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SUMMARY

Birdsong mediates territory acquisition and mate choice. In agonistic interactions, local songs generally elicit
stronger responses than songs from more distant populations. However, the molecular mechanisms associ-
ated with differential responses to local vs. foreign songs are poorly understood. We addressed this knowl-
edge gap by combining behavioral assays in the field with blood transcriptomic analysis, using a within-sub-
jects design to ask whether male song sparrows (Melospiza melodia) show differential gene expression when
exposed to playback of local and foreign songs. Transcriptomic profiles reflected the difference in behavioral
response to local vs. foreign songs, with individuals exposed to local songs showing greater expression of
genes associated with song perception and production, immune response, and energy metabolism. Our
study suggests that changes in expression of key molecular pathways correlate with behavioral responses
to geographic song variation, providing insight into the potential mechanisms associated with signal recog-
nition and behavioral responses to social challenges.

INTRODUCTION

Birdsong, like social signals across many taxa, plays a key role in
important life history events, including territory defense and mate
attraction.’ Studies have long documented that both territorial
responses of males and copulation solicitations of females
are stronger toward songs from their local population than
geographically distant populations.®>® These geographic pat-
terns of response indicate that local, conspecific songs are
more salient signals in sociosexual contexts than foreign songs,
which has broad implications for understanding population
divergence and speciation.”® While a robust body of research
exists on many ecological and evolutionary aspects of signal-
mediated social challenges, the molecular mechanisms associ-
ated with behavioral responses to social signals are poorly
known. %!

Behavioral responses during social interactions can elicit rapid
changes (i.e., within minutes to hours) of gene expression in the
brain.'?~'* Neurotranscriptomic responses to social challenges
are similar across diverse taxa such as sticklebacks, mice, and
honeybees, suggesting these responses may be evolutionarily
conserved.'?"'® Obtaining brain tissue to measure gene expres-
sion levels requires lethal collection of specimens; however, this
limits study designs to a single condition of interest per spec-
imen'® and prohibits the comparison of behavioral responses
to different stimuli in the same individual.

Sampling gene expression in the blood may present an alter-
native to lethal collection, in cases where extracellular mRNA
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reaches the bloodstream,’®'” or similar genes are expressed

in both brain and blood."'%"®"? The connection in gene expres-
sion between blood, brain, and other tissues can facilitate non-le-
thal sampling of individuals across different experimental condi-
tions,"" and through time,?®?" as well as studies of endangered
taxa.’”* An experiment with zebra finches (Taeniopygia guttata)
comparing gene expression in response to conspecific versus
heterospecific songs found a positive correlation between gene
expression in the auditory cortex and blood sampled from periph-
eral tissues.'® Thus, gene expression in the blood may be informa-
tive for understanding physiological responses to different,
ecologically relevant stimuli. For instance, a study with wild red-
winged blackbirds (Agelaius phoeniceus) found that calls from
conspecific individuals and from a heterospecific nest parasite
(brown-headed cowbird; Molothrus ater) were associated with
downregulated expression of genes associated with immune
response in the blood relative to control calls of a harmless,
non-parasitic heterospecific (mourning dove; Zenaida macro-
ura)."" In contrast, only calls from conspecifics induced in the
blood upregulation of metabolism-associated genes relative to
the two heterospecific calls.’’ However, it is currently not known
whether gene expression differs between individuals exposed to
local vs. foreign signals within the same species, leaving a gap
in our knowledge on the molecular correlates of responses to so-
cial challenges involving conspecific signals.

The song sparrow is a widely distributed songbird in North
America®® that has long been a model in studies of song develop-
ment, recognition, and geographic variation.>%%252% Individual
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Table 1. Sample sizes in each song treatment during behavioral trials or baseline and blood sampling for RNA-seq

Trial order/baseline Treatment

Behavioral trials

Blood sampling for RNA-seq

Baseline (control) no behavioral trial

First trials local song

- foreign song
Total -

Second (paired) trials local song

- foreign song

Total _

7 individuals®
14 individuals (28 trials)®

10 individuals 10 individuals
7 individuals 7 individuals
8 individuals 8 individuals
15 individuals 15 individuals
7 individuals 4 individuals®

4 individuals®®

8 individuals (16 samples)”

2First and second behavioral trials were conducted with the same individuals (paired design), except for one individual that disappeared from its ter-

ritory before it could be tested a second time.

PSmaller sample sizes for blood sampling in second trials occurred because of failed recaptures due to avoidance of the mist nets by some of the
individuals (see STAR Methods). Numbers in parentheses indicate the total number of paired trials or blood samples.

male song sparrows sing a complex repertoire of five to 16 song
types, with different song types typically composed of several
distinct phrases and each phrase including a number of different
note types.®?%?” Behavioral tests demonstrate that both males
and females recognize differences in acoustic structure associ-
ated with geographic variation in song, responding significantly
less to songs from more distant populations.*®#2° An early mo-
lecular study using in situ hybridization found that neuronal
expression levels of ZENK, an immediate-early gene associated
with auditory responses, increased when song sparrows were
exposed to conspecific songs relative to silent controls.”® This
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Figure 1. Male song sparrows approached more closely (i.e., smaller
distance) during trials with local songs than in trials with foreign
songs, and in their first trial than in their second trial

The sample sizes are 15 individuals in the first trial (N = 7 local song treatment,
N = 8 foreign song treatment) and 14 individuals in the second trial (N = 7 local
song treatment, N = 7 foreign song treatment). Boxplots are in the style of
Tukey: the box is delimited by the first (Q1) and third (Q3) quartiles and the thick
line is the median; the whiskers extend 1.5 times the interquartile range (Q3-
Q1) beyond Q1 and Q8, and circles beyond the whiskers are outliers. Circles
represent individual birds, filled circles represent individuals in their first trial,
and open circles represent individuals in their second trial. Lines connect the
same individuals in the first and second trials. The asterisk indicates that
comparisons are credibly different from zero (Bayesian multilevel model).
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extensive foundational work on song sparrow response to song
provides an excellent opportunity to investigate gene expression
in relation to conspecific song recognition.

Here, we use behavioral experiments and transcriptomic ana-
lyses to test whether gene expression in the blood reflects
geographic discrimination of conspecific social challenges in
free-living male song sparrows. We conducted paired, within-sub-
jects simulated territorial intrusions to evaluate the impact of local
vs. foreign song treatments on gene expression in the blood.
Furthermore, we contrasted the effect of a social challenge (local
and foreign songs) with the absence of social challenge by sam-
pling individuals that were not subject to any behavioral trial. We
expected that, relative to foreign songs, local songs would elicit
stronger aggressive responses and differential expression in the
blood."" Consistent with earlier studies, we found that individuals
responded more weakly to foreign songs than to local songs.
Furthermore, gene expression profiles of individuals exposed to
foreign songs were similar to individuals that were not subjected
to any social challenge. In contrast, we found that stronger territo-
rial responses to local songs were associated with upregulated
expression of genes involved in song perception and production
pathways (e.g., FOXP2, NRXN1, and GABBR2), as well as im-
mune response and energy metabolism. Our findings suggest
that gene expression in the blood of a wild bird is correlated
with the discrimination of intraspecific song variation, providing in-
sights into the potential molecular mechanisms influencing the
response to social challenges.

RESULTS

Behavioral responses are stronger toward local songs
and during first trials

We tested 15 individuals in within-subjects paired behavioral tri-
als. Seven subjects heard local songs in their first trial and then
foreign songs in a second trial. Eight subjects heard foreign
songs in their first trial, but one of these individuals disappeared
from its territory before being tested again, with the remaining 7
individuals given a second trial in which they heard local songs
(see STAR Methods; Table 1). We found that individuals re-
sponded more strongly (i.e., approached more closely on
average during trials) to local songs than to foreign songs
(Figures 1 and S1A; p = 1.08 [0.04:2.14], p = 0.04; henceforth,
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numbers in square brackets are 95% credible intervals). We also
observed an effect of trial order: individuals responded more
strongly in their first trial than in their second trial (Figures 1
and S1B; = 1.17 [0.09:2.21]; p = 0.03). We found no evidence
for an interaction between treatment and trial order ( = 0.11
[-2.00:2.32]; p = 0.94). We found qualitatively similar results
with a non-parametric model, with significant effects of treat-
ment (p = 0.03) and trial order (p < 0.001).

Expression profiles in the local song treatment differed
from the foreign song treatment and the baseline

To understand the effects of social challenge vs. the absence of
a social challenge on gene expression, we investigated whether
expression profiles differed between individuals tested with local
or foreign songs in their first trials and individuals that were not
subjected to any behavioral trial (baseline control). Sample sizes
were 10 baseline individuals, 8 individuals in the foreign song
treatment, and 7 individuals in the local song treatment
(Table 1). We found that expression profiles of baseline individ-
uals were more similar to individuals in the foreign song treat-
ment than to individuals in the local song treatment (Figures 2
and S7; Tables S1 and S5), but we did not find evidence that dis-
tance from the loudspeaker, handling time, or time to capture
affected expression levels (Tables S9 and S10). We detected
21 differentially expressed genes (DEGs; 16 upregulated and 4
downregulated) between local and foreign treatments, 38
DEGs (27 upregulated, 11 downregulated) between the local
treatment and the baseline, and 5 DEGs (4 upregulated and 1
downregulated) between the foreign treatment and the baseline
(Tables S1, S5, and S7). Contrasts with the local song treatment
(local vs. foreign, local vs. baseline) shared 15% (8 genes) of the
DEGs, whereas contrasts with the foreign song treatment
(foreign vs. local, foreign vs. baseline) shared 4% (2 genes) of
the DEGs, and no DEG was common to all contrasts (Figure 2).
Through gene set enrichment analysis, we found that upregu-
lated DEGs in the contrast between local and foreign songs
are associated with neuronal and cognitive development,
vocal and auditory learning, and social behavior (e.g., FOXP2,
GABBR2, NRXN1, CNTNAP2, GLI3; Table S2), and downregu-
lated DEGs are associated with immune and spermatic functions
(e.g., ZPBP2; Table S3). Conversely, upregulated DEGs in the
contrast between local song and baseline were associated
with presynaptic membrane organization (e.g., NRXN1, IL1-
RAPL1) and phosphatase activity (e.g., PFKFB3, PPP1R14C;
Table S5), and downregulated DEGs were associated with
DNA damage sensors and tumor suppression (e.g., BRCAT-
CtIP-ZBRK1 repressor complex; Table S6). Downregulated
DEGs in the contrast between foreign song and baseline were
associated with protein and lipid metabolism (DBT; Table S8),
whereas upregulated DEGs were not associated with any
ontology terms.

To examine the collective action of genes across the transcrip-
tome, we used weighted gene co-expression network analysis
(WGCNA). One gene module was significantly associated with
treatment (turquoise, r = 0.53, p = 0.006; Figure S2). Module
expression in the local song treatment differed from both the
baseline and the foreign song treatment (Figure 3A). In contrast,
module expression was similar between the foreign song treat-
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ment and baseline. Genes in the turquoise module include tran-
scription factors, regulation of RNA synthesis and metabolism,
social behavior, speech development, and diverse somatic
developmental abnormalities (DOT1L, ACVR2A, NSD1,
NCOR1, MED13, and CREBBP; Table S11). Additionally, we
found one gene module positively associated with distance
from the loudspeaker (blue, r = 0.42, p = 0.04; Figures 3C and
S2). Genes in the blue module were associated with positive
regulation of immune response (e.g., BANK1, WASL, GPRINS,
and RHOH; Table S12). We did not find any gene modules asso-
ciated with time to capture (time in minutes from the start of the
capture playback until the individual was retrieved from the mist
net) or handling time (time in minutes from the retrieval of the in-
dividual from the mist net until blood sampling; Figure S1).

Treatment but not trial order affected gene expression
in paired trials

We analyzed paired trials to estimate the effects of both treat-
ment and trial order on gene expression (N = 8 individuals,
each tested twice, resulting in 16 samples; Table 1). Baseline in-
dividuals do not have a trial order and were excluded from this
analysis. Song treatment, but not trial order, affected gene
expression (Figure 4). We found 6 upregulated DEGs and one
downregulated DEG in the comparison between local and
foreign songs (Tables S13), whereas there was none associated
with trial order, distance from the loudspeaker, handling time, or
time to capture (Tables S14-5S17). Upregulated DEGs are asso-
ciated with cell adhesion (e.g., CDH18, PCDH7, and CADM?2),
auditory and vocal behavior (CNTNAP2), and glycosamino-
glycan metabolism (GPC6; Table S18). The downregulated
DEG is associated with glycolipid and carbohydrate metabolism
(LCT; Table S$19).

With WGCNA, we found one gene module associated with
treatment, darkorange?2 (r = 0.54; p = 0.03), but none associated
with trial order, time to capture, nor handling time (Figures 5 and
S3). The genes in the darkorange2 module are associated with
cell junctions, nervous system development, and autistic behavior
(in humans). Some of the genes in this module were the same
DEGs detected when comparing the first trials and the baseline
(FOXP2, GABBR2, NRXN1, CNTNAP2; Table S20). Furthermore,
we found one gene module negatively associated with distance
from the loudspeaker (plumi, r = —0.63; p = 0.008), and two
gene modules positively associated with distance from the loud-
speaker (dark slateblue, r = 0.59, p = 0.02; ivory, r = 0.51, p =
0.04; Figures 5 and S3). Genes in the plum1 module are associ-
ated with regulation of TP53 activity (a tumor suppressor, e.g.,
UBC, TPX2, TAF9B, RADYA, and TAF7L), genes in the dark sla-
teblue module are associated with pain (e.g., KCNE1, ATP8B1,
RET, and IKZF2), and genes in the ivory module are associated
with tryptophan metabolism (ALDH9A1, TDO2, DHTKD1, and
DMPK; Tables S21-S23).

DISCUSSION
Using a within-subjects design, we replicated earlier findings
that song sparrows show stronger territorial responses to local

songs than to foreign songs.*>®® Notably, we found that expo-
sure to these different song treatments is associated with
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Figure 2. In first trials, expression in the local song treatment differs from both the foreign song treatment and the baseline, whereas fewer
differentially expressed genes are present in the contrast between the foreign song treatment and the baseline
(A) PCA plot of all DEGs across treatments. Spheres represent individual birds in each treatment. Sample sizes are 10 baseline individuals, 8 individuals in the

foreign song treatment, and 7 individuals in the local song treatment.

(B) Venn diagram showing the number and percentage of DEGs in the contrasts between treatments.
(C-E) Mean-difference plots between treatments showing log fold-change versus log counts per million. Each point represents a gene; genes in gray are not
differentially expressed, genes in red are significantly upregulated and genes in blue are significantly downregulated.

differential gene expression in the blood. Individuals exposed to
foreign songs show more similar expression profiles to baseline
individuals that were not subjected to any social challenge, as
compared to individuals exposed to local songs. Additionally,
we found that birds showed stronger behavioral responses in
their first trials than in second trials, whereas gene expression
was only explained by song treatment, with no effect of trial or-
der. Taken together, our results suggest that recognition of sub-
tle geographical song variation elicits fast transcriptional
changes (i.e., in less than 1.5 h) that are detectable in the blood
of song sparrows. These findings have implications for our un-
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derstanding of the molecular correlates of signal recognition
and population divergence of signals, as well as the feasibility
of blood sampling as a less-invasive, non-lethal method of
detection of biological markers of signal recognition.

Behavioral responses and gene expression in the first
trials

We found an effect of song treatment and trial order on the behav-
ioral responses, with individuals approaching more when exposed
to local songs and in their first trials in relation to foreign songs and
second trials. Furthermore, the strength of behavioral responses
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Figure 3. WGCNA module eigengene values were associated with treatment and distance from the loudspeaker in the first trials
(A) Eigengene values of the turquoise module show differential expression in the local song treatment in relation to the foreign song treatment in the first trials and

the baseline.

(C) Eigengene values of the blue module are positively associated with distance from the loudspeaker (not defined for baseline samples; r = 0.42, p = 0.04;
WGCNA correlation test). Sample sizes are 10 baseline individuals, 8 individuals in the foreign song treatment, and 7 individuals in the local song treatment.
Boxplots are in the style of Tukey: the box is delimited by the first (Q1) and third (Q3) quartiles and the thick line is the median; the whiskers extend 1.5 times the
interquartile range (Q3-Q1) beyond Q1 and Q3, and circles beyond the whiskers are outliers. Circles represent individual birds in each treatment. Asterisks
indicate contrasts that are credibly different from zero, and NC, not credibly different from zero (Bayesian multilevel model). (B) Turquoise and (D) blue module

network diagrams depicting genes with network membership >|0.6|.

(distance from the loudspeaker) was associated with lower
expression of a gene module related to immune response. The
detection in the local song treatment of upregulated genes typi-
cally associated with vocal and auditory learning and social
behavior is intriguing (e.g., FOXP2, GABBR2, NRXN1, and
CNTNAP2), given that these gene functions have been described
in brain nuclei of birds, mammals, and other animals associated
with vocal communication.?®*° However, in peripheral tissues of
adult individuals these genes are also associated with physiolog-
ical functions beyond those associated with neural processing of
songs. For instance, the expression of FOXP2 in peripheral tissues
of adult rats and humans is also associated with inflammatory
response and cancer.®'*? GABBR?2 is associated with angiogen-
esis in body parts such as limbs®* and NRXN1 is also expressed in
leukocytes in the peripheral blood of humans with autism spec-

trum disorder.®* Therefore, these “song-associated” genes may
reflect other aspects such as greater stress levels, physical move-
ment, and metabolic demands induced by local songs during the
trials, and not necessarily vocal behavior or auditory response.
There is one line of evidence; however, that may support an expla-
nation associated with song discrimination for these specific gene
expression patterns. We conducted the experiments in early
spring during the reproductive season, when songbirds undergo
neuroplastic seasonal changes in the brain, with the growth of
song-related nuclei and expression of genes associated with
increased vocal and territorial activities.***°® Because gene
expression in the brain and peripheral blood have been shown
to be correlated,'®'%* it may be possible that the expression of
genes in the brain associated with song hearing is detectable in
the blood. Unfortunately, our study was not designed to measure
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Figure 4. In paired trials, expression in the local song treatment differs from the foreign song treatment, but not in relation to trial order
(A) PCA plot of all DEGs between treatments and trial order; circles represent individual birds in each treatment, filled circles represent individuals in their first trial,
and open circles represent individuals in their second trial; letters indicate individual identification. The sample size is 8 individuals, each tested twice with local

and foreign songs in the first or second trial.

(B) Venn diagram showing the number and percentage of DEGs in the effect of treatments and the effect of trial order.
(C-D) Mean-difference plots of the treatment and order effects showing log fold-change versus log counts per million. Each point represents a gene; genes in gray
are not differentially expressed, genes in red are significantly upregulated, and genes in blue are significantly downregulated.

this brain-blood association and future studies are necessary to
test it (see limitations of the study).

Trials with local songs elicited gene expression profiles that
were more distinguishable (i.e., with more DEGs and module ei-
gengenes) from trials with foreign songs and from baseline indi-
viduals than the comparison between trials with foreign songs
and baseline individuals. This finding is consistent with the inter-

6 iScience 29, 117634, October 16, 2026

pretation that local songs represent a more salient signal that
elicits greater changes in gene expression. Additionally, the
contrasts of the song treatments with baseline individuals
reduce concerns about false positives that may occur in tran-
scriptomic studies lacking control groups.®® In comparison to
the baseline, the local song treatment elicited DEGs associated
with sensing of DNA damage and tumor suppression (e.g.,
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Figure 5. WGCNA module eigengene values were associated with treatment and distance from the loudspeaker, but not trial order, in the

paired trials

(A) The darkorange2 module eigengene (ME) is significantly associated with treatment, but not trial order. The asterisk indicates that the contrast is credibly
different from zero (Bayesian multilevel model). The sample size is 8 individuals, each tested twice with local and foreign songs in the first or second trial (16
samples). Boxplots are in the style of Tukey: the box is delimited by the first (Q1) and third (Q3) quartiles and the thick line is the median; the whiskers extend 1.5
times the interquartile range (Q3-Q1) beyond Q1 and Q3, and circles beyond the whiskers are outliers. Circles represent individual birds in each treatment, filled
circles represent individuals in their first trial, and open circles represent individuals in their second trial. Lines in (A) and letters in (C-E) indicate individual identity

in the first and second trials.

(B) Darkorange2 module diagram depicting genes with network membership >|0.6].
(C) The plum1 module is negatively associated with distance (r = -0.63; p = 0.008), and the (B) dark slateblue (r = 0.59, p = 0.02) and (C) ivory (r = 0.51, p = 0.04)

modules are positively associated with distance (WGCNA correlation test).

BRCA1-CtIP-ZBRK1 repressor complex, which also function in
oxidative stress response),®”*° whereas foreign songs elicited
greater expression of genes associated with protein and lipid
metabolism (e.g., IGDCC4, DBT). In relation to baseline expres-
sion levels, these DEGs may reflect the stress and physical exer-
tion associated with responding to a social challenge. However,
even these associations between peripheral physiological pro-
cesses and the expression patterns that we observed require

future testing to corroborate.

Within-subjects designs and effect of trial order

Within-subject paired designs help to control for individual vari-
ation while (ideally) varying only the treatment of interest.“® In the
present study, however, because we needed to capture the
same individual to sample blood after their local and foreign
song trials, capture presented an additional disturbance not

related to the content of experimental stimuli. During the first tri-
als, the birds were naive to our experimental setup (presence of
the experimenters, equipment, capturing, and blood sampling);
whereas in the second trials, their weaker behavioral responses
and evasive maneuvers to avoid being recaptured likely indi-
cates they were aware of the experimenters and/or our setup.
Nonetheless, we found that birds exposed to local songs show
differential gene expression in relation to birds exposed to
foreign songs, regardless of trial order. Previous within-subjects
behavioral studies with song sparrows did not find an order ef-
fect, likely because the birds were not captured, marked, and
bled after a first trial, and only captured and marked after
completing all behavioral assays.®® Additionally, these previous
studies used experimental stimuli with shorter durations
(6 min)®® than the present study (30 min), which may also explain
the presence of the effect of trial order observed here.
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Despite the order effect on behavioral responses, when
comparing expression levels of the individuals sampled both in
the first and second trials (paired trials), we did not detect any
gene modules associated with trial order. In contrast, we did
detect DEGs and a gene module that differed between local
and foreign song treatments, and three gene modules associ-
ated with the strength of behavioral responses (distance from
the loudspeaker). In our analysis focusing on individual DEGs,
differential expression was mainly associated with genes
involved in auditory and vocal behavior (CNTNAP2) and neuronal
cell adhesion (e.g., CDH18, PCDH7, and CADM?2), although
these genes also play roles in heart muscle function, tumor sup-
pression, and energy homeostasis in mice and humans.*'~** Dis-
crepancies between gene-wise expression patterns between
first and paired trials may have occurred because of smaller
sample sizes and lower statistical power in paired trials. Through
WGCNA, we found that the gene module associated with song
treatment in the paired trials contained song-associated genes
in common with the analysis of only the first trials and the base-
line (e.g., FOXP2, GABBR2, and NRXN1). Gene modules associ-
ated with the strength of behavioral responses (distance from the
loudspeaker) were negatively associated with tumor suppres-
sion, and positively associated with pain and tryptophan meta-
bolism. Taken together, results of paired trials suggest that,
despite trial order and blood sampling in both trials introducing
noise in behavioral responses, local and foreign songs are asso-
ciated with differential gene expression in the blood. The func-
tional significance of these genes, and the extent to which they
reflect brain gene expression, should be a focus of future
investigations.

Implications for population divergence and speciation
Genes in the forkhead box (FOX) group of transcription factors
such as FOXP2 and others such as neurexin 1 (NRXNT) are inter-
esting candidate genes for population divergence.***° In the
brain, these genes are involved in vocal and auditory learning
and vocal production, and numerous studies have demonstrated
their importance for song learning and production in birds.?2%4°
Moreover, FOX and neurexin genes are frequent targets of selec-
tion, forming hotspots of divergence between closely related taxa
across vertebrates.“® For instance, hybrids between species of
Pogoniulus tinker birds with signals of admixture at NRXN1 sing
less stable songs with disrupted paces than non-admixed individ-
uals, which may explain signals of selection and high differentia-
tion at this locus.”® Our detection of differential expression of
FOXP2, NRXN1, and other song-associated genes in the con-
trasts of local vs. foreign song treatments suggest that these
genes may be relevant in the early stages of population diver-
gence. Genomic studies testing differentiation of song-associated
loci and conducting behavioral assays, followed by gene expres-
sion analysis in the blood and the brain, will be necessary to vali-
date the role of these genes in the speciation process.

Limitations of the study

The present study has several limitations that should be consid-
ered when interpreting the results. Small sample sizes are one
limitation, reducing the statistical power to estimate differential
behavioral responses as well as expression profiles across treat-

8 iScience 29, 117634, October 16, 2026

iScience

ments. Due to ethical concerns of testing an excessive number
of wild songbirds, we were able to test a maximum of 15 individ-
uals in the field with paired behavioral trials and blood sampling
and 10 additional individuals that had their blood sampled but
were not tested with behavioral trials. As mentioned earlier, sam-
ple sizes of blood samples were further reduced in second trials
to 8 individuals due to the increased difficulty of capturing sub-
jects following second trials after they had been captured,
banded, and bled in their first trials. Such change in behavior in
second trials points to an additional limitation. Although paired
designs are key to studies in behavioral ecology, and blood sam-
pling is a less invasive method to measure gene expression,®®'"
capturing and blood sampling constitute a disturbance that not
only affected the behavior of the birds during second trials but
may also have influenced gene expression in their blood. Future
studies should use real-time PCR to validate the expression of
song- and immune-associated genes in relation to song treat-
ment. Finally, because we did not sample brain tissue, as lethal
sampling would make a paired design impossible, we cannot
know whether the song-associated genes in the blood derive
from the brain. Future studies sampling both the blood and the
brain are necessary to test the correlation between gene expres-
sion in these tissues in relation to local and foreign songs.
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Critical commercial assays

RiboPure RNA Purification Kit Thermo Fisher AM1924

Kapa Hyper Prep Roche 07962347001

Deposited data

Raw RNA-seq data This paper GEO Accession Number: GSE330656;
https://www.ncbi.nIm.nih.gov/geo/query/
acc.cgi?acc=GSE330656

Behavioral and gene count data This paper https://doi.org/10.17632/6bmt84jpcp.1

Song sparrow (Melospiza melodia) Louha et al.*” RefSeq assembly GCF_035770615.1

reference genome

https://doi.org/10.1534/g3.119.400929

Software and algorithms
Cytoscape 3.10.3

Shannon et al.*® https://cytoscape.org/
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R R Foundation for Statistical Computing
fastp 1.0 Chen*®

STAR: ultrafast universal RNA-seq aligner Dobin et al.*®

R code to replicate analyses and figures This paper

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

We conducted behavioral trials and blood sampling by brachial venipuncture (20pL) of 15 wild-caught adult male song sparrows (Me-
lospiza melodia) in May 2024, Crawford County, Pennsylvania, USA. As baseline controls, we sampled blood (20uL) of 10 additional
wild-caught adult male song sparrows, with which we did not conduct any behavioral trial (see method details below). All individuals
were defending territories and in breeding condition, with visible cloacal protuberance. This study was conducted only with adult
males because, in song sparrows, primarily males sing the typical complex song of this species during territory defense. For blood
sampling, the individuals were captured with mist nets, banded with a United States Fish and Wildlife Service metal band and a
unique combination of color bands. All procedures used in this study were approved by the Duke University Institutional Animal
Care and Use Committee (protocol #A077-24-04), with all applicable federal, state and local permits for land use and handling birds.
The behavioral trials conducted in this study elicited normal behavioral responses of the animals; and capturing and blood sampling
were conducted so as to minimize handling time, discomfort, and pain. The amount of blood sampled (20 pL) was far less than 1% of
body mass, and the animals were promptly released in their natural habitat, in their territories, as soon as blood sampling had been
completed.

METHOD DETAILS

Behavioral trials

From May 5 to May 26, 2024, we conducted fieldwork in Crawford County, Pennsylvania, USA, on Pennsylvania State Gamelands
213 and 214, Pymatuning State Park, and the University of Pittsburgh’s Pymatuning Laboratory of Ecology. We followed simulated
territorial intrusion (STI, i.e., “playback”) field protocols developed by*” and.® We conducted STls with 15 male song sparrows using a
within-subjects (paired), counterbalanced design of local and foreign songs 3-5 days apart. That is, we tested each of the 15 males
twice with randomly ordered local and foreign song treatments, waiting 3-5 days between trials. To control for circadian effects, we
conducted all trials in the morning when territorial activities peaked, with trial starting times ranging from 06:43 to 09:54 AM. Further-
more, starting times of first and second trials of each individual (3-5 days apart) were similar, with a maximum difference of 16 mi-
nutes. We identified focal males by listening and observing natural vocal and territorial activities. Though we did not locate nests to
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identify egg or nestling stage, all males were singing on territories and had a cloacal protuberance, indicating they were actively con-
ducting territory defense and were in breeding condition.

After identifying a focal male, we placed on the ground an Anchor AN-MINI loudspeaker connected to a Marantz PMD660 recorder
close to a vegetation patch that we had observed the focal individual using as a singing perch. We placed the loudspeaker near the
center of the focal birds’ territories, avoiding individuals in neighboring territories. The songs used as experimental stimuli were re-
corded by.® Local songs were recorded in 1992-1994 in the vicinity of the Pymatuning Laboratory of Ecology in Linesville, Pennsyl-
vania, and foreign songs were recorded in 1987-1988 in the Rockefeller Field Research Station in Millorook, New York. The recording
equipment used in New York 1987-1988 and Pennsylvania 1992-1994 was similar and produced recordings of similar quality.
Namely, recordings in New York were made with a Marantz PMD 221 or a Sony TC-DSM tape recorder with either a Sennheiser
ME88 shotgun microphone or a Realistic 331070B microphone in a Sony PBR-330 parabola. Recordings in Pennsylvania were
made with a Marantz PMD 221 or a Sony TCM 5000EYV tape recorder with either a Sennheiser ME88 shotgun microphone or a
Sony ECM-170 microphone in a Sony PBR-330 parabola.® A playback study comparing responses to songs recorded in 1987-
1988 vs. songs recorded in 2025 in the same population as this study did not find any difference in the response of male song spar-
rows to older vs. current song stimuli, indicating that the comparison of local vs. foreign songs used in the present study constitute
relevant social challenges (Searcy, Peters, Macedo and Nowicki, in review; www.biorxiv.org/cgi/content/short/2026.07.02.
736160v1). We prepared three experimental tracks for the local population and three experimental tracks for the foreign population,
with each experimental track consisting of five different song types from a different individual (i.e., 3 individuals/population). Songs
were played at the rate of 1 song per 10 s, with 10 repetitions per song type until changing to a different type. We used orange flagging
placed on surrounding vegetation to mark distance categories of 0-2 m, 2-4 m, 4-8 m, 8-16 m, and >16 m from the loudspeaker. The
distance that the focal individual was in relation to the loudspeaker was recorded in 5-s blocks for a total of 30 min, with the mean
distance score for the trial calculated as in Peters et al.”” Distance to stimulus source has been shown to be the most reliable measure
of territorial aggressive response in male song sparrows, whereas other behaviors such as number of songs, song type matching,
and song type switching do not reliably predict aggression.®?”->"-5 Furthermore, because distance to stimulus was measured every
5 seconds, it is strongly correlated with other distance metrics such as latency to approach.

Blood sampling

After a behavioral trial, we waited 30 min in silence (silent phase) for transcription to occur in the blood. Next, we captured the focal
individual with a mist net, banded it with a United States Fish and Wildlife Service metal band and a unique combination of color
bands, weighed it with a Pesola (to the neared 0.1 g), and took morphological measurements of the right tarsus and flattened right
wing length with an ornithological ruler. Average time from the end of the silent phase to capture was 1.27 + 0.52 min (mean + SE) in
first trials and 4.88 + 1.68 min in second trials. Lastly, using nitrile gloves and tools cleaned with RNAse-away and 95% ethanol, we
obtained a sample of 20 pL of blood via brachial venipuncture. We placed the blood sample in cryotubes (Thermo Fisher Scientific)
and flash froze the tubes in dry ice (-78.5°C). Blood samples were later stored in a -80°C freezer until downstream analyses.

We conducted paired behavioral trials with all 15 focal individuals with local and foreign songs, except for one individual that was
not found on its territory for the second trial. After capturing, banding, and obtaining a blood sample in their first trial, individuals
became noticeably aware of the mist net and some avoided being captured a second time. If we could not capture a focal individual
within 30 min after the silent phase, which could bias gene expression, we considered that the recapture attempt had failed.'° In total,
we recaptured 8 of the 15 focal individuals but failed to recapture the 7 remaining individuals; one of which being the individual that
was missing from its territory.

Baseline (control) group

To obtain control, baseline gene expression profiles of individuals that were not exposed to experimental social challenges, we also
captured and took blood samples from 10 additional male song sparrows with which we did not conduct behavioral trials, only luring
them to the mist net with a short-duration song recording (less than 1 min). Baseline individuals were in similar breeding conditions to
the tested individuals, i.e., defending territories and with developed cloacal protuberances. Additionally, capturing and obtaining a
blood sample, although being relatively brief procedures, may on their own affect the stress level and gene expression of individuals
irrespectively of the content of experimental stimuli. Baseline individuals therefore also serve to account for these other effects of the
study design.

QUANTIFICATION AND STATISTICAL ANALYSIS

Behavioral trials

We compared the distance from the loudspeaker across treatments and trials with Bayesian multilevel models using brms.
Because distance from the loudspeaker was right skewed and not normally distributed, we subtracted the minimum value from
each observation, so that the minimum distance values were at zero. We then used a model with the hurdle lognormal distribution
family with the hurdle at zero. Hurdle lognormal models employ a two-step process: first, a logit link function models the binary
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outcome of whether the observation is zero or positive, and then positive values are modeled with a lognormal distribution with an
identity link function.®*® The hurdle lognormal distribution provided a better fit to the data than a normal, lognormal, or skewed
normal distributions.

As explanatory variables, we specified treatment (local or foreign song), trial order (first or second trial) as population-level (fixed)
effects, and individual identification as a group-level (random) effect. We used weakly-informative normal priors for population-level
effects and the intercept (N~0, 2; mean, SD), and gamma priors for the group-level effect and the residual standard deviation
(Gamma~1, 1; rate, shape parameters). We ran models using four Markov chains, a thinning rate of one, and 10,000 iterations
(50% as warm-up), and we evaluated model convergence and fit with trace plots, the Gelman-Rubin diagnostic, posterior predictive
checks, and chain autocorrelation plots. We obtained P-values for the Bayesian model with the R package bayestestR,°” which con-
verts the Bayesian maximum probability of effect (or probability of direction) into a P-value. We considered that an effect was likely to
be present when 95% credible intervals did not overlap zero and p < 0.05 (indicated in the figures with an asterisk for effects credibly
different from zero and with “NC” for effects not credibly different from zero). Because our sample size is small (15 individuals, each
tested twice), we also ran a non-parametric kernel regression using the R package np°® to compare with the results of the Bayesian
model. We also used treatment and trial order as fixed effects, but, because current implementations of the np package do not sup-
port random effects, we specified individual identification as a fixed effect. We tested the significance of effects in the non-parametric
model with 1,000 bootstrap replicates.*®

RNA extraction

We extracted total RNA from whole blood using a RiboPure RNA Purification Kit (Ambion). After extraction, we added DNAse | and
incubated samples at 37°C for 30 min to remove genomic DNA from the RNA. Average RNA concentration was 40.26 ng/uL. Using a
TapeStation Fragment Analyzer (Agilent Technologies) with a high sensitivity RNA kit, the average RIN was 9.37.

Library preparation and sequencing

We submitted total RNA to the Duke Sequencing and Genomics Technologies Core Facility (SGT). Though RNA studies of human
blood typically involve hemoglobin depletion,® we opted instead to increase the number of reads, as there are currently no probes
available for birds. Library preparation was conducted with a KAPA HyperPrep®® and included mRNA poly A enrichment. Paired end
sequencing of 150bp reads was conducted using 3 lanes of a NovaSeq X Plus 10B lane to generate an average of 108.5 million reads
per sample.

Bioinformatics

RNA-seq data was processed using the fastp toolkit,*® trimming low-quality bases and sequencing adapters from the 3’ end of reads,
then mapped to the song sparrow reference genome bMelMel2 (RefSeq assembly GCF_035770615.1%7) using the STAR RNA-seq
alignment tool.°° Reads aligning to a single genomic location were summed across genes. We identified 21,141 total genes. As ex-
pected for blood, the most highly expressed genes were LOC134426298 (hemoglobin subunit alpha-A) with an average of
11,438,449 counts, followed by LOC134431771 (hemoglobin subunit beta) with 9,938,971, and LOC134426297 (hemoglobin subunit
alpha-D) with 5,234,548 counts.

Differential expression analysis

We conducted differential expression analysis using the edgeR R package.®’ Sample sizes in the first trials were 7 individuals in the
local song treatment and 8 individuals in the foreign song treatment. As baseline controls, the sample size was 10 individuals. Paired
trials (i.e., individuals sampled both in the first and second trials) had the sample size of 8 individuals. First, we investigated whether
expression profiles differed between individuals tested in the first trials with local and foreign song treatments (the social challenge
treatments) as well as baseline individuals (absence of social challenge). In the first trials, we retained genes with at least 3 counts per
million in at least 7 samples (the lowest sample size in this case) with the function filterByExpr in edgeR. Then, to investigate the ef-
fects of treatment and trial order on expression profiles, we compared local and foreign song treatments of paired trials. We ac-
counted for repeated measures of paired samples by including individual identification in the model. In paired trials, we retained
genes with at least 2 counts per million in at least 8 samples. Baseline samples were not included in the analysis of paired trials
because baselines do not have a trial order, which would make the model’s matrix not full rank due to empty combinations of factors.
We included as covariates in the linear models time to capture (time in minutes from the start of the catch playback until the individual
hit the mist net), handling time (time in minutes from the retrieval of the individual from the mist net until blood sampling) and distance
from the loudspeaker. Because we did not find evidence for effects of these covariates on gene expression, we did not include them
in the final models to avoid over-parameterization due to small sample sizes. After false discovery rate correction (FDR), we consid-
ered DEGs (differentially expressed genes) if p < 0.05. To reduce dimensionality and visualize expression patterns, we used the DE-
Seq2°? R package to run Principal Component Analysis (PCA), converting between edgeR and DESeq2 data formats with the DE-
Formats R package.®® We performed gene set enrichment analysis with the R package gprofiler2®* to identify gene ontology
terms and pathways associated with DEGs.
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Weighted gene Co-expression network analyses

Because expression profiles often show coordinated changes of many interacting genes, analyses of individual DEGs may fail to cap-
ture these emergent properties.®® Therefore, we conducted Weighted Gene Co-expression Network Analysis using the R package
WGCNA®® and generated diagrams of gene networks using Cytoscape 3.10.3.*® As in genewise linear models in edgeR, we specified
the effects of treatment/baseline in first trials, and, in paired trials, also the effects of trial order and individual identification. Addition-
ally, we tested the effect of time to capture, handling time, and distance from the loudspeaker. Because distance from the loud-
speaker is not defined for baseline samples, distance was set as missing values (NA) for baseline samples in the WGCNA of first trials.
We filtered genes as in the analyses with edgeR and DESeq2 above, normalized for read-depth and extracted variance stabilizing
transformed (vst) read counts using DESeq2. We built the co-expression matrix using soft thresholding power (B;) values wherein
mean connectivity plateaued (B, = 12 in first trials; f, = 9 in paired trials) to obtain scale-free topologies, and we merged highly corre-
lated modules using a dissimilarity threshold of 0.25. We considered modules with p < 0.05 as significantly correlated with treatment,
trial order, time to capture, handling time, or distance from the loudspeaker. Then, we used the module eigengene value, which is
analogous to the first principal component of a module, as a response variable in Bayesian multilevel models and non-parametric
kernel models to test the effect of treatment. In paired trials, we tested the effects of treatment and trial order with individual ID as
a group-level effect (or fixed-effect in the non-parametric model).
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