dataset S1).  mediate learning and memory in honey bees (50); Orb2, which
Notable candidate loci include (but are not limited to) ephrin  plays a key role in the formation of long-term memories (51);
receptor tyrosine kinase receptor (EphR), which is important for  and optic ganglion reduced (OGRE), which is expressed in the
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optic lamina of developing Drosophila and is required for pho-
toreceptor development (52).

The strongest sweeps in P. fuscatus were significantly enriched
for GO terms related to neuronal development and synapse or-
ganization (P < 0.0001) (SI Appendix, Table S4), matching our
prediction that recent cognitive evolution in P. fuscatus is associ-
ated with evolution in genes annotated with cognition and nervous
system GO terms. Similarly, an analysis of all genic loci (an an-
notated gene body + 5,000 bp) ranked by top CLR score within
each locus reveals significant enrichment of GO terms related to
vision, brain development, and cognition among the loci with the
strongest evidence of recent selection (Dataset S1 and SI Appen-
dix, Fig. S11). This pattern of particularly strong selection on a
moderate number of loci is inconsistent with a strictly polygenic
model of cognitive adaptation, which predicts weaker signatures of
selection spread across numerous loci. Instead, the enrichment of
cognition annotated loci within the most extreme CLR peaks fits
an oligogenic model of cognitive adaptation.

Recent Extreme Selection on Cognition Loci Is Specific to
P. fuscatus

We next asked whether the strong signature of recent selection
on cognitive abilities was specific to P. fuscatus, which has no-
tably evolved visual individual recognition, or if other related
species of paper wasps also show recent selection on cognition
related loci (Fig. 1 B and C). If similar patterns of selection are
shown in all species, that would suggest that cognitive evolution
in P. fuscatus is not associated with a distinct selective signature.
In contrast, if P. fuscatus shows a distinct signature of selection
on cognition annotated loci, it would suggest the patterns are
related to recent lineage-specific cognitive evolution in P. fus-
catus. We conducted selection scans in two closely related spe-
cies for which we had generated de novo genomes, P. metricus
and P. dorsalis (Fig. 1B and SI Appendix, Fig. S12), that lack
individual recognition. First, we observed that orthologs of the
highly selected loci in P. fuscatus showed no evidence of recent
selection in either P. metricus or P. dorsalis. Instead, we find that
loci associated with recent, strong selection in P. dorsalis are
retrotransposases and in P. metricus loci associated with olfactory
receptor activity and hydrocarbon production. Next, we tested
the hypothesis that loci potentially associated with cognition
were under stronger, harder, and/or more recent selection in P.
fuscatus relative to the other species. Based on the cognition-
related phenotypes known to have evolved in P. fuscatus in as-
sociation with individual recognition (25, 53, 54), loci with genes
annotated with gene ontology (GO) terms for cognition, mush-
room body development, visual behavior, learning or memory,
and eye development were classified as “candidate cognition
loci.” Given that we would not expect strong selection to occur in
all loci annotated with these functions, this test is conservative as
it should be inherently biased against detecting weak evidence
for selection in a large dataset. Across all species, CLR values for
potential candidate cognition loci showed a strong interaction
between locus type and recognition system (Fig. 2B) (locus type:
Fi 34361 = 0.72, P = 0.40; recognition system: Fy; = 042, P =
0.63; locus type X recognition system: Fjs4361 = 24.9, P <
0.0001). Thus, evidence for positive selection on genic loci an-
notated as visual perception, cognition, memory, and neural
development is far stronger in P. fuscatus than in either P. met-
ricus or P. dorsalis. Similar results were observed when consid-
ering specific GO term annotations related to cognition (e.g.,
mushroom body development: locus type: Fi 34361 = 0.72, P =
0.40; recognition system: Fy; = 0.61, P = 0.58; locus type X
recognition system: Fj 34361 = 10.9, P = 0.0009; eye development:
locus type: Fy34361 = 0.27, P = 0.6; recognition system: Fy; =
0.61, P = 0.58; locus type x recognition system: Fj 34361 = 8.73,
P = 0.003) (SI Appendix, Fig. S13). The different pattern of se-
lection on cognition-related GO terms in P. fuscatus is not
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caused by a general difference in the ability to detect selection
among species as loci that would be predicted to be under se-
lection in all species show similar patterns of selection. For ex-
ample, loci annotated with immune response show similarly
elevated CLR values across all three species (locus type: Fj 34361 =
5.08, P = 0.024; recognition system: F;; = 0.60, P = 0.58; locus
type x recognition system: F 34361 = 0.35, P = 0.55) (SI Appendix,
Fig. S13). Traditional GO term analysis of the outlier sweeps (P <
5e™® based on Zscore of CLR values) in the other species (S/
Appendix, Table S4) and a gene set enrichment analysis (Dataset
S1) failed to find evidence of strong selection on GO terms related
to cognition in either P. metricus or P. dorsalis. Thus, P. fuscatus
shows a distinct pattern of recent, strong selection on loci related
to vision, learning and memory.

The unique pattern of selection on candidate cognition loci in P.
fuscatus is consistent with selection on cognitive abilities underlying
individual recognition. Although individual recognition is unlikely to
have been the only selective pressure in the P. fuscatus lineage, it is
an obvious and prominent difference in cognitive abilities between
P. fuscatus and its relatives (26, 55). Individual recognition appears
to provide a parsimonious explanation for the observed differential
patterns of selection on cognition loci among the three species ex-
amined. Future work is needed to determine precisely whether and
how particular selected mutations contribute to individual recog-
nition abilities. Nevertheless, the evidence of multiple strong se-
lective sweeps, including loci annotated with functions related to
learning, memory, visual perception, neural development, and
cognition, suggests that selection on cognitive traits, likely driven by
individual recognition, has been among the strongest selection
pressures in recent history in the P. fuscatus lineage.

Evidence for Multiple Hard Sweeps of De Novo Mutations
Associated with Cognitive Evolution

The speed and dynamics of selection are expected to differ be-
tween traits evolving from standing variation or de novo muta-
tions (56, 57). To determine which alleles are unique to P.
fuscatus, we generated population-scale resequencing data for 93
individuals from four closely related species—including rese-
quencing data for two additional close relatives, Polistes carolina
and Polistes perplexus, in addition to the previously generated
samples for P. metricus and P. dorsalis (SI Appendix, Fig. S14 and
Tables S3 and S5). For 4,880,035 single-nucleotide polymor-
phisms (SNPs), we were able to classify variants by comparing
the allele frequency in P. fuscatus with the allele frequency in
these related species. We classified sites as fixed de novo mu-
tations when P. fuscatus was fixed for an allele that was not
present in other species, and as segregating de novo polymor-
phisms when sites were fixed in all other species, but variable in
P. fuscatus. Fixed ancestral polymorphisms were sites fixed in P.
fuscatus but for which a different allele is present in at least two
other species. Shared polymorphisms are those sites that are
segregating in P. fuscatus and at least one other species. Sweep
regions in P. fuscatus were greatly enriched for fixed de novo
mutations and fixed ancestral polymorphisms relative to the rest
of the genome (SI Appendix, Table S5) (McNemar’s test, P <
0.0001), providing independent evidence of selection in these
regions. Based upon these classifications, 46 (33.3%) of the top
sweeps contained at least one fixed or nearly fixed de novo
mutation, consistent with hard selective sweeps. We secondarily
used a machine learning approach to classify regions as hard or
soft sweeps (58). The two methods produced largely corre-
sponding results, particularly between de novo mutations and
hard selective sweeps (Fig. 34 and SI Appendix, Table S6). Loci
categorized as being under hard or soft selection had distinctive
haplotype network structures, providing additional verification of our
classification methods (Fig. 3B). For the 39 sweeps containing can-
didate cognition loci, 31% were classified as hard selective sweeps
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Fig. 3. (A) Selective sweep regions in P. fuscatus were classified as likely
containing de novo alleles or ancestral alleles based upon the allele fre-
quency distributions of P. fuscatus relative to the allele frequency distribu-
tions in four additional Polistes species. Candidate cognition selective sweeps
were then classified as likely hard or likely soft sweeps using a machine
learning approach. Both methods provide evidence for multiple hard sweeps
of de novo mutations in P. fuscatus. (B) A representative haplotype network
for a de novo/hard sweep (EphR) and for an ancestral/soft sweep (OGRE).
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from de novo mutations, suggesting a contribution of hard selective
sweeps during the evolution of cognitive abilities in P. fuscatus.

The Strongest Signatures of Selection on Cognition in

P. fuscatus Are Predominantly Noncoding

We used two complimentary approaches to examine the relative
importance of coding versus noncoding mutations on patterns of
selection in P. fuscatus. First, we used snpEff (59) to classify the
fixed and segregating SNPs detected in P. fuscatus as non-
synonymous, synonymous, or noncoding mutations. Within the most
extreme sweeps, we identified 476 SNPs with an allele frequency
shift in P. fuscatus of 0.8 or greater, indicative of possible targets of
selection. Of these, only 7 SNPs (1.5%) are nonsynonymous mu-
tations. The nonsynonymous SNPs are found in 6 genes, 1 of which
has a GO annotation suggesting a possible role in cognition. These
data indicate that the strongest sweep signatures are likely to be
associated with changes to noncoding elements. To directly com-
pare these results with selection on protein sequences, we con-
ducted a Bayesian implementation of the McDonald-Kreitman
(MK) test using SNIPRE (60), comparing P. fuscatus to P. metricus.
This method generated a per gene estimate of the average selection
coefficient on nonsynonymous mutations (y). We identified 52
genes with signatures of positive selection on their coding sequences
(y > 1). Genes were significantly enriched (P < 0.05) for seven GO
terms (SI Appendix, Table S7), including detection of light stimulus
involved in visual perception (GO: 0050908). While modest, these
results provide some indication that selection on coding sequences
may have contributed to the evolution of visual cognition. To un-
derstand the relationship between the results of the MK test and
signatures of selective sweeps, we plotted the maximum CLR
value for each genic locus against y for that gene (Fig. 4). As
might be expected, we find a positive correlation between these
two values (Pearson’s correlation: r = 0.30, n = 8826, P < 2.2e—
16), and this correlation is stronger when considering only
genes under positive selection (y > 1) (Pearson’s correlation:
r=0.64, n = 50, P < 3.4e—7). Notably, many loci with elevated
CLR values show no evidence of selection on coding sequences.
Taken together, these results argue strongly for the importance
of regulatory evolution in P. fuscatus in general, as well as for
the evolution of cognitive abilities in particular.
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Fig. 4. Genes under positive selection (y > 1) in P. fuscatus are positively cor-
related with regions of elevated composite likelihood ratio (CLR). Each point
shows the value for a single P. fuscatus gene. Genes with y > 1 are indicated in
red. The selection coefficient (y) was determined using a Bayesian implementa-
tion of the McDonald-Kreitman test. The maximum CLR per gene is the largest
CLR value in a 1,000-bp window within the region spanning +5,000 bp upstream
and downstream of the gene. Many genes with high CLR values show no evi-
dence of positive selection on the coding regions of the gene (y < 1), suggesting
recent selective sweeps on regulatory regions located near these genes.

Timing of Selective Events

To determine the relative timing of the detected selective
sweeps, we generated estimates of coalescent times for 14 of the
top candidate cognition loci with clear dominant haplotypes (Fig.
5). Estimated coalescent times for all selected alleles were re-
cent, largely nonoverlapping, and occurred since the last glacial
maximum. Since most of the alleles examined are implicated in
hard selective sweeps from de novo mutations (Dataset S1), we
infer that selection on each allele occurred at or very near the
time the mutation emerged. Based on these distinct coalescent
time estimates, we can reject a model by which recent selection
on cognition in P. fuscatus took place predominantly in one time
period. Instead, the data are consistent with a mutation-limited pro-
cess in which cognitive evolution was constrained by the availability
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Fig. 5. Estimates of allele ages for several candidate cognition loci show evidence

of several bouts of recent selection in P. fuscatus. Violin plots show estimates of the
posterior distribution of the age of the most recent common ancestor of the allele.
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of adaptive mutations, or a mutation order process where se-
lective sweeps on beneficial mutations are contingent on the prior
fixation of other adaptive alleles (61). We cannot rule out older se-
lective events although multiple strong selective events since the last
glacial maximum suggest a potential role for climate-induced shifts in
range distribution, and cooperative behavior may have played a role
in recent cognitive evolution in P. fuscatus, which extends further
north than other North American Polistes wasps (27).

Mode and Tempo of Cognitive Evolution

Collectively, our findings are consistent with an oligogenic model
(Fig. 14) by which cognitive abilities in P. fuscatus evolved recently
via strong selection on multiple loci of moderate to large selective
effect. These findings should not be taken as evidence against weak
selection on additional loci related to cognition, but rather as evi-
dence for particularly strong signatures of selection on some loci
during recent cognitive adaptation in P. fuscatus. These conclusions
are robust to common criticisms of studies of selection in nonmodel
organisms. First, it is often difficult to link selective sweeps to par-
ticular genes or regulatory regions, but, due to the high re-
combination rates in social Hymenoptera, we were able to detect
narrow selective sweeps, often containing or nearby a single gene
(Fig. 24 and Dataset S1). Furthermore, selective sweeps coincide
with narrow peaks of divergence to a reconstructed ancestral ge-
nome, bolstering evidence for selection at these loci. Second, GO
term analyses are generally used post hoc to explore large sets of
genes, but here we used GO terms to test specific a priori hy-
potheses regarding selection on loci annotated with cognition-
related GO terms in P. fuscatus. Third, linking candidate loci
to specific functions or selective pressures is challenging, even
for model organisms. Here, we used phylogenetic comparisons
to show that the patterns of selection on loci related to
learning, memory, visual processing, and cognition are unique
to P. fuscatus (Fig. 2B), as would be expected if the selective
signatures were related to the evolution of individual recog-
nition. By comparing allele frequencies between P. fuscatus
and four closely related species, we further demonstrate that,
in many cases, selection appears to be acting upon P. fuscatus-
specific de novo mutations (Fig. 3). We propose that a rea-
sonable and parsimonious explanation for the patterns of se-
lection on visual processing, learning, memory, and cognition
detected in P. fuscatus is that the evolution of individual rec-
ognition in this lineage has been an important selective force
in the species’ recent evolutionary history.

The present study adds to a growing literature that identifies
signatures of selection on nervous system and cognition annotated
loci (20-23) but also provides insights on the potential for strong
selection on de novo mutations during the process of cognitive
evolution. We have identified three nonmutually exclusive hy-
potheses to explain why selection for cognitive abilities, potentially
related to individual recognition, might generate such a strong
signature of selection in P. fuscatus. First, the life history of paper
wasps may favor strong selection for individual recognition.
Cofoundress interactions in temperate zone paper wasp colonies
have a large impact on fitness as successful cooperative nests have
a higher likelihood of survival and greater productivity (62-64).
Current evidence suggests it is these cofoundress interactions that
favor individual recognition (25). Second, strong signatures of
selection on cognition in our study may be related to timing.
Plausibly, processes driving the initial evolution of a novel cogni-
tive ability differ from the mechanisms maintaining cognitive
variation within populations. Our data suggest that facial indi-
vidual recognition in P. fuscatus may have evolved extremely re-
cently (Fig. 5) whereas the initial evolution of important cognitive
traits in many lineages occurred in the distant past, making it
difficult to detect the dynamics of selection on loci related to those
traits. Furthermore, our findings suggest, at least in part, that recent
cognitive evolution in P. fuscatus may have been limited by the
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availability or order of key adaptive mutations. Third, the dynamics we
observed may be related to the fact that facial individual recognition is
not only a novel cognitive trait in wasps but also a form of commu-
nication. In addition to cognitive changes, P. fuscatus also recently
evolved increased color pattern diversity although these color pattern
traits are expected to be under balancing selection and so would not
be detected by the present analysis (65). If the evolution of novel
communication systems explains the patterns observed here,
then we might expect similar dynamics, including hard selective
sweeps of novel mutations, to have played out for other novel
communication systems as well, such as human language. Fu-
ture studies of the tempo and mode of cognitive evolution in
other species will help to clarify the generality of our findings.

Materials and Methods

Assembly and Annotation of Genomes. The P. fuscatus and P. metricus ge-
nomes were generated using PacBio SMRTbell libraries sequenced on the
PacBio Sequel and 2 x 250-bp libraries sequenced on the Illumina HiSeq2500
sequencing platform. Reads were assembled with Canu (66), scaffolded with
SSPACE-LongRead (67), and gap filled with Pilon (68). The P. fuscatus assembly
was used as input for scaffolding by Dovetail Genomics. The P. dorsalis ge-
nome was constructed using the 10x genomics pipeline. The completeness of
genome assemblies was assessed with BUSCO (69). The MAKER annotation
pipeline (70) was used to identify predicted gene models, which were func-
tionally annotated using the BLAST2GO workflow (71) and InterProScan (72).
Detailed assembly and annotation methods are given in S/ Appendix.

Detection of Selective Sweeps. To identify genomic regions consistent with
recent positive selection, we generated whole genome resequencing data from
40 P. fuscatus, 40 P. metricus, and 18 P. dorsalis individuals using 2 x 150-bp
lllumina libraries. We identified SNPs using GATK (73) and determined allele
frequencies with VCFtools (74). For each species, we used Sweepfinder2 (48) to
infer selection based upon local deviations in the site frequency spectrum,
generating a composite likelihood ratio test statistic score value (CLR) genome-
wide in 1,000-bp windows. By using Discoal (75) to simulate a single selective
sweep, we tested the effect of the strength of selection, timing of selection,
and allele starting frequency on CLR value. We compared CLR to sequence
divergence by using progressiveCactus (76) to reconstruct the genome of the
ancestor of P. fuscatus and P. metricus. Program parameters are in S| Appendlix.

Selection on Cognition-Associated Gene Ontology Terms. Each gene was clas-
sified as a possible candidate locus for cognition if annotated with the following
GO terms or offspring terms: cognition, mushroom body development, visual
behavior, learning or memory, and eye development. All other genes were
designated as unlikely a priori targets for cognitive evolution. We com-
pared scaled CLR values among the three species for the two categories of
genes. Additionally, for each of the three species, we used BLAST2GO (71)
to look for enrichment of gene ontology (GO) terms in loci located within
5 kb of CLR outlier peaks and conducted a gene set enrichment analysis
using the maximum CLR value for each genic locus.

Evolution of Coding and Regulatory Sequence. The predicted effect of each
variant was determined using SnpEff (v4.3) (59). We performed a Bayesian
implementation of the McDonald-Kreitman test in P. fuscatus using SnIPRE
(60). Positions of synonymous and nonsynonymous mutations were de-
termined from the SnpEff results. Parameters are given in S/ Appendix.

Classification of Selective Sweeps and Dating of Alleles. P. fuscatus SNPs were
classified as likely de novo or ancestral by comparing the allele frequency from
the 40 resequenced P. fuscatus genomes to the allele frequencies in four other
closely related species (40 P. metricus, 18 P. dorsalis, 17 P. perplexus, and 18
P. carolina). We verified our classifications by using Discoal (75) and DiploS/HIC
(58) to detect and categorize regions under selection as hard or soft sweeps using
a machine learning approach. For candidate cognition loci identified in hard
selective sweeps, we estimated the age of the selected alleles using starTMRCA
(42). Program parameters and simulations values are given in S/ Appendix.
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