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Although many organisms rapidly and repeatedly adjust their behaviour
and physiology to cope with changing environmental conditions, it remains
unclear which traits are expected to exhibit phenotypic flexibility, over what
timescales, and in which environments. Here, we explore endocrine (gluco-
corticoid hormones) and epigenetic (DNA methylation) flexibility in superb
starlings (Lamprotornis superbus), a species endemic to the savannas of East
Africa but that also occurs less commonly in more arid and mesic habitats.
After capturing individuals from three sites in central Kenya—desert mar-
gin, savanna bushland and forest margin—birds were housed for six months
under common garden conditions in the field at the savanna site. We mea-
sured corticosterone (baseline, stress-induced) and quantified genome-wide
DNA methylation at the time of initial capture, as well as after three and six
months in captivity. The transition to captivity caused predictable increases
in baseline—though not stress-induced—corticosterone and decreases in
DNA methylation in genes related to development. After six months in cap-
tivity, baseline levels of corticosterone and most differentially methylated
regions of the genome returned to pre-captive levels. Ultimately, this work
shows that birds living in semi-arid environments exhibit flexible endocrine
and epigenetic responses to the stress of captivity that reverse over time.
This article is part of the theme issue ‘Ecological epigenetics at the inter-
section of behaviour and life history variation in non-model animals’.

1. Introduction

As environments become more unpredictable across much of the globe, it
is critical to understand not only how organisms respond to environmen-
tal variation but also how these responses evolved [1]. One of the primary
ways that organisms cope with environmental variation is through pheno-
typic plasticity, the ability to respond to environmental cues through the ad-
justment of genotypic expression, either during early life (termed irreversible
or developmental plasticity) or throughout life (termed reversible plasticity or
flexibility) [2,3]. Phenotypically flexible traits exhibit different phenotypes in
different environments over the course of a lifetime, and some individuals can
reversibly and repeatedly modify their phenotype in response to environmen-
tal change [4]. Yet, not all phenotypes are expected to be flexible because or-
ganisms are predicted to evolve different responses to environmental change
according to the timescale of environmental variation and the degree of envi-
ronmental predictability that they experience [5]. Moreover, even in the same
species, some traits may be phenotypically flexible while others may not be.
Determining which traits are flexible and which are not will therefore re-
quire a greater understanding of how different timescales of environmental
variation shape phenotypic flexibility, as well as the genetic architecture and
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molecular mechanisms that underlie phenotypic flexibility, particularly in organisms that experience varying environmental con- [ 2 |
ditions over the course of their lifetime.

As physiological mediators linking behavioural responses to the environment, hormones respond dynamically and rapidly to
changes in ecological or social conditions [6]. Hormones not only impact behavioural phenotypes, but as gene products them-
selves, they are a type of phenotypic trait, one that can change rapidly and flexibly as the environment changes. Endocrine flex-
ibility is therefore the extent to which the hormonal response of an individual varies in scope or speed in relation to changing
environmental stimuli [7,8]. Glucocorticoid hormones, including cortisol in mammals and corticosterone in birds, have been par-
ticularly well studied in the context of endocrine flexibility because they play a central role in regulating metabolism and home-
ostasis [9,10]. Although glucocorticoid hormones respond rapidly to changes in the ecological or social environment, the response
can also be shaped by longer timescales of environmental variation [11]. It is therefore critical to determine which components of
the glucocorticoid stress response are flexible and respond to rapidly changing environments or external stimuli, and which are
not [7,8].

Although hormones link the expression of the genome to environmental stimuli, gene expression itself can be impacted by en-
vironmental stimuli via epigenetic changes, including the addition of a methyl group to cytosine DNA bases (DNA methylation),
post-translational modification to histone proteins that shape the structure of chromatin (histone modification), or the regula-
tory actions of RNA molecules [12]. Epigenetic modifications such as DNA methylation can occur during development [13], as
well as throughout life. For example, there is increasing evidence from taxa as diverse as mammals, birds and fish that DNA
methylation can change rapidly and reversibly over time periods of minutes to months [14-17]. Yet, since not all of the genome is
environmentally responsive, understanding which portions are developmentally plastic or phenotypically flexible will be critical
for determining how environmental variation influences epigenetic change.

Here, we examined endocrine and epigenetic flexibility by measuring plasma corticosterone and DNA methylation from whole
blood in superb starlings (Lamprotornis superbus) that were captured at three sites along an environmental gradient in central
Kenya (desert margin, savanna bushland and forest margin) and subsequently housed under common garden conditions for
six months at the savanna site. Superb starlings are endemic to the harsh and unpredictable environment of the semi-arid sa-
vannas of East Africa [18,19], but they are a cosmopolitan species that often associates with humans and whose range extends
into both forest and desert margins. Annual variation in precipitation influences all aspects of the lives of superb starlings, in-
cluding their physiology, life history, behaviour and fitness [18]. Previous work in this species suggests the potential for both
endocrine and epigenetic flexibilities that are directly tied to variation in precipitation. For example, superb starlings sampled
across an environmental gradient in Kenya differed in circulating corticosterone levels and adrenal sensitivity [11]. Although
adrenal sensitivity appeared to be shaped more by long-term variation in precipitation, baseline corticosterone was influenced
by both short- and long-term variations in rainfall, suggesting a flexible endocrine response to fluctuation in rainfall-driven re-
sources [11]. Similarly, DNA methylation of the glucocorticoid receptor (NR3C1) in superb starlings also varied among chicks ac-
cording to the amount of rainfall that their parents experienced prior to egg-laying, suggesting a potential role for developmental
plasticity [20].

Our goal was to probe the mechanistic bases of environmental coping in this species by simultaneously studying physiological
and molecular flexibility in the same individuals when moved from a natural setting to a more stressful setting in captivity. After
birds were transferred from the wild to captivity, we wanted to (i) determine whether baseline and stress-induced corticosterone
both exhibited phenotypic flexibility and (ii) identify environmentally responsive regions of the superb starling genome that
exhibit epigenetic flexibility. Since previous work in this species has shown that birds at these three sampling sites differed in
baseline and stress-induced corticosterone [11], we expected wild-caught birds to differ in their initial levels of corticosterone but
then exhibit endocrine flexibility and converge on similar levels in captivity. Based on pilot work suggesting that superb starling
corticosterone remains elevated for at least three months in captivity, we predicted an initial increase in both baseline and stress-
induced corticosterone at three months in captivity owing to chronic stress, but then we expected levels to decline to wild levels
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by six months as birds became acclimated to captivity. Similarly, if superb starlings exhibit a flexible epigenetic response in DNA
methylation to the chronic stress associated with being in captivity, we expected differences in some regions of the genome at
three months in captivity that would begin to disappear by six months. Ultimately, the results of this study will help develop a
framework for understanding the mechanistic bases of physiological and molecular flexibility in organisms living in changing
and stressful environments.

2. Material and methods
(a) Field sampling

We sampled non-breeding adult superb starlings of both sexes in late June through July 2018 at three sites in central Kenya
(supplementary material, table S1). The three sites (Merille, Timau and Mpala) were chosen based on known differences in
their mean annual precipitation, their interannual variability in precipitation and their baseline corticosterone [11]. Merille (1°
25’ 1.4082", 37° 43’ 21.8856") lies on the southern edge of the Chalbi desert and experiences the lowest rainfall; Timau (0° 5’
53.088", 37° 14’ 27.204") lies on the western slopes of Mount Kenya and experiences the highest rainfall; and Mpala (0° 19’
25.4892",36° 54’ 11.4906") lies on the Laikipia plateau in savanna bushland and experiences intermediate but highly unpredictable
rainfall.
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(b) Common garden experiment

In total, we captured 23 starlings (six from Merille, eight from Timau and nine from Mpala) using pull-string traps baited with
papaya and maize meal [11]. Blood was collected from these birds immediately after capture in the wild, and then the birds
were placed in three outdoor aviaries (2.5 x 1.5 X 2 m), where they were resampled two more times at three-month intervals
(three-month and six-month post initial (wild) capture). Since superb starlings are highly social cooperative breeders [18], each
aviary contained all of the birds captured from a single sampling site. Aviaries were covered with fibreglass board to exclude sun
and direct precipitation, but otherwise experienced natural savanna conditions. Birds received ad libitum water and food daily
(including papaya, cooked ground beef, maize meal and hard-boiled eggs). During each of the two sampling periods, birds in the
aviaries were captured over a 3-day period at 05:00 to ensure that all birds were bled within 3 minutes of capture without first
having been disturbed by activity. All of the birds in a single aviary were sampled on the same day, with the order of the three
aviaries and the birds within them chosen arbitrarily. One bird died of natural causes during the experiment and could not be
resampled at the six-month time period.

(c) Sample collection

From each individual, we collected a first blood sample from the brachial wing vein rapidly after capture to measure baseline
corticosterone (mean time to collection =+ s.e. = 115 + 5.0 seconds, ranging from 42 to 215 seconds; 65 of 68 samples were collected
within 180 seconds). A portion of this sample was preserved in 2% SDS Queen’s lysis buffer for subsequent DNA extraction.
We then restrained the birds in cloth bags for 30 minutes before a second blood sample was collected from the brachial vein to
measure stress-induced corticosterone [11,21]. All blood samples were centrifuged in the field within 15 minutes of capture, and
plasma drawn off with a syringe and frozen at —25°C at the Mpala Research Centre, before transport back to the USA on dry ice,
where it was stored at —80°C until extraction. Blood samples in Queen’s lysis buffer were stored in the refrigerator at 4°C until
extraction (though transported to the USA at room temperature in less than 48 hours).

(d) Corticosterone analysis

Plasma corticosterone was measured with enzyme-linked immunosorbent assay (ELISA; Enzo Life Sciences, Farmingdale, NY)
over six assay plates using a protocol previously validated for superb starlings [22]. Briefly, after plasma samples were thawed, we
added 1% steroid displacement reagent 1 : 1 to each sample, before vortexing, and letting samples stand for 5 minutes. Each sample
was then diluted 1 : 11 with assay buffer, and the kit’s serial dilution corticosterone five-point standard curve tubes were prepared
for each assay plate. Each plate included a standard curve (range: 32-20 000 pgml~) and two blank controls. The standard curve
and the diluted samples were then pipetted into plate wells in duplicate, along with assay buffer into control wells. Blue conjugate
and yellow antibody solutions were pipetted into each well, except appropriate control wells. Each plate was incubated on a plate
shaker set to 500 rpm for 2 hours. Plates were then cleaned with wash buffer three times before undergoing a pNpp substrate
reaction for 1 hour. Absorbance for each well was read at 405 nm using a plate reader (Bio-Rad, Hercules, CA). We calculated
and corrected each sample’s corticosterone concentration (ngml™!) against the standard curve and controls. Sample order was
randomized across plates, and intra- and inter-assay variability was also checked; intra- and inter-assay coefficients of variation
were 6.7% and 12.6%, respectively. Redos of samples that lay off the standard curve were done at 1 : 40 dilution, as previously
validated for this species [11].

Since two birds from Timau showed elevated corticosterone levels (both baseline and stress-induced) in all three sampling
periods that were well outside the range of normal values [11], they were excluded from the hormone analysis (but included in
the DNA methylation analysis; supplementary material, table S1). Both baseline and stress-induced corticosterone were analysed
separately using general linearized mixed models (GLMMs), with sex, sampling site, sampling period, and the sampling site by
sampling period interaction included as the dependent variables. Individual ID was also included in the models as a random
effect to account for repeated sampling of the same individuals over time. Post hoc Tukey tests were used to compare groups. Both
baseline and stress-induced corticosterone values were log transformed prior to analysis to meet assumptions of normality.

(e) Reduced representation bisulphite sequencing

DNA was extracted in 200 ul elutions from whole blood using a Qiagen DN Aeasy Blood and Tissue kit (Qiagen, Hilden, Germany).
From each elution, 80-120 ng was used to prepare libraries with a NUGen (acquired by Tecan, Mannedorf, Switzerland) reduced
representation bisulphite sequencing (RRBS) methyl-Seq kit. We spiked 1 ng unmethylated lambda (Promega cl857 Sam?7) control
DNA in each sample to evaluate successful bisulphite conversion. After an Mspl digestion step at 37°C, followed by end repair
and adapter ligation steps, Qiagen EpiTect Fast Bisulfite kits were used to convert the reactions to bisulphite DNA. Reactions
were indexed with sequencing barcodes and amplified for 12 cycles at 60°C annealing temperature. Final libraries were purified
with Agencourt DNA beads (Beckman Coulter, Brea, CA), quantified on a Qubit 3.0 Fluorometer, divided equally and equimolar
balanced across four pools, and shipped on dry ice to the Novogene Corporation, Sacramento, CA. Each pool was quality checked
on an Agilent 2100 Bioanalyzer and sequenced one pool per lane PE150 with 10% PhiX on an Illumina HiSeq 4000.

All 68 samples passed lambda control checks (mean = 0.43% methylated Cs for lambda genome alignments), but four samples
had low coverage (fewer than 150 000 sequence pairs post-trimming) and were excluded from further analysis. The remaining
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samples ranged from 3 103 858 to 49 287 711 sequence pairs (mean = 17 414 599), with bisulphite mapping efficiency from 41.3 to [ 4 |
75.90% (mean = 56.99%).

(f) Differentially methylated region analysis

Raw sequencing reads were trimmed with the Trim Galore v. 0.5.0 [23] wrapper for Cutadapt v. 1.18 [24] in paired-end mode using -
standard parameters for quality and adapter filtering, but with an additional 10 bp removed from the 5" end from both read 1 and
read 2 sequences to reduce M-bias as evaluated by Bismark Bisulfite Mapper v. 0.24.2 [25]. Reads were then trimmed again with :
NuGEN’s trimRRBSdiversity AdaptCustomers Python script. Bismark was used to prepare a bisulphite version of the L. superbus
reference genome CU_Lasu_v2 (GenBank Accession GCA_015883425.2) [26], and trimmed reads were aligned to this reference,
with Bismark methylation extractor generating cytosine reports and CpG coverage outputs for each sample library. Reads were
also aligned to the lambda genome to check bisulphite conversion rates.

CpG site coverage files were filtered at greater than or equal to 5x coverage and converted to sample bedgraphs with per cent :
DNA methylation for each CpG site at that coverage threshold across the genome. CpGs with at least 5x coverage ranged from :
364 511 to 3 605 094 sites per sample, with a median coverage of 1 716 097 sites (supplementary material, table S2). Approximately :
48% of the CpG sites were located within 10 kb of the transcription start site (TSS) of genes (hereafter, 10 kb putative promoters),
and 24% occurred within gene bodies. These 5x sample bedgraphs were sorted and merged with bedtools v. 2.31.1 unionbedg [27].
We used Metilene v. 0.28 [28] to detect differentially methylated regions (DMRs) in pairwise group analyses between sampling
periods (initial wild capture versus three months, wild versus six months and three months versus six months) with Metilene’s
default parameters. DMRs were minimum 10 CpG spans, with CpGs at a maximum distance from each other of 300 nt. Rather
than ignore samples with missing sites, a minimum of 80% non-missing sample entries per CpG site in each group was used
to estimate missing values from a beta distribution of non-missing values in each group. We report Benjamini-Hochberg (FDR)
p-values. Bedtools was used to intersect significant DMRs from each comparison with 10 kb putative promoters and gene bodies.
Geneious v. 10.0.4 was used to visually confirm DMRs in relation to genes. Bedtools was also used to map 5x CpG site averages
for DMR regions associated with genes of interest. We also ran 10 randomized sample order Metilene runs for each of the three
group comparisons to assess the relative abundance of called DMRs for actual sampling groups versus groups that may have
occurred by chance.

Since we were interested in patterns of differential methylation across sampling periods, and given our sample size of only
23 individuals, we combined sexes and sampling sites for the DMR analysis. However, as described below, we included sex and
sampling site as fixed effects (as well as individual ID and relatedness as random effects) in a GLMM testing CpG sites, and we
report within-timepoint methylation means for sex and sampling site. Plots were created with ggplot2 v. 3.5.2 [29], forcats v. 1.0.0
[30], dplyr v. 1.1.4 [31] and viridis v. 0.6.5 [32] in R v. 4.5.1 [33].

2005207 318E §905°y Sl g IsyBIoBuSIgNdposifos

(g) Variant calling on bisulphite sequencing alignments and relatedness matrix generation

Bismark alignment BAM files for the three-month samples were coordinate-sorted and given sample library information with
Picard AddOrReplaceReadGroups v. 3.4.0 [34] for all individuals except for BB-17566 and BB-17585, where we used the higher
read depth wild alignment files, and for BB-17565 and BB-17573, where we used the six-month alignment files because they
generated more variant calls than the three-month versions for these samples. The sorted BAM files were converted into CGmap
files with CGmapTools v. 0.1.3 [35] bam2cgmap function, and single nucleotide variants (SNVs) were called on the generated
ATCGmap files with the Bayesian SNV mode, with dynamic p-values and with output set to all sites with a predictable genotype.
Each sample library’s VCF output was then compressed and indexed with bgzip and tabix v. 1.19 [36], and filtered with bcftools
v. 1.19 [37] for biallelic single nucleotide polymorphisms (SNPs) with ‘PASS” in the filter field at a format depth of 3, and then
reheadered with sample/group names. Bcftools was then used to merge the 23 individual vcf.gz files, and fill allele total (AN)
and allele count (AC) tags were added. Variants with a format depth of less than 10 or more than 500, and samples with more
than 10% missing genotypes, were excluded. The merged file was then refiltered for 561 525 biallelic SNPs. The bcftools prune
plugin was used to prune variants for linkage disequilibrium, with an ? of max 0.2 within a 1000-site window, leaving 502 SNPs.

PLINK v. 2.0.0-a.7LM AVX2 Intel [38,39] make-bed was used to create a PLINK binary output from the vcf.gz. These files
were then loaded with GEMMA v. 0.98.5 [40] to estimate a centred relatedness matrix for the 23 birds, with a minimum allele
frequency of 0.01 and Hardy-Weinberg test value of 0.001 (the PLINK .fam file was first filled with wild, three-month and six-
month phenotypes as 1,2,3 in the sixth column, since GEMMA ignores samples with missing phenotypes).

(h) Assessing differentially methylated CpG sites within differentially methylated regions

The unfiltered Bismark coverage files were sorted, matched by site coordinates and merged for 61 samples across the wild, three-
month and six-month sampling periods (excluding three samples that had less than 750 000 CpGs and sparse or no coverage in
the Metilene DMR regions), resulting in 505 625 common CpG sites. We filtered for sites with a total count mean across samples
greater than or equal to 10, leaving 502 035 sites, and then kept CpG sites with greater than 0 but less than 90 median methylation
percentage (methylated sites/total sites). This resulted in 77 298 CpG sites, with 28 001 intersecting 10 kb putative promoters and
17 127 intersecting gene bodies.
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Figure 1. Comparison of baseline and stress-induced (30 minutes restrained) corticosterone for each of the three sampling periods in birds from Merille (yellow), Mpala
(orange) and Timau (green). Baseline corticosterone did not differ among sites, but it did increase significantly from the wild to three months in captivity and then return
to pre-capture levels by six months in captivity. There were no differences among sites or sampling periods in stress-induced corticosterone. Boxplots show median values
with 25/75% quartiles, and whiskers are 1.5 times the interquartile range. For visualization, values were scaled as log corticosterone in ng/ml + 1.

Methylated and unmethylated count files for the 77 298 CpG sites were then loaded with sample attributes along with the
GEMMA relatedness matrix (with any negative values zeroed to conform to a positive covariance matrix) using the R v. 4.5.1
environment package tidyverse v. 2.0.0 [41], Matrix v. 1.7.3 [42], multcomp v. 1.4.28 [43], and Ime4 v. 1.1.37 [44] and its extension
Ime4qtl v. 0.2.2 [45] to fit a relmatGlmer GLMM based on the approach described in Lindner ef al. [46]. For each CpG site, we
included methylated and unmethylated counts as the binomial response variable, with sampling period (time_group for wild,
three months and six months), sex and sampling site as fixed effects, as well as band (for each of the 23 birds) as a random effect
to account for repeated measures, and the relatedness matrix by individual sample ID as an additional random effect. We used
emmeans v. 1.11.2 [47] to create contrasts among time_groups, with unadjusted p-values. We then used the R package fdrtool
v. 1.2.18 [48] to determine g-values for the unadjusted p-values generated by Ime4qtl, and bedtools intersected significant (q-
value less than 0.10) sites with the Metilene 10 kb putative promoter and gene body DMR ranges, as well as separately within the
larger 10 kb putative promoter ranges (not only the DMR ranges) for genes associated with DMRs. Finally, we confirmed that no
intersecting CpG sites failed to converge in GLMM.

3. Results

(a) Baseline corticosterone increased in captivity, but returned to pre-capture levels over time

Although the three sites did not differ in baseline corticosterone (even the initial wild-caught birds; F, 5, = 0.11, p = 0.90), we did
find differences across the three sampling periods (F, 5, = 3.59, p = 0.038) (figure 1). Tukey tests revealed that baseline corticosterone
levels increased significantly over the first three months in captivity (p < 0.05), but then began to decline by six months and did
not differ from either wild (p > 0.05) or three-month levels (p > 0.05). Neither sex (F, 5, = 0.13, p = 0.72) nor the interaction between
site and sampling period was significant (F, 5; = 0.33, p = 0.86). By contrast, stress-induced corticosterone did not differ between
sites (F,s; = 0.91, p = 0.42) or sampling periods (F, 5, = 1.44, p = 0.25), and neither sex (F, 5, = 1.98, p = 0.18) nor the interaction
between site and sampling period was significant (F 5, = 1.86, p = 0.14) (figure 1).

(b) DNA methylation declined in captivity, but returned to pre-capture levels over time

We identified 69 total DMRs, with eight DMRs within 10 kb putative promoters (we removed dual entries where DMRs were much
closer to the TSS of nearest-neighbour genes for overlapping 10 kb putative promoters) and five DMRs within gene bodies in the
wild versus three-month timepoint comparison, 16 total DMRs, with three DMRs within 10 kb putative promoters and two DMRs
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Figure 2. Mean percent DNA methylation for all 5x CpG sites within 10 kb putative promoter and gene body (noted with asterisk) DMR ranges for genes associated with
developmental processes. Genes related to limb development and myogenesis in birds from (A) Merille, (B) Mpala and (C) Timau. Genes related to eye development in
birds from (D) Merille, (E) Mpala and (F) Timau. DNA methylation tended to decline from the wild to three months in captivity, but then increase from three to six months
in captivity. Boxplots show median values with 25/75% quartiles, and whiskers are 1.5 times the interquartile range.

within gene bodies in the wild versus six-month comparison, and 51 total DMRs, with 13 DMRs within 10 kb putative promoters
and five DMRs within gene bodies in the three-month versus six-month comparison (table 1). In general, DNA methylation in
most of these DMRs declined from the wild to the three-month sample, but then increased by the six-month sample. The majority
of the DMRs occurred in genes related to development (table 1). In particular, a portion of these DMRs intersected with putative
promoters and gene bodies for genes associated with myogenesis and limb and eye developmental processes (figure 2). We also
found a prominent DMR in the putative promoter of NPHPI, a gene associated with kidney function (figure 3).

To determine if the DMRs that we identified in each of the comparisons were likely to be real or simply occurred by chance,
we ran 10 randomized sample order Metilene runs for each of the three group comparisons. We identified an average of 14.9
DMRs for randomized wild versus three-month runs, an average of 28 DMRs for random wild versus six-month runs, and an
average of 18.3 DMRS for randomized three-month versus six-month runs (supplementary material, table S3). For the wild ver-
sus three-month and three-month versus six-month comparisons, the DMR average was lower in randomized group-to-group
contrasts than with actual contrasts, but in randomized wild versus six-month, the DMR average was more similar to the actual
contrasts. Although regions with variable DNA methylation could be called DMRs by chance, the actual methylation patterns ap-
peared more collectively directional in the wild versus three-month and three-month versus six-month comparisons. In addition,
several developmental and muscle-related DMRs occurred together in the actual methylation results, though not together in the
randomized results, providing additional confidence in our DMR calls.

(c) Individual CpG sites associated with differentially methylated regions showed similar methylation patterns

The Ime4qtl binomial mixed model identified 6692 significant CpGs (after g-value correction with FDRtool) in the wild versus
three-month contrast, 5608 significant CpGs in the wild versus six-month contrast and 5386 significant CpGs in the three-month
versus six-month contrast (see supplementary material, table S4, and GLMM results). Of the 6692 CpGs in the wild versus three-
month contrast, 4354 (65.1%) had lower three-month mean methylation than wild mean methylation; of the 5608 CpGs in the
wild versus six-month contrast, 2833 (50.5%) had lower six-month mean methylation than wild mean methylation (a similar even
pattern for the wild versus six-month to the randomized DMR results above); and of the 5386 CpGs in the three-month versus six-
month contrast, 3691 (68.5%) had higher six-month mean methylation than three-month mean methylation. In other words, across
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Table 1. List of DMRs detected in 10 kb putative promoters and gene bodies for each time period comparison (wild versus three-month, wild versus six-month, three- -
month versus six-month). Each DMR includes the chromosome number, the DMR start and stop sites, the number of CpG sites within each DMR, the mean methylation
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promoter 19 7955801 7955923 17 21.75 17.32 443 IHE44_0007582  glutamine-rich protein 2-like; : =
(unknown function) possible sperm motility §
21 213982 214327 22 10.14 7.42 2.72 IHE44_0007780  similar to SVBP and TMEM269 g
(unknown function) PN
unpla w wm w 0 wi S e e msu“nsecremn ................
(Contig 184) response to glucose stimulus
""""""" A 36373821 36374066 12 2217 131 108  AOR  famyacdoxdatonin
mitochondria
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body 7 21997057 21997095 11 42.96 31.71 11.25 OBSCN myofibrillogenesis, striated
muscle
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Table 1. (Continued.)

mean mean mean functional note
chromosome DMR DMR number methylation methylation methylation (summary of NCBI gene
region number startsite stopsite of C(pGs group 1 group 2 difference and UniProt databases)
14 2965165 2965332 23 4.56 8.06 —3.50 IHE44_0004115  unknown
(unknown function)
14 ............. 15 224 394 . 15224 771 . 23 ......... 3328 .......... 4259 .......... _931 . SEPT1 2 .............. Septm fam||y ofcytoskeletal o
GTPases
17 ............. 357 227 ...... 357 372 ,,,,, 23 ......... 1855 .......... 2496—6 42 R AJM1 ................ aplcaljunct|on ..................
17 ............. 10 144 052 . 10144 092 14 ......... 903 ............ 1358 o 456 AAAAAAAAAA L HX2 ................ ||mbneura| comeal ............
development,
cell differentiation and
development,
23 ............. 1727 321 . 1 727 995 - 20 ......... 16 41 ........... 231 9 o 6 77 AAAAAAAAAA NHSL3 ............... ce” d|fferent|at|on, comea ......
25 ............. 3080 253308029212 ......... 2648 .......... 40 47_13995100“3 ............. ce”process .....................
28 ............. 2364 283 . 2364314 . 12 ......... 3879 .......... 55 04 o 1624 ......... M AST3 ............... ce” process .....................
............. 22946032948661517602511—751ATG9Aphosphol|p|dscramb|ase
activity
5A ............. 36374 026 . 36374 257 12 ......... 999 ............ 1764 o 766 R A(0T2 ............... fattyaqd ox|dat|on m ...........
gene mitochondria
body ............................................................................................................................................................
10 17073161 17073211 20 15.41 20.52 =51 MEF2A transcription factor,

muscle-specific,
growth factor-induced
and stress-induced genes

significant CpGs, the sampling period mean methylation trend strongly resembled the DMR sampling period mean methylation
trend.

In addition to observing similar trends across sampling periods in the CpGs and DMRs, we also examined how the significant
CpGs intersected with the DMRs ranges in both 10 kb putative promoters and gene bodies, and full 10 kb putative promoter
ranges (i.e. not just the DMR ranges). For the wild versus three-month contrast, 75 CpGs intersected with Metilene 10 kb putative
promoter DMRs, and 15 CpGs with Metilene gene body DMRs; for the wild versus six-month contrast, 20 CpGs intersected with
10 kb putative promoter DMRs, but zero CpGs with gene body DMRs; and for the three-month versus six-month contrast, 28
CpGs intersected with 10 kb promoter DMRs, and four with gene body DMRs. For the wild versus three-month contrast, 156
CpGs intersected with the larger (not just DMR range) 10 kb putative promoters of genes associated with DMRs; for the wild
versus six-month contrast, 101 CpGs intersected with 10 kb putative promoters; and for the three-month versus six-month con-
trast, 87 CpGs intersected with 10 kb putative promoters. When each contrast’s full significant CpG set (6692 for wild versus
three-month, 5608 for wild versus six-month and 5386 for three-month versus six-month) was intersected with all 10 kb putative
promoters, and allowed only one intersection per CpG (i.e. excluding overlapping promoters), the mean number of intersections
per promoter region was 1.87 for wild versus three-month, 1.70 for wild versus six-month and 1.68 for three-month versus six-
month. In comparison, the mean for wild versus three-month in DMR-associated promoters was 8.66 (min. of 1, max. of 53); the
mean for wild versus six-month in DMR-associated promoters was 8.42 (min. of two, max. of 46); and the mean for three-month
versus six-month in DMR-associated promoters was 4.83 (min. of one, max. of 24) (table 2). On the whole, CpGs significant
in the GLMM for all three timepoints (but with timepoint contrasts) clustered more than average in the Metilene DMR ranges
and associated promoters. For these CpGs, sampling period group mean methylation within sexes and sampling sites tended to
follow the full timepoint group trends (see supplementary material, table S5, for CpG site intersects and means of mean methy-
lation by timepoint, as well as means within sexes and sampling sites, and full methylation ratios for the 77 298 CpGs tested in
the GLMM).
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Figure 3. Mean percent DNA methylation for all 5% CpGs sites within 10 kb putative promoter DMR ranges for NPHPT in birds from each of the three sampling sites.
DNA methylation tended to decline from the wild to three months in captivity, but then increase from three to six months in captivity. Boxplots show median values with
25/75% quartiles, and whiskers are 1.5 times the interquartile range.

Table 2. Summary of GLMM significant CpG intersects for DMRs (A) within 10 kb putative promoters, (B) within gene bodies, and (C) within full 10 kb putative promoter
ranges for DMR-associated genes.

10 kb putative promoter

DMR intersects
wild vs. 3-month 75 9 MYF5, 31 NPHP1, 7 AIP, 11 (D163, 6 IHE44_0007582, 1 IHE44_0007780, 10 PIM3
_ W , |d VS 6m0nth ........ 20 .................................. 20 NPHM ...............................................................................................
monthvs6monh 28 SMYFS, 6 D163, 1 GASS, S HEA4_0004115, 3 AIM1, ANHSLS, 1S100AT3, 3MASTS

gene bodies DMR intersects by gene

wild vs. 3-month 15 3 ACOT2, 2TTN, 10BSCN, 9 CA6
wild vs. 6-month 0 0
3-monthvs. 6-month 4 1ACOT2, 1 MEF2A, 15100A13, 1 PRELP

10 kb putative promoter intersects by gene

wild vs. 3-month 156 10 MYF5, 1 XRN2, 53 NPHP1, 2 VAX2A, 1 BMP3, 8 AIP, 26 (D163, 6 GASS, 4 IHE44_0004115, 5 SEPT12,
2 AJM1, 6 IHE44_0007582, 11HE44_0007780, 1 E2F2, 4 NHSL3, 15100A13, 2 MAST3, 23 PIM3

wild vs. 6-month 101 46 NPHP1, 2 BMP3, 4 AIP, 14 (D163, 2 GAS8, 2 SEPT12, 4 AJM1, 3 IHE44_0007582, 2 IHE44_0007780,
3 NHSL3, 2 5100A13, 17 PIM3

3-monthvs.6-month 87 6 MYF5, 1XRN2, 24 NPHP1, 1 VAX2A, 2 BMP3, 1 AIP, 13 (D163, 5 GAS8, 5 IHE44_0004115, 4 SEPT12, 5
AJM1, 2 1HE44_0007582, 1 1HE44_0007780, 1 E2F2, 4 NHSL3, 1 S100A13, 5 MAST3, 6 PIM3
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4. Discussion

Superb starlings have been shown to exhibit differences in corticosterone and adrenal sensitivity across a country-spanning arid-
ity gradient [11]. Here, we demonstrate that birds collected from three of the sites along this environmental gradient and housed
under common garden conditions for six months showed similar increases in baseline (but not stress-induced) corticosterone
after three months that then began to return to pre-capture levels by six months. As predicted from previous work showing
that baseline corticosterone is influenced by annual variation in precipitation [11,21], baseline corticosterone appears to repre-
sent a flexible response to short-term environmental variation. Yet, stress-induced levels did not change over the duration of this
study, a pattern also consistent with previous work showing that stress-induced corticosterone was poorly explained by precip-
itation variation on any timescale [11]. Although we did not observe any site differences in baseline corticosterone levels, these
three particular sites did differ in baseline levels in a previous study [11]. This result underscores the dynamic nature of base-
line glucocorticoid levels in general, and could be explained by annual differences in climatic conditions at the time of capture
or the smaller sample sizes in this study. Such individual flexibility in the endocrine system, and in glucocorticoids in partic-
ular, is generally expected in changing environments [8]. The rapid and flexible response to the chronic stress of being held in
captivity likely reflects an adaptation to dealing with the unpredictable environment associated with living in the East African
savanna [19].

Environmental conditions, particularly during development, have long been known to influence DNA methylation [13,49]. In
superb starlings, rainfall variation in early life was shown to influence DNA methylation in the glucocorticoid receptor, suggesting
a role for developmental plasticity [20]. Increasingly, however, there is evidence that DNA methylation can also change rapidly
over ecologically relevant timescales to the life of an organism and act as a phenotypically flexible trait. Three-spined stickleback
[14] and Atlantic salmon [15] exhibited changes in DN'A methylation in just a few days in response to salinity and thermal stress,
and tree swallows exhibited changes in DNA methylation in response to corticosterone treatment in a few weeks [17]. Moreover,
Trinidadian guppies showed changes in DNA methylation in response to anti-predator-inducing alarm cues in less than an hour
[50]. Here, we observed changes in DNA methylation within three months for birds housed under common garden conditions
in the field. We identified a series of DMRs related to development, most of which declined in the first three months in captivity,
but then increased by six months to match pre-capture levels. Many of these DMRs occurred in genes related to limb and eye
development. Myogenic factor 5 (MYF5) has been studied in avian and murine embryonic limb myogenesis [51,52], and bone
morphogenetic protein 3 (BMP3) has similarly been linked to wing bud formation during chondrogenesis [53]. Although BMP3
had overall low levels of DNA methylation in our study, the wild to three-month to six-month variation pattern was consistent
across all three sampling sites (figure 2A-C). In addition, LIM Homeobox 2 (LHX2) has been extensively studied in the context of
stem cell differentiation, including haematopoiesis [54,55], hair follicle specification [56], neurogenesis, forebrain/cortex and pitu-
itary and limb development [57-62], as well as in retinal field and progenitor cell development [63—66]. Ventral anterior homeobox
2 (VAX2A/VAX2) had a methylation pattern similar to LHX2 and is also associated with retinal development in chickens, African
frogs, fruit flies, mice and humans [67-70]. The function of NHSL3/KIAA1522 is less well understood, but has recently been linked
to endothelial corneal dystrophy in humans [71]. Finally, of particular interest was the gene Nephrocystin 1 (NPHP1), which had
a very consistent methylation pattern across all three sampling sites (figure 3) and is associated with renal, photoreceptor and
respiratory cilia, as well as with nephronophthisis, a disorder of the kidney [72-74].

To observe such consistent changes in DNA methylation in genes related to development from whole blood suggests that
chronic stress may rapidly, though reversibly, alter developmental pathways in birds in ways that leave markers in the blood.
Using DNA methylation in blood as a biomarker for epigenetic activity in the brain works well in some species but not in others
[75]. For example, studies in the great tit have shown similar patterns of DNA methylation in the whole brain and blood [76], as
well as between blood and liver [77]. In house sparrows, some patterns of DNA methylation are maintained across blood and
brain tissues, particularly in genes for glucocorticoid and related receptors [78]. Here, we did not have permission to destructively
sample birds, nor did we want to because our goal was to collect repeated samples from the same individuals over a six-month
period. Nonetheless, our work highlights a suite of development-related genes that should prove useful for further study in
additional species and tissue types.

Our common garden field experiment with superb starlings sampled across an environmental gradient in Kenya suggests
that chronic stress associated with captivity causes predictable changes in baseline corticosterone that are consistent across birds
from all sampling sites. In addition, birds in captivity for three months showed a decrease in DNA methylation in a suite of
genes related to development. As birds became more accustomed to captivity by six months, both baseline corticosterone and
DNA methylation in most of the DMRs returned to pre-captive levels. Thus, our study suggests that birds exhibit endocrine
flexibility and respond to the chronic stress of being in captivity by increasing corticosterone levels for extended periods of
time [8], and that this chronic stress may also impact DNA methylation in key developmental genes. These changes in DNA
methylation were also flexible, and most DMRs returned to pre-captive levels of DNA methylation by the end of the experiment.
Whether there is a direct relationship between corticosterone and DNA methylation, as there is in some avian species [17], re-
mains to be studied. Future work should explore changes in DNA methylation over more rapid time courses (days to weeks
rather than months), and more directly relate changes in DNA methylation to changes in corticosterone, particularly for the
suite of developmental genes identified here. Ultimately, this work shows that birds living in a semi-arid environment exhibit
flexible endocrine and epigenetic responses to the stress of captivity that begin to subside over time. Such rapid and reversible
responses are likely to be adaptive and help these birds cope with the harsh and unpredictable environment of the East African
savanna.
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