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SUMMARY

Substantial progress has been made in understanding the genetic architecture of phenotypes involved in a
variety of evolutionary processes. Behavioral genetics remains, however, among the least understood. We
explore the genetic architecture of spatial cognitive abilities in a wild passerine bird, the mountain chickadee
(Poecile gambeli). Mountain chickadees cache thousands of seeds in the fall and require specialized spatial
memory to recover these caches throughout the winter. We previously showed that variation in spatial cogni-
tion has a direct effect on fitness and has a genetic basis. It remains unknown which specific genes and devel-
opmental pathways are particularly important for shaping spatial cognition. To further dissect the genetic ba-
sis of spatial cognitive abilities, we combine experimental quantification of spatial cognition in wild
chickadees with whole-genome sequencing of 162 individuals, a new chromosome-scale reference genome,
and species-specific gene annotation. We have identified a set of genes and developmental pathways that
play a key role in creating variation in spatial cognition and found that the mechanism shaping cognitive vari-
ation is consistent with selection against mildly deleterious non-coding mutations. Although some candidate
genes were organized into connected gene networks, about half do not have shared regulation, highlighting
that multiple independent developmental or physiological mechanisms contribute to variation in spatial
cognitive abilities. A large proportion of the candidate genes we found are associated with synaptic plasticity,
an intriguing result that leads to the hypothesis that certain genetic variants create antagonism between
behavioral plasticity and long-term memory, each providing distinct benefits depending on ecological
context.

INTRODUCTION

A growing collection of studies have made substantial progress
in understanding the genetic architecture of phenotypes
involved in a variety of evolutionary processes.'™” Many of these
studies have focused on phenotypic traits with oligogenic ge-
netic architecture (i.e., few genes or large inversions'®), but
we know relatively little about the genetic underpinnings of
traits with more complex genetic architecture. In particular,
the study of behavioral genetics in wild organisms is still in its
infancy due to the difficulty of experimental quantification of
behavioral variation and challenges of disentangling the effects
of causal genetic variants from the effects of phenotypic plas-
ticity.® Furthermore, studies of genotype-phenotype associa-
tions rarely move beyond characterizing the roles of individual
genes, resulting in a lack of information about how candidate
genes are connected via shared regulation and higher levels
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of biological organization (e.g., contributions to common devel-
opmental pathways).

Due to their inherent complexity and flexibility, behavioral
traits often require a high level of integration among diverse
developmental and physiological processes. As such, an
intriguing question that remains largely unexplored'® concerns
the mechanisms by which selection operates on the genes un-
derlying variation in behavioral traits. One hypothesis is that se-
lection can target genes with upstream positions in biological
processes, such as those affecting cascades of biological reac-
tions (e.g., BMP4 in beak formation of birds,'' ASIP and MC1Rin
feather patterning,’”” and EDA and morphology in stickle-
backs'®). This hypothesis predicts that, across conspecific indi-
viduals, we should observe common patterns of high connect-
edness among genes due to shared regulation, and such
patterns should be identifiable using a genome-wide association
study (GWAS). An alternative hypothesis is that selection can
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Figure 1. Single smart feeder array and estimates of mean location errors used in this study
(A and B) (A) used for quantifying spatial learning and memory performance and (B) estimates of mean location errors per trial over the 4-day spatial memory
testing task. Individual data on all tested birds over the entire study period and their distribution are shown in gray and data points for all birds selected for the
analyses here (i.e., best and worst) are shown in orange. Error bars indicate the 95% confidence interval.

operate on a wide array of genes, each with relatively small
phenotypic effects on different aspects of development or phys-
iology, leading to a collective phenotypic outcome that is subject
to selection, but not characterized by a common network of con-
nected genes (e.g., human height). Although they are funda-
mental to the field of quantitative genetics, these hypotheses
have rarely been evaluated in the context of behavioral genetics
in wild animals.’® Here, we explore these hypotheses by investi-
gating the genetic architecture of spatial cognitive abilities asso-
ciated with food-caching behavior in wild mountain chickadees
(Poecile gambeli).

Scatter-caching species, such as mountain chickadees,
hide thousands of food items by placing them in unique loca-
tions throughout their home range when food is abundant, so
that they can recover them when food is scarce. Food caches
are essential for overwinter survival and chickadees rely on
specialized spatial learning and memory abilities to recover
these caches throughout the winter.'*'® We have previously
shown that harsher winter climates impose higher demands
on successful cache recovery and spatial cognitive abili-
ties—birds inhabiting higher latitudes (black-capped chicka-
dees, Poecile attricapillus) and higher elevations (mountain
chickadees, P. gambeli) exhibit better spatial learning and
memory, have a larger hippocampus, and have more hippo-
campal neurons compared with their lower latitude and eleva-
tion counterparts.’'®2° Focusing on wild mountain chickadees,
we have been measuring spatial cognitive abilities in hundreds
of individuals in their natural environment annually since 2014
(Figure 1A). We have demonstrated directional natural selec-
tion acting on spatial cognitive abilities by showing that indi-
vidual variation in spatial learning and memory is associated
with significant differences in overwinter survival in a cohort
of first-year birds."®> Our most recent genomic work confirmed
that spatial cognitive abilities in mountain chickadees have a
genetic basis and are heritable.?

Although spatial cognition in mountain chickadees appears to
be polygenic, we previously identified a smaller set of genes with
major phenotypic effects.?’ However, these results were based
on a small sample size (n = 42), which can produce spurious ge-
netic associations. Nevertheless, this initial study revealed a
relative lack of heterozygous loci and alternative homozygote
genotypes associated with candidate genes. In some cases,
we detected a complete absence of one of the homozygous
allelic states for regions of the genome associated with spatial
cognition in individuals that performed poorly on the spatial
cognitive task. This finding suggested that the mechanism
shaping spatial cognition in mountain chickadees may be asso-
ciated with selection against mildly deleterious mutations. The
small sample size in our previous study precluded us from further
exploring this possibility or determining the functional state of the
mutations (protein-coding vs. non-coding, including regulatory).
Finally, we did not attempt to characterize connectedness
among the genes underlying variation in spatial cognition with
the 42-genome dataset.

In the present study, we use 162 genomes as well as a new
chromosome-scale reference genome with species-specific
gene annotation to narrow down the list of candidate genes
associated with spatial cognition in chickadees (Figure 1B). We
explore connectedness between these candidate genes to iden-
tify whether they are organized in hierarchical networks, as the
aforementioned hypotheses would predict. We assess whether
allelic variation related to spatial cognition occurs in protein-cod-
ing or non-coding regions of the genome, and we undertake an
extensive literature search to identify the molecular mechanisms
that may underly population variation in spatial memory. The
dataset allows us to confidently identify a set of candidate genes,
to explicitly examine the relationship between rare alleles and
spatial memory abilities, and to identify whether SNPs associ-
ated with differences in spatial cognitive abilities are coding vs.
non-coding. We also directly test a hypothesis of functional
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Figure 2. Results of genome-wide association study

Chromosome 15 position

(A) Whole-genome associations with outliers above —logo(p) = 5 highlighted in orange (n = 362).
(B) Quantile-quantile plot of observed distribution of p values vs. distribution expected under null model of no association signal in GWAS (dashed lines show its

95% confidence interval [Cl] for the latter).

(C) An example of clustering of significant associations (orange) in a genomic region containing NOS1 and FBXW8 genes.

hierarchy of the genes associated with spatial cognition (i.e., are
they organized in large networks or independent) by using the
powerful (and underutilized in evolutionary biology) ingenuity
pathway analysis (IPA) tool.

RESULTS

Our chromosome-scale reference assembly produced a total
length of ~1.2 Gb organized in 629 scaffolds with an average
N50 of 73,637,356 bp. The gene annotation recovered 23,949
genes with a total coding region length of 39,134,726 bp. These
characteristics represent a substantial improvement with
respect to completeness and fragmentation compared with
the previously available black-capped chickadee reference
genome?? and comprehensiveness of the previous gene annota-
tion.”" After applying all filters, our whole-genome dataset
included 13,158,377 SNPs for downstream analysis.

The GWAS identified 362 significant genetic associations
with the spatial cognitive phenotype in mountain chickadees,
greatly exceeding the number expected under false discovery
rate (FDR), with the quantile-quantile plot suggesting a break-
point in overrepresentation of observed associations above
—log1o(p) = 4 (Figures 2A and 2B; Table S1). Our analysis of
average heterozygosity on the Z chromosome separated all indi-
viduals into two distinct clusters, 71 females and 91 males. Re-
running GWAS with binary sex as a covariate recovered a similar
number of significant associations (n = 385, —log+o(p) = 5), of
which 355 overlapped with the GWAS without sex as a covariate
(92%). Our current study (n = 162) provided measurable
improvement to our previous study (n = 42).>" Consistent with
our expectations, the larger dataset produced fewer overall sig-
nificant associations while increasing the median strength of the
association signal (Figure S1).
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There were multiple clusters of significant loci in narrow
genomic regions across the mountain chickadee genome, sup-
porting a strong biological signal in our genotype-phenotype
associations (e.g., Figure 2C). Significantly associated loci
(—log1o(p) > 5, n = 362) were found around 97 genes with char-
acterized functions (Table S1), of which 95 occurred in the IPA
database (Figure 3). GEMMA Bayesian sparse linear mixed
models (BSLMM) analysis revealed that these significant
SNPs explain 92% (+12%) of the variance in the spatial cogni-
tive phenotype, whereas a random subset of SNPs accounted
for 11% (0%-24%). Further, BSLMM suggested that the poste-
rior number of SNPs in the model most likely explaining trait
variance was 69, of which 31 were loci of large effect. The ma-
jority of significant SNPs resided in non-coding regions up-
stream or downstream of a gene reading frame (within
5,000 bp), with the only exception being the CNTNA5 gene (Fig-
ure 3), where a SNP resulted in a non-synonymous substitution
within the population. Non-coding SNPs within 1,000 bp from
the protein-coding part were found near 14 genes (ADAMTS?7,
ARSI, BUD13, CCN2, CEP55, CNTNAP5, JARID2, KCNS3,
LPL, MANSC1, MGST3, PIK3C3, PLEKHF1, and RREBT;
Table S1). These SNPs are primary candidate functional regula-
tory elements.

Results from the IPA found that the genes associated with
chickadee spatial cognitive abilities occurred in two large (14—
15 genes) highly interconnected networks, one smaller inter-
connected network (5 genes), and three connected gene pairs
(Figure 3). Over half of all cognition-associated genes are not
known to be connected to others via a direct or indirect influ-
ence of gene expression (Figure 3). The genes recovered from
the GWAS are involved in the determination of behavior, cogni-
tion, spatial memory, nervous system development and func-
tion, as well as neurological disorders (Figure 4; Table S2).



Current Biology

s

e=all

" o @

v
Q)
®
Y
®
)
7]

ARSI

PDZK1IP1

B
PTPRM 02
REPS1
0.0
FBXW8
-0.2

Figure 3. Results of ingenuity pathway analysis showing known direct (solid lines) or indirect (dashed lines) influences on gene expression

among the genes recovered in GWAS

Arrows indicate the direction of effect where it is known. Boldface identifies the only gene (CNTNAP5) where an associated SNP was found in the protein-coding
region and caused a non-synonymous amino acid substitution. Oval outlines indicate genes associated with synaptic plasticity (see Table S2 for details). Fill color
for each gene is scaled to reflect r> between genotype and phenotype (see Figure 6 for examples).

Over half of the significantly overrepresented canonical path-
ways (based on the set of 95 genes) have known connections
to neurological functions in the brain (Figure 5). Genes where
associated SNPs were particularly strongly correlated with the
cognitive phenotype often manifested in a pattern wherein the
rare (usually non-reference) allele was homozygous in individ-
uals with “worse” performance (e.g., relatively larger mean
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number of errors per trial over the task) on the spatial cognitive
task (Figure 6).

DISCUSSION

We examined the genetic architecture of spatial cognitive abil-
ities in mountain chickadees using 162 whole genomes

Figure 4. Connections between significant
genes identified in GWAS and higher-level
functions and phenotypes relevant for
nervous system development, functions,
and disorders identified using ingenuity
pathway analysis

Note that this is only a subset (36 of 97) genes that
have known connections to the above categories.
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Figure 5. Canonical pathways significantly overrepresented (p < 0.05) in the set of 95 genes identified by GWAS and found in the IPA database
Orange-filled rectangles are pathways with connections to neurological functions.

sequenced from a wild, free-living population. Spatial learning
and memory are critically important for recovering cached
food and natural variation in these cognitive abilities affects
mountain chickadee life-time fitness and overwinter survival,
particularly in harsh environmental conditions.'**®* Expanding
upon our previous study by using a larger whole-genome data-
set, coupled with a new chromosome-scale mountain chick-
adee reference genome and species-specific gene annotation,
we report a strong signal of genotype-phenotype association
for spatial learning and memory ability for 97 genes with char-
acterized functions. The associated genes are broadly con-
nected to development and function of the nervous system
as well as various neurological disorders. These findings both
confirm the validity of our measurements of cognitive abilities
and highlight which genes related to cognition may be affected
by selection. Although some genes exist within well-character-
ized gene regulatory networks, about half do not have known or
documented connections through shared regulation or previ-
ously documented patterns of co-expression. We show that
99% of the significant SNPs reside near, but outside of, pro-
tein-coding regions. Fourteen of these are within 1,000 bp of
a gene reading frame and likely affect gene expression. Further,
we show that, in many cases, rare (non-reference) alleles are
associated with poorer spatial cognitive performance in hetero-
zygous individuals or when in the alternative homozygous allelic
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state (Figure 6). These latter patterns are consistent with what
we previously observed using a smaller set of genotyped
individuals.”’

Our current study found ~8 times fewer associated genes
compared with our analysis of 42 individuals analyzed using
the same GWAS method.?’ Nonetheless, 15 identical genes
were recovered in both studies (CCN2, CNOT1, CYP51A1,
EYS, GGA3, JMJD8, MACF1, MBOAT1, NOS1, PDzZK1IP1,
REPS1, RREB1, SYTL5, TCF12, and USH2A) and 26 additional
genes (Table S3) identified in the current study are paralogs or
are from the same gene family as those reported in Branch
etal.?’ Importantly, our current work used a mountain chickadee
reference genome with species-specific annotation, while the
previous study used a lower-quality, black-capped chickadee
genome and gene annotation evidence from a different species
(with slightly different gene nomenclature). As such, the number
of overlapping genes should be considered conservative.
Including almost 4 times more individuals (compared with
Branch et al.?") led to a measurable increase in the strength of
the association signal, decreasing the number of marginally sig-
nificant (and potentially spurious) associations, while increasing
the median association strength (Figure S1), suggesting
improvement in the biological validity of candidate genes under-
lying variation in spatial learning and memory ability in mountain
chickadees.
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Figure 6. Relationship between genotype and phenotype for select SNPs

CNTNAP5—the only gene with a non-synonymous SNP wherein an alternative homozygote was not found in our population sample. RIGI/DDX58, AKAP/
CYP51A3, SP3, and IGF1R—genes with a high upstream regulatory position in developmental processes and central to large networks recovered by IPA.
NOS1—gene with high r? between genotype and phenotype, and experimentally shown to cause abnormal behavior and relation to behavioral flexibility in mice.
Other panels display the genes with the highest r? values between genotype and phenotype. RH, HZ, and AH correspond to reference homozygote, heterozygote,
and alternative homozygote, respectively. Some of the worst-performing individuals in our dataset had genotypes with alternative homozygotes found in several
of the above loci. For example, the individual with worst memory score (#163) had alternative homozygote genotypes for all of these genes, and two more in-
dividuals had genotypes including three alternative genotypic states (#L760, genes: JMJD8/WDR24, CMTM4, and SEPTIN11), (#L867, genes: RIGI/DDX58,
IGF1R, and SEPTIN11). Lines and gray shadings indicate linear regression and their 95% intervals, respectively.

Compared with the previous study,?’ our current analyses

highlight several networks and pathways that may play a key
role in generating variation in spatial learning and memory abili-
ties in chickadees. The most significantly overrepresented
pathway in our IPA analysis (p = 9.06E—05) was Signaling by
Rho Family GTPases and included seven genes in our dataset
out of 267 known for this pathway (IPA core database). Rho Fam-
ily GTPases have been characterized as critical in neuronal
development, survival, and neurodegeneration®* and are
involved in dendritic arborization, spine morphogenesis, growth
cone development, and axon guidance. Of particular note,
numerous studies connect Rho Family GTPases with neurogen-
esis in the hippocampus (reviewed in Stankiewicz and Linse-
man®?) providing an intriguing link between our current study
and previous research that showed an association between hip-
pocampal morphology, hippocampal neuron number, adult hip-
pocampal neurogenesis, and spatial cognitive ability in chicka-
dees, including mountain chickadees.'*'%2" The observation
that some of the genes associated with spatial cognitive abilities
comprise a part of larger regulatory networks, while others are
not interconnected, suggest that there may be many alternative
ways (i.e., mutations in different genes with similar end-effects)
to produce variation in the spatial cognitive abilities of chicka-
dees. However, several biological pathways (i.e., large gene net-
works) and genes with upstream regulatory roles in biological
processes (Figures 3 and 4) may have particularly prominent
functions. We therefore see mixed support regarding how

selection operates on spatial cognitive abilities in chickadees—
both large-effect genes with upstream positions in development
as well as developmentally or physiologically unconnected
genes (i.e., possibly small-effect genes or genes with more
modular position in development) appear to underlie the trait.
The genetic variants associated with population variation in
spatial cognitive function are almost exclusively non-coding
and likely play a regulatory role (although we cannot rule out
the possibility that some are linked to causal variants). Unlike
non-synonymous substitutions, cis-regulatory mutations affect
gene expression of nearby genes and produce a quantitative
rather than qualitative phenotypic effect.>>?° Such mutations
often play a role in fine-tuning phenotypic variation and are
more likely to have mild phenotypic effects compared with vari-
ants affecting protein structure.?>° The majority of genes signif-
icantly associated with spatial learning and memory in chicka-
dees appear to be associated with various behavioral diseases
and disorders (such as schizophrenia, Alzheimer’s disease,
and abnormal behaviors, particularly in mice and humans)
(Table S2). The observation that heterozygous and, particularly,
alternative homozygous individuals for the rare alleles (Figure 6,
rare in the studied populations), displayed worse spatial cogni-
tive abilities suggests that some variation in the spatial cognitive
abilities of chickadees arises due to mildly deleterious mutations
that likely affect gene expression. The only gene with a non-
synonymous protein-coding substitution (CNTNAP5) did not
occur in an alternative homozygous state in our dataset
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(Figure 6), suggesting that the homozygous genotype has a
particularly strong negative effect on an individual’s survival, at
least in the studied ecological context. Variation in CNTNAP5
protein-coding regions is associated with severe behavioral ab-
normalities in humans (e.g., Pagnamenta et al.?”, and Hongyao
et al.?®), making it a particularly strong candidate as a large-ef-
fect gene determining spatial memory variation in mountain
chickadees.

The evidence of strong directional selection on spatial cogni-
tive abilities in our high elevation study population of mountain
chickadees'® contrasts with the existence of mutations that pro-
duce a worse spatial cognition phenotype. One plausible expla-
nation is that better spatial learning and memory ability is adap-
tive in some ecological contexts, but not others, and that the
degree to which a given rare allele is deleterious is context spe-
cific. Such context-specific tradeoffs can be found in other taxa:
for example, mutations underlying selective advantages in an
antibiotic-rich environment in bacteria can impose fitness costs
in an environment that is antibiotic-free.?>*° Intriguingly, we
recently reported that mountain chickadees inhabiting high ele-
vations with harsh environments exhibit lower cognitive flexibility
despite showing better performance on the spatial learning and
memory task compared with chickadees from lower and milder
elevations.®'**?> We tested cognitive flexibility by allowing birds
to rapidly learn frequently changing environmental associa-
tions.*?*® The reduced cognitive flexibility that we documented
in chickadee that perform well on the spatial learning and mem-
ory task is likely a result of proactive memory interference due to
stronger memories and a larger memory-load associated with
more food caches.®*

Whether the genes and genetic variants we recovered in the
current study are mechanistically connected to this behavioral
tradeoff is an outstanding question. Importantly, over 1/5 of the
genes (n = 21) identified by GWAS are associated with synaptic
plasticity, which is the ability of synapses to alter their strength
over time, particularly depending on changes in perceived stim-
uli. Examples of genes broadly involved in synaptic plasticity
include GGA3, LAMA2, PFKP, NOS1, ARHGEF4, CD8B,
GTF3C5, and PLXNA2, with some having characterized plas-
ticity mechanisms through regulating GABAergic pathways,
neuronal cytoskeleton, cholinergic pathways, astrocytes, amy-
loid beta plaque, neuronal growth cones, and axonal guidance
(e.9., MACF1, AKAP9, IGF1R, ITGAV, CR1L, BUD13, LYPD1,
CHRNA5, AGTPB1, ALDH9A1, GPSM2, LRP3, and SEPTIN11;
Table S2). Synaptic plasticity may work antagonistically between
different forms of memory.®* For example, mutant transgenic
mice (dominant negative for PKA gene regulatory subunit, a
gene not found in our study) had improved cognitive flexibility
and working memory, while having deficits in long-term refer-
ence memory.>* Of the genes we found in our study, knock out
of ARHGEF4, a negative regulator of synaptic plasticity, in lab
mice was shown to enhance long-term memory,®® and LYPD1
are known to influence the filtering of redundant stimuli in
mice.*® Another gene recovered by both our previous and cur-
rent studies, NOS1 (Figures 3, 4, and 6; Table S2), has a critical
role specifically in learning and memory and has been exten-
sively studied for at least three decades.®” Gene knockout and
functional inhibition studies of NOS1 have shown impaired mem-
ory and cognitive function in humans, mice, and rats,®” and
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NOS1 has also been shown to play an important role in synaptic
plasticity in the brains of adult animals, particularly in experi-
ence-dependent plasticity.*® We hypothesize, given our new re-
sults, that mutations associated with less effective spatial mem-
ory phenotypes in mountain chickadees may be connected to
the observed trade-off between memory and behavioral flexi-
bility, particularly through the mechanism of synaptic plasticity.

Despite numerous studies concerning the consolidation of
memory, the mechanisms underlying cognitive flexibility, partic-
ularly as it relates to reversal learning, remain poorly understood.
Adult hippocampal neurogenesis appears to be one such mech-
anism wherein experimentally induced neurogenesis results in
worse memory retention, but better acquisition of new mem-
ories, while experimentally reduced neurogenesis (e.g., longer
survival of existing neurons) results in better memory retention
and worse new memory acquisition.>**° We have evidence
that better spatial memory in mountain chickadees is negatively
associated with performance in a serial reversal task (a metric
relevant for cognitive flexibility),®"** and we have strong evi-
dence that high elevation birds are less cognitively flexible
compared with low elevation birds.®"*> Our future work will
focus on analyzing the genetic architecture of cognitive flexibility
to test whether cognitive flexibility and long-term memory in
chickadees are encoded by an overlapping set of genes or alter-
native variants, as would be predicted by the memory-plasticity
trade-off hypothesis. Overall, our combined behavioral and
genomic data are consistent with the hypothesis that, in harsher
winter environments (e.g., higher elevations and latitudes), better
spatial learning and memory abilities are particularly important
for survival'? and hence can be expected to result in the reduc-
tion of alleles underlying behavioral plasticity. In contrast, across
other parts of the mountain chickadee distribution (e.g., at lower
elevations and latitudes), increased cognitive flexibility may be
more beneficial as milder environments may be more stochastic,
requiring birds to learn multiple or changing sources of informa-
tion.®'"* This hypothesis will be tested in the future by assessing
the genetics of spatial cognition across distributional and eleva-
tional ranges and between closely related species in the Paridae
family.

Finally, it is interesting that there are no sex-based differences
in spatial learning and memory abilities or hippocampal
morphology in food-caching chickadees from multiple popula-
tions.'"?%#1~43 We found that the vast majority (82%) of the sig-
nificant GWAS associations are on autosomes and that including
sex as a covariate had a minimal effect on GWAS results. This
lack of sex-related differences is likely due to strong and equal
dependence on spatial cognitive abilities used in food caching
for survival in both male and female chickadees. In contrast, in
some other species there are large sex-related differences in
cognition, which likely evolved due to different evolutionary pres-
sures.** For example, in parasitic cowbirds, females that keep
track of multiple host nests in which they lay their eggs have bet-
ter spatial memory and larger hippocampi compared with males
that do not nest search.**~*” In contrast, there are no sex-related
differences in spatial cognition in several closely related but not
parasitic species. In polygynous meadow voles, males keep
track of territories of multiple females and have better spatial
learning abilities compared with females, while no sex-related
differences have been detected in closely related pine voles.*®
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These contrasting data suggest that different ecological and
evolutionary pressures may lead to the evolution of differences
in cognition between the sexes. In many species, however,
including food-caching chickadees, selection pressures on
spatial cognitive abilities appear similar for males and females,
leading to the evolution of the same genetic mechanisms under-
lying cognitive abilities.
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Biological samples

Blood samples preserved in Queens lysis buffer

Pravosudov lab

https://chickadeecognition.com

Deposited data

Raw read data, reference genome assembly and annotation  This paper https://www.ncbi.nIim.nih.gov/bioproject/PRJNA1084804/

Software and algorithms

Trimmomatic 0.39 Li et al.*® http://www.usadellab.org/cms/?page=trimmomatic
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Bwa mem v.0.7.17-r1188 Li° https:/github.com/Ih3/bwa
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HiRise Putnam et al.® https://bio.tools/hirise

MUMmer v.4.0 Margais et al.® https://mummer.sourceforge.net

RepeatModeler v.2.0.1 Flynn et al.®’ https://www.repeatmasker.org/RepeatModeler/

RECON v.1.08 Levitsky® http://eddylab.org/software/recon/

RepeatScout v.1.0.6 Price et al.*® https://biocontainer-doc.readthedocs.io/en/latest/source/
repeatscout/repeatscout.html

RepeatMasker v.4.1.0 Smit et al.%° http://www.repeatmasker.org

AUGUSTUS v.2.5.5

SNAP v. 2006-07-28

STAR v.2.7

tRNAscan-SE v. 2.05
GEMMA v.0.98

Ingenuity Pathway Analysis
SNPgenie v.2019.10.31

Stanke et al.®’

Korf®?

Dobin et al.®®
Chan et al.®*
Zhou et al.®®
Kramer et al.®®

Nelson et al.®”

https://github.com/Gaius-Augustus/Augustus/blob/master/
docs/ABOUT.md

https://github.com/KorfLab/SNAP
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https://github.com/genetics-statistics/ GEMMA
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RESOURCE AVAILABILITY

Lead contact

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

Semenov (georgy.semenov@colorado.edu).

Materials availability
This study did not generate new unique reagents

Data and code availability

® Raw cognitive testing data for this study is available as supplemental data file included with this manuscript (Data S1). Raw
paired whole genome sequencing reads, reference genome and annotation are available through NCIB accession number

PRJNA1084804.
® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study subjects, site, and sampling
We study food-caching mountain chickadees in the Sierra Nevada mountains in Sagehen Experimental Forest (Sagehen Creek Field
Station, University of California Berkeley; 39.432°, -120.237°). We have been banding chickadees with uniquely coded Passive In-
tegrated Transponder leg bands (i.e., PIT tags) since 2014 at two montane elevations. The high elevation (ca. 2300-2500 m) sites
are associated with severe winter conditions, including frequent snowstorms and deeper and longer lasting snow cover; whereas
low elevation (ca. 1965 - 2070 m) sites exhibit milder winter conditions.®®¢° We trap and band chickadees during fall and winter using
mist nets around multiple permanent feeders and in the nest during the breeding season. Upon capture, we collect a blood sample
from each bird (ca. 100 uL) from the brachial vein. Collected blood is stored in Queens lysis buffer at 2°C until extraction.

The study was approved by the University of Nevada Reno Institutional Animal Care and Use Committee (Protocol 00818, 00046
and 00603) and was in accordance with California Department of Fish and Wildlife Permit D-0011776516-4. For banding efforts, we
followed U.S. Federal Bird Banding Permit 22878.

METHOD DETAILS

Cognitive testing in the wild

We measure spatial cognitive abilities in chickadees using “smart” spatial arrays of Radio Frequency Identification (RFID)-enabled
food dispensers or feeders. Each array consists of 8 feeders positioned equidistantly on a square frame (1.2 x 1.2 m) and raised 3+ m
above the ground using metal cables and pulleys attached to four trees.®'°® We have deployed 4 spatial arrays, 2 at each elevation
site, ca. 1.5 km apart with almost no overlap in birds using each array. Each feeder has a perch with an embedded RFID antenna that
is connected to a customized Arduino circuit board with a built in RFID reader.”® Hence, individual birds that visit a feeder can be
identified by means of their PIT-tag leg bands. Moreover, each feeder can be programmed with a list of individual bird IDs that de-
termines which individuals can access food via a motorized door. Feeders also record the ID and time of an individual landing on the
perch regardless of whether food is made available.'**""° During annual testing (January-March), we first maintain each array with all
doors open, so birds find food and habituate to the feeders in the array. Next, we program all feeders to keep the doors closed, but to
open for any bird with a PIT-tag, allowing birds to habituate to the door opening mechanism. Finally, for cognitive testing, we program
the feeders so each bird can only get food from a single feeder within each array. Birds are assigned pseudo-randomly across all 8
feeders, avoiding assigning the feeders used most frequently during habituation periods.'®*>¢%7° For both habituation and testing,
feeders are filled with black-oil sunflower seeds, and chickadees only collect one sunflower seed from the feeder per visit (they can
only hold one seed in their beak) and fly to the nearby trees to either eat or cache it before returning to the array.

We measure cognitive performance by calculating the number of location errors (i.e., number of unrewarding feeders) a bird makes
during each trial. A trial begins when a bird visits any feeder in the array and ends with a visit to the correct, rewarding feeder (the
bird’s assigned feeder). The spatial learning and memory task lasts four days during each year of testing. The vast majority of birds
at our field site (>100 individuals each year and ca. 90-95% of all birds detected at the study sites) participate in cognitive testing. Our
test design does not require any manipulation by a bird to open the feeder — all it has to do is to land on the perch and the door either
opens so the bird can get food or stays closed.®'® If the door stays closed, birds start moving around the array until they land on the
feeder that provides food.*? Our task is a standard test of spatial associative learning and memory and we have previously shown that
chickadees use spatial cognitive abilities to learn this task.®® It has been well documented that performance in a spatial associative
learning task reflects learning and memory used for cache recovery.'* Considering that only one feeder is rewarding, and all other
feeders are non-rewarding, birds are expected to learn the rewarding location over multiple trials. Even though chickadees are social,
they learn this task individually and do not follow their flock mates to learn and remember the location of the rewarding feeder in the
array and their performance on the task is not affected by social learning e.g.”""? Furthermore, male and female chickadees do not
differ in spatial learning and memory ability or in hippocampal morphology.'”*?%#1=42 Spatial learning and memory abilities measured
in our task do not change significantly across years or between the first and the second year of life."® Finally, cognitive performance
does not show senescence across the birds’ natural life span.”®

DNA extraction, sequencing, variant calling, sexing, reference genome, and annotation

We extracted DNA using the QIAGEN DNeasy Blood and Tissue protocol and quantified it using an Invitrogen Qubit 3.0 fluorometer
(Invitrogen, Carlsbad CA). Whole genome library preparation was performed using a Nextera XT DNA Library Preparation Kit
following standard protocol. Libraries were pooled and sequenced on an lllumina NovaSEQ 6000 (paired end, 150 base pairs) at
approximately 15x coverage at the University of Colorado Cancer Center Genomics and Microarray Core Facility. We trimmed
low quality reads and removed lllumina adapters using Trimmomatic 0.39*° and performed quality control on trimmed sequence files
using FastQC 0.11.7.%° Next, bwa mem v.0.7.17-r1188°" was used to align reads to the chromosome-scale mountain chickadee
reference genome (see below). Bam files were sorted, duplicates were marked, and files were indexed using samtools v. 1.3.1°2
and picard-tools v.2.8.1.%° Variants were called using HaplotypeCaller from GATK v.4.2.”* The resulting gvcfs were merged using
CombineGVCFs and genotyped with GenotypeGVCFs followed by VariantFiltration using GATK-recommended filters. We used
VCFtools v.0.1.15°* to remove indels, keep only biallelic SNPs with minor allele frequency above 5%, minQ>20, min-meanDP>4,
max-meanDP<75 and max-missing=0.75.
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A new chromosome-scale reference genome and gene annotation of the mountain chickadee were generated by Dovetail Geno-
mics. We used flash-frozen tissues from heart, liver, muscle, kidney, brain, and eyes of a mountain chickadee from California (spec-
imen MVZ:Bird:193498 [https://arctos.database.museum/guid/MVZ:Bird:193498] collected 10/4/2021 at 41.318°, -120.929° and
stored at the University of California Museum of Vertebrate Zoology) from which DNA was extracted using a QIAGEN DNeasy Blood
and Tissue kit. For the reference genome, PacBio CCS reads and Dovetail OmniC reads were used as input to HiC-Hifiasm with
default parameters. This process produced one de novo assembly for each haplotype. For Omni-C libraries, chromatin in the nucleus
was fixed with formaldehyde. Fixed chromatin was digested with DNase | and then extracted, chromatin ends were repaired and
ligated to a biotinylated bridge adapter followed by proximity ligation of adapter-containing ends. After proximity ligation, crosslinks
were reversed, and the DNA was purified. Purified DNA was treated to remove biotin that was not internal to ligated fragments.
Sequencing libraries were generated using NEBNext Ultra enzymes and lllumina-compatible adapters. Biotin-containing fragments
were isolated using streptavidin beads before PCR enrichment of each library. The library was sequenced on an
lllumina HiSegX platform to produce ~ 30x sequence coverage. The input de novo assembly and Dovetail OmniC library reads
were used as input data for HiRise, a software pipeline designed specifically for using proximity ligation data to scaffold genome as-
semblies.®® Dovetail OmniC library sequences were aligned to the draft input assembly using bwa v.0.7.17-r1188.°" The separations
of Dovetail OmniC read pairs mapped within draft scaffolds were analyzed by HiRise to produce a likelihood model for genomic dis-
tance between read pairs, and the model was used to identify and break putative mis-joints, to score prospective joins, and make
joins above a threshold. We next used MUMmer v.4.0°° to establish the synteny between the mountain chickadee reference genome
and a reference assembly of the zebra finch (Taeniopygia guttata) (https://www.ncbi.nlm.nih.gov/assembly/GCA_009859065.1/) for
plotting purposes. We ran MUMmer for each zebra finch chromosome separately using default setting except increasing -maxgap to
1000 to account for structural rearrangements.

To produce a species-specific annotation, we sampled breast muscle, liver, brain, lung, gonads, and eye tissue from a male moun-
tain chickadee collected in Wyoming (9/05/2022, 41.170°, -106.070°, study skin is pending deposition to the University of Wyoming
Museum of Vertebrates). Tissues were preserved in the field in RNAlater (QIAGEN). Total RNA was extracted using the RNeasy Plus
Kit (QIAGEN) following standard protocol and quantified using Qubit RNA Assay and TapeStation 4200. Prior to library prep, we per-
formed DNase treatment followed by AMPure bead clean up and FastSelect HMR rRNA (QIAGEN) depletion. Library preparation was
done with the NEBNext Ultra Il RNA Library Prep Kit following manufacturer protocols. The libraries were sequenced on the
NovaSeq6000 platform in 2 x 150 bp configuration. Repeat families found in the genome assemblies of mountain chickadee were
identified de novo and classified using the software package RepeatModeler v.2.0.1.°>” RepeatModeler depends on the programs
RECON v.1.08°% and RepeatScout v.1.0.6°° for the de novo identification of repeats within the genome. The custom repeat library
obtained from RepeatModeler were used to discover, identify, and mask the repeats in the assembly file using RepeatMasker
v.4.1.0.%° Coding sequences from collared flycatcher (Ficedula albicollis), great tit (Parus major), and zebra finch (Taeniopygia guttata)
were used to train the initial ab initio model for mountain chickadee using the AUGUSTUS software v.2.5.5.%" Six rounds of prediction
optimization were done with the software package provided by AUGUSTUS. The same coding sequences were also used to train a
separate ab initio model for mountain chickadee using SNAP v. 2006-07-28.°° RNAseq reads were mapped onto the genome using
the STAR aligner software v.2.7% and intron hints generated with the bam2hints tools within the AUGUSTUS software. MAKER,
SNAP, and AUGUSTUS (with intron-exon boundary hints provided from RNA-Seq) were then used to predict for genes in the
repeat-masked reference genome. To help guide the prediction process, Swiss-Prot peptide sequences from the UniProt database
were downloaded and used in conjunction with the protein sequences from collared flycatcher, great tit, and zebra finch to generate
peptide evidence in the Maker pipeline. Only genes that were predicted by both SNAP and AUGUSTUS software were retained in the
final gene sets. To help assess the quality of the gene prediction, AED scores were generated for each of the predicted genes as part
of the MAKER pipeline. Genes were further characterized for their putative function by performing a BLAST search of the peptide
sequences against the UniProt database. tRNA were predicted using the software tRNAscan-SE v. 2.05.%

Sexing of chickadees using morphology in the field is often not possible outside of breeding season. We therefore estimated mean
heterozygosity for loci on the Z chromosome to determine the sex for each individual. Because female birds are heterogametic (i.e.,
have a single copy of the Z chromosome), males and females form two distinct clusters, with reduced heterozygosity in females.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of spatial memory

To evaluate individual differences in spatial cognitive performance, we used the mean number of location errors per trial over the
entire four-day spatial cognitive task, following our previous work documenting natural selection and genetic differences associated
with spatial cognitive performance using this metric.® "2 This metric captures improvements in learning and memory performance
across multiple trials. As an individual learns across successive trials, it makes fewer and fewer errors each trial. The mean number of
errors per trial across multiple trials reflects such learning — a lower mean number of errors per trial across multiple trials reflects better
learning and memory whereas a larger mean number of errors per trial reflects worse learning and memory.'® Importantly, all birds
learn the taskOOBEthe mean number of location errors per trial was significantly better than it would be expected by chance (i.e.,
random sampling of the feeders)'®°® - but there was large individual variation and we have previously shown that this metric accu-
rately reflects learning and memory performance across multiple trials. "% Most critically, we have shown that this metric of spatial
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learning and memory is ecologically relevant because individual variation in this metric is associated with significant differences in
survival,'® parental investment,® foraging decisions’® and performance in a serial reversal learning task.*?

Genome-wide association study (GWAS)

We performed GWAS on a complete matrix of 13,158,377 SNP loci and a continuous measure of individual spatial learning and mem-
ory abilitiesO0BEthe mean number of location errors per trial over the entire spatial learning task in 162 individuals using GEMMA
v.0.98.°° To estimate the effects of individual SNPs we ran Linear Mixed-effects Models (LMM, -Imm 1 option of GEMMA) while sup-
plying a relatedness matrix (the -gk 1option of GEMMA) as a covariate. We focused on significance threshold levels above 1.00E-5
-log+0(P) = 5. We associated SNPs with genes based on our whole genome annotation, extending gene coordinates by 5000 base
pairs above and below coding sequence to account for non-coding (possibly regulatory) variation (see also Table S1). To evaluate the
effects of sex on our GWAS results we also ran LMM while supplying sex as a binary covariate. To assess if including ~4 times more
individuals in a GWAS compared to our previous study®’ produced a measurable improvement in the strength of association signal,
we ran LMM with the above settings using the subset of individuals from our previous study?'(see also Figure S1; Table S3). To es-
timate heritability of spatial memory, we used Bayesian Sparse Linear Mixed Models (BSLMM) of GEMMA. We ran four BSLMM
chains with a burn-in of five million steps and a subsequent 20 million MCMC steps sampling every 1000 iterations on a subset of
SNPs with high association signal in LMM (P<=1.00E-05, n=362). To test for robustness of BSLMM explanatory power, we used
a subset of SNPs with low LMM signal (P>1.00E-01) randomly sampled across the genome to produce the sample size as in the
GWAS-associated subset (n=362) and re-ran the analysis with the same settings.

Ingenuity pathway analysis

To characterize the organization of individual GWAS-associated genes in developmental processes and regulatory pathways we
used the Ingenuity Pathway Analysis (IPA) software by QIAGEN (Release 2022-11-27, QIAGEN Inc., https://digitalinsights.giagen.
com/IPA®®). Unlike methods that use unstructured gene lists for assessing overrepresentation via gene ontology categories, pathway
analysis tools (such as IPA) can establish casual hierarchical relationships from gene lists and provide insights into biological mech-
anism, not just pattern.”® The IPA database in particular, combines insight from over 100,000 published datasets and over seven
million findings to evaluate patterns of gene co-expression, hierarchical gene expression relationships, and connections between
individual genes and a phenotype of interest, providing a unique, yet underutilized, tool for studies in evolutionary biology. To assess
overrepresentation of GWAS-associated genes in higher-level pathways, we used Ingenuity Knowledge Base analysis with default
settings (Direct gene effects and Indirect effects through one other gene). To establish relationships between individual GWAS-asso-
ciated genes and their organization in gene regulatory networks, we used IPA Path Explorer while accounting for direct and indirect
gene relationships and default analysis settings. We further used the IPA Core database to assess connection of GWAS-associated
genes to phenotypes and diseases of interest.

Literature search for candidate gene functions

To better characterize genes in the context of this study, we performed a literature search for the 97 candidate genes identified as
significant outliers from GWAS. We used Google Scholar and limited our queries to the “gene name” and any of the following: “syn-
apse”, “brain”, “neuron”, “cognition”, “plasticity”, “synaptic plasticity” and “spatial cognition”. We additionally performed these
queries with aliases, to ensure a more thorough search. The search was limited to the first 3 pages, to standardize search rate, and
abstracts were read to determine how robustly the focal gene’s function was investigated and how relevant the paper was to spatial
cognition. Papers that fit these criteria were read and selected for addition to Table S2 for two main reasons. The first, and most mech-
anistic, is if a knockout experiment corroborated the association between a gene and the spatial cognition phenotype. The second is if
a paper experimentally investigated the function of the gene or related genes, particularly in the context of neurophysiology or spatial
cognition. The papers were thoroughly read and summarized to mechanistically corroborate associations between a given candidate
gene and the spatial cognition phenotype. The genes were further classified into categories (synaptic plasticity, related to synaptic
plasticity, brain development, brain maintenance, and uncategorized) based on major functions according to the literature search.
For instance, if a knock-out study of the focal gene resulted in a microcephaly phenotype, the gene was categorized as “brain devel-
opment” because the brain did not develop correctly when the focal gene was manipulated. Genes were labelled as uncategorized (in
the context of spatial cognition) if gene function was unrelated or incidental to the brain (i.e., tumorigenesis).

Characterization of the non-coding vs. protein-coding state of variants

We used SNPgenie v.2019.10.31°" to characterize the functional state of nucleotide substitutions. We first manually output sequence
and annotation files for each GWAS-associated genic region. We used additional per! scripts provided with the program to convert
antisense strand genes to reverse complements (see SNPgenie documentation for details). We then ran the snpgenie.pl script to
assess the population state of SNPs (synonymous vs nonsynonymous for protein-coding sequences, or non-coding). While charac-
terizing the functional state of non-coding variants (i.e., their correspondence to promoters, enhancers, intronic regions, cis or -trans-
regulatory elements) is challenging (e.g.,””) and is beyond the scope of this study, we classified significant GWAS associations into
those in close proximity to coding regions (i.e., within 1000 bp) and those further away (i.e., 1001-5000bp, Table S1). The set of var-
iants that are potential promoters (i.e., within 1000bp of the reading frame) or are found in introns are particularly strong candidates
that might affect alternative splicing or gene expression.”®"?
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