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Abstract

Recent studies exploring the molecular genetic basis for migratory variation in
animals have identified polymorphisms in two genes (CLOCK and ADCYAP1)
that are linked to circadian rhythms and correlate with migratory propensity and
phenology among individuals and populations. Results from these initial studies
are mixed, however, and additional data are needed to assess the generality
and diversity of the molecular mechanisms that regulate the biology of
migration. We sequenced CLOCK and ADCYAP1 in 15 populations across the
two species of the avian genus Junco, a North American lineage in which
multiple recently diverged subspecies and populations range from sedentary to
long-distance migrants. We found no consistent associations between allele
length and migratory status across the genus for either CLOCK or ADCYAP1.
However, within two subspecies groups, populations that migrate longer
distances have longer CLOCK alleles on average. Additionally, there was a
positive relationship between ADCYAP1 allele length and migratory
restlessness (zugunruhe) among individuals within one of two captive
populations studied—a result similar to those reported previously within captive
blackcaps (Sylvia atricapilla). We conclude that, while both ADCYAP1 and
CLOCK may correlate with migratory propensity within or among certain
populations or species, previously identified relationships between migratory
behavior and sequence variants cannot be easily generalized across taxa.
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Introduction

Every year billions of birds make round-trip flights from their
breeding grounds to suitable winter climes and back again'. This
seasonal migration requires immense coordination of different sys-
tems including fattening, locomotion, orientation, and activity”.
Several aspects of migratory behavior including onset, duration,
intensity, and orientation are known to be heritable and to respond
quickly to artificial and natural selection — indicating a degree of
genetic control’™”’. However, other studies indicate that both learn-
ing and developmental environments can also shape migratory
phenotypes™”.

The propensity to migrate appears extremely labile on an evolu-
tionary scale, with shifts between migratory and sedentary status
independently arising, often repeatedly, in multiple lineages'*-'"*. In
recent decades, many populations and species are reducing the dis-
tance or frequency of migrations, and others are ceasing to migrate
altogether, presumably in response to changing environments
world-wide’*-". Understanding the molecular genetic mecha-
nisms that regulate migration biology is imperative both for 1)
understanding the evolutionary processes of behavioral adaptation
and diversification, and 2) conserving and managing the phenom-
enon of animal migrations in the face of ongoing environmen-
tal change. However, relatively few studies have addressed the
molecular genetic mechanisms of migration'®. Our goal in this
study was to build upon previous candidate gene studies to deter-
mine whether or not similar genetic mechanisms explain variation
in migratory propensity at the level of individuals, populations, and
species across taxa.

Previous studies have identified a number of candidate genes that
may be involved in regulating migration, with particular focus on
circadian rhythm genes. For example, the gene CLOCK controls
several aspects of the circadian rhythm in mice'’, and in the blue
tit (Cyanistes caeruleus) it varies across latitudinal clines'®, and
with timing of breeding". In salmon (Oncorhynchus spp.), CLOCK
microsatellite repeat length also varies geographically and predicts
migratory timing”~’. Monarch butterflies (Danaus plexippus) use
CLOCK as part of the circadian pathway that guides their annual
migration”, suggesting that CLOCK may play a role in the timing
of migration across vertebrate and invertebrate lineages. However,
blackcaps (Sylvia atricapilla®) bluethroats (Luscinia svecica'®),
and swallows of the genus Tachycineta™ do not show such correla-
tions between this CLOCK polymorphism and migratory behavior
or geographic location, despite possessing genetic variation at the
locus. Furthermore, barn swallows (Hirundo rustica) show substan-
tial variation in migratory phenotype, but very little variation at this
CLOCK polymorphism™.

In another gene, adenylate cyclase-activating polypeptide 1
(ADCYAPI), length of a microsatellite repeat predicts migratory pro-
pensity of both populations and individuals in blackcaps®. ADCYAP1
is expressed throughout the brain and body of vertebrates’’ and
encodes pituitary adenylate cyclase-activating polypeptide (PACAP)
(reviewed in*). PACAP is involved in many diverse behavioral and
physiological phenotypes, including the circadian system (reviewed
by Vaudry er al.™). Specifically, in chickens (Gallus gallus), PACAP
directly activates CLOCK and other circadian genes in the pineal
gland”. Further, PACAP stimulates release of melatonin®, and is a
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key component in entraining the circadian system to the light-dark
cycle’, suggesting that it may be involved in circannual rhythms that
rely on sensing day length, such as migration. Additionally, PACAP
is involved in a large number of physiological and behavioral effects,
from feeding behavior to breathing”, many of which may be related
to physiological changes involved in migration™.

The body of work to date thus indicates that certain genes are
associated with migratory phenotype in some way across phyla and
within classes. However, these findings also warrant further study
of the genetics of this complex phenotype at multiple levels in inde-
pendent systems to determine whether selection is using conserved
genetic machinery to arrive at similar phenotypic outcomes (e.g.,
Korsten et al. ™).

Here, we examined allelic variation in both CLOCK and ADCYAPI
in the genus Junco at the levels of species, populations, and individu-
als. The junco species group is currently comprised of the yellow-
eyed junco (J. phaeonotus) and the dark-eyed junco (J. hyemalis),
each of which contains multiple subspecies and populations showing
a wide range of migratory behaviors**—. Several of these subspecies
have been identified as distinct species in the past (e.g. Miller™) and
investigations into the genetic structure and systematics of the group
are ongoing (e.g. Mild er al.*°, McCormack et al.”’, Rasner et al.**
and Whittaker et al.””).

The various dark-eyed junco subspecies offer an especially exciting
opportunity to investigate migratory differences between closely re-
lated populations. There are 15 subspecies comprising the species™,
and genetic similarity indicates that these closely related forms may
have radiated just within the last 10,000 years—spreading across
North America following the most recent glacial maximum®. This
rapid diversification has limited the ability to identify clear phyloge-
netic patterns within the species’. These subspecies and populations
differ markedly in migratory phenotype, ranging from completely
sedentary to those that migrate thousands of kilometers (Table 1),
with several populations also exhibiting individual variation in
migratory behavior in which some individuals migrate and others
do not'***% Further, a coastal population of the Oregon junco
(J. h. thurberi) has diverged from a montane altitudinal migrant popu-
lation in the last 30 years and become sedentary in a milder environ-
ment on the campus of the University of California in San Diego*'**.

The diversity of migratory behavior along with the close genetic
relationships among divergent subspecies and populations make the
junco species an excellent system in which to further examine the
role of candidate genes linked to migration. Based on earlier studies
of CLOCK and ADCYAP] variation'*****, we predicted that junco
populations that migrate longer distances would possess longer
microsatellite repeat-length alleles of both CLOCK and ADCYAP1
when compared with those that migrate shorter distances including
altitudinal migrants and sedentary populations. We also predicted
that allele length would positively covary with individual variation
in migratory restlessness within populations.

Methods

Classifying population migratory behavior

Populations of juncos were classified according to a scale of migra-
tory distance based on published reports in the literature—>0=#2444
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Table 1. Sampled populations and assigned migratory scores. Group categories follow generally from distinct groups of subspecies

or unique forms as discussed by Mila et al. (2007)*° or Nolan et al. (2002)*'. Subspecies designations follow Miller (1941)* as summarized
by Nolan et al. (2002)** and Sullivan et al. (1999)*; dark-eyed subspecies are noted as J. h. spp. and yellow-eyed subspecies as J. p. spp.
Migratory Behavior codes indicate the range of migratory behaviors inferred from breeding and wintering distributions, as follows: LD2

= long distance I, at minimum 1600 km up to 5600 km, depending on migratory connectivity; LD1 = long distance I, likely 400-700 km,
possibly up to 5000 km, depending on migratory connectivity; R = regional, typically greater than 200 km; A = altitudinal, typically less
than 200 km; P = apparent partial migration documented; F = apparent facultative migration documented; S = sedentary (see text for
references). Migratory score ordinally ranks population migratory propensity, similar to previous published accounts®.

Group Subspecies Sampling site
Slate-colored J. h. hyemalis Mississippi, USA
Slate-colored J. h. hyemalis Indiana, USA

Slate-colored J. h. hyemalis Michigan, USA

Carolina J. h. carolinensis  Virginia, USA

White-winged J. h. aikeni South Dakota, USA

Oregon J. h. oreganus British Columbia, Canada
Oregon J. h. thurberi Mt. Laguna, California, USA
Oregon J. h. thurberi San Diego, California, USA
Gray-headed J. h. caniceps Utah, USA

Pink-sided J. h. mearnsi Wyoming, USA

Guadalupe J. h. insularis Guadalupe Island, Mexico
Yellow-eyed J. p. phaeonotus ~ Durango, Mexico
Yellow-eyed J. p. phaeonotus  Mexico City, Mexico
Guatemala J. p. alticola Huehuetenango, Guatemala
Baja J. p. bairdi Baja California Sur, Mexico

personal observation. Each population was ranked on a scale from 1
(sedentary) to 6 (long-distance migrant) based on the average dis-
tance migrated by individuals in that population (Table 1). Distance
migrated also varies within populations. For example, in the Eastern
United States, females*® and adults”’ generally migrate farther
from their breeding ranges than males and yearlings, respectively.
Some junco populations also exhibit partial migration, in which
a subset of individuals remains on the breeding grounds while
others depart™**. The classification system employed here broadly
categorizes the general migratory phenotype of each population
and was organized to resemble previous reports for other species
(e.g. blackcaps™).

Assessing the migratory behavior of individuals

Individuals from two populations of J. h. thurberi residing in southern
California were captured as recently independent offspring and held
in captivity under identical conditions in a ‘common garden’. Indi-
viduals were held individually (0.61 m x 0.61 m x 0.61 m cages)
in a climate controlled indoor aviary with ad libitum access to food
and water. Individuals were neither visually nor acoustically isolated,
and light regimes were changed bi-weekly to match photoperiod at
their home latitude. All methods were reviewed and approved by
the IACUC at Indiana University (protocol #09-037). To reduce the
probability of capturing siblings and pseudoreplication, individuals
were captured from multiple locations, and one individual from each
identified sibship (one in each population) was randomly included in
all analyses, as in previous studies”. Additional studies of these cap-
tive common garden populations are reported elsewhere (**; Atwell
et al. in review).

Range Abbreviation Migratory Migratory
behaviors score

Wintering SCJU-MS LD2 6
Wintering SCJU-IN LD1 5
Wintering SCJU-MI Rto LD 4
Breeding CRJU AP F 2
Breeding WwWJU RtoLD1;A,PF 3
Breeding ORJU-BC Rto LD1; P, F 8
Breeding ORJU-LM A P F 2
Year-round  ORJU-SD S 1
Year-round  GHJU R 85
Breeding PSJU R to LD1 4.5
Year-round  GUJU S 1
Year-round  YEJU-DO S 1
Year-round  YEJU-DF S 1
Year-round  GTJU S 1
Year-round  BAJU S 1

Briefly, spring nocturnal restlessness behavior was scored from
3 March to 1 August 2010 by recording intervals of night-time
perch-hopping activity of birds housed indoors in individual cages
equipped with microswitched perches. This method is considered
effective to capture 95% of migratory behavior observed in infrared
video and ultrasound methods*’, and even non-traditional songbird
migrations tend to occur at night’'. Juncos typically migrate at
night*, and this sampling period overlapped with the typical spring
migration as well as breeding seasons of dark-eyed juncos™*'. As
was found in prior studies of migratory restlessness in the junco
(e.g., Ketterson and Nolan’’) and other species, migratory rest-
lessness extended into the typical breeding period, perhaps due to
caged birds’ inability to perform reproductive activities™. Nocturnal
hops were recorded starting 30 minutes after dusk until 30 minutes
before dawn under a daylight regime that simulated the photoperiod
at their native latitude. GraphPad Prism 3.0 (GraphPad, USA) was
used to quantify the seasonal intensity of individual spring migra-
tory restlessness by calculating the area under each fitted seasonal
profile curve, which provided a total migratory propensity score for
each bird (n = 36'*; Atwell er al. in review).

Sampling

Analysis of population differences in genotype was conducted
using DNA collected between 1996-2010 from adult juncos that
were captured from breeding or wintering populations as a part
of other studies. Less than 100 uL of whole blood was collected
via capilary tube from a small puncture in the alar vein for future
extraction. Both males and females were included, and in all
populations in which sexes were known, the sexes did not differ
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in allele length for either locus (t-test, all p > 0.1). Birds sam-
pled in their winter range were captured from December through
February, after juncos are thought to have arrived at their winter-
ing grounds and before they have departed in the spring*>*. All
individuals from breeding locations were captured as adults dur-
ing the breeding season of that population. No known siblings
were included in these analyses.

Genotyping

We extracted DNA from whole blood from 15 populations spanning the
range of migratory phenotypes in the genus Junco (Table 1). We devel-
oped primers surrounding a microsatellite repeat of interest based
on previously published reports for CLOCK'** and ADCYAPI***
in birds, and we modified the primers to more closely match the
junco sequence based on the junco transcriptome (*; See Table 2
for primer details). The primers were used to amplify the respective
polymorphisms in a single multiplex reaction using an amplifica-
tion kit and following the manufacturer’s directions (Qiagen Inc,
Valencia, California, USA). An initial 15" heat activation cycle
(95°C) was followed by 35 cycles of 94°C denaturation for 307,
60°C annealing for 90, and 72°C extension for 60, and a final
elongation of 10”. PCR products were then diluted 1:200 in ddH,0
with LIZladder (Applied Biosystems, Carlsbad, California, USA),
denatured at 95°C for 57, and placed on ice. Samples were analyzed
on an ABI 3730 using Peak Scanner v1.0 (Applied Biosystems,
Carlsbad, California, USA).

Data analysis
In order to assess the relationship between allele length and
migratory behavior among populations for both loci, we performed
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Spearman’s correlations between population mean allele length
and population migratory status. Qualitatively similar results are
obtained with major allele count methods that have been applied in
previous studies'®”** and when only dark-eyed subspecies were con-
sidered (data not shown). Within the sub-species groups for which
we sampled multiple populations (Oregon juncos and slate-colored
juncos, see Table 1), we additionally performed a nested ANOVA
on allele lengths with population as a grouping factor within each
subspecies to determine whether mean allele length differed signifi-
cantly between populations or these subspecies.

To relate individual variation in allele length of ADCYAPI and
CLOCK to migratory restlessness, we fit linear models with migra-
tory restlessness as the dependent variable and all combinations of
population, mean allele length of the individual, sex, and each pair-
wise interaction as predictors. The resulting models were compared
against each other using Akaike’s Information Criterion. When the
best fit model yielded a significant interaction term, we followed
with a separate linear model for each population®.

All statistical analyses were performed in R version 2.15.2%.
Hardy-Weinberg equilibrium and heterozygosity were calculated
with the package genetics™. All reported p-values are two-tailed, and
hence conservative with respect to a priori directional hypotheses.

Results

Among population comparisons for ADCYAP1

Weidentified 16 alleles at the ADCYAP1 locus ranging in length from
154 to 181 base pairs (bp), and all populations contained between
five and ten alleles (Table 3). Allele lengths of 161 or 163 bp were

Table 2. Primers used in this study. Both primers are based on Steinmeyer et al.**, and CLOCK was

modified to match junco sequences™.

Gene name Forward primer 5" — 3’
CLOCK TTTTCTCAAGGTCAGCAACTTGT
ADCYAP1 GATGTGAGTAACCAGCCACT

Reverse primer 5" — 3’
CTGTAGGAACTGCTGGGGKTGCTG
ATAACACAGGAGCGGTGA

Table 3. Distribution of ADCYAP1 allele length within each population. Table lists the number of individuals from each population
possessing each of the identified ADCYAP1 alleles. Number of individuals genotyped is indicated as “n” for each population.
Het = calculated heterozygosity for the population. Other abbreviations follow from Table 1.

Population 154 155 156 157 158 159 160 161
SCJU-IN 1 3 0 3 0 9 0 11
SCJU-MI 0 1 0 1 0 11 1 11
SCJU-MS 0 0 0 4 0 6 0 8
CRJU 0 0 0 2 0 9 0 19
wwJu 0 0 1 5 0 1 0 35
ORJU-BC 0 1 0 1 0 3 0 12
ORJU-LM 0 0 0 1 0 11 0 18
ORJU-SD 0 0 0 10 0 8 0 26
GHJU 0 0 0 2 0 5 1 17
PSJU 0 1 0 4 0 2 0 16
GUJU 0 0 0 0 0 6 0 11
YEJU-DO 0 3 0 2 0 4 0 10
YEJU-DF 0 0 0 2 1 18 1 17
GTJU 0 0 0 4 0 8 0 13
BAJU 0 0 0 0 0 2 0 3

1
0
2
0
0
0
0
0
0
0
0
0
0
0
0
0

62 163 164 165 167 169 171 181 n Het
8 0 8 1 1 1 0 19 0.809
17 0 11 2 1 0 0 23 0.852
13 0 4 2 1 0 0 29 0.816
12 0 1 1 0 0 0 22 0.710
7 0 5 1 1 0 0 28 0.587
8 0 2 3 0 0 0 15 0.768
16 S 14 1 0 0 0 32 0.802
15 0 3 12 0 0 0 36 0.791
17 0 8 4 0 0 0 27 0.778
14 0 7 2 2 0 0 24 0.786
6 0 8 4 0 0 1 18 0.811
1 0 0 6 2 0 0 14 0812
13 0 4 6 0 0 0 31 0.794
0 0 7 2 0 0 0 17 0.761
21 0 16 3 1 0 2 24 0.700
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most common in all populations. Nearly all of the identified alleles
differed by multiples of two bases from these common alleles. The
exceptions were represented in only 12 individuals, including five
individuals from the Laguna Mountain population that shared an
allele 164 bp long. All populations, both separately and combined,
were in Hardy-Weinberg equilibrium (all p > 0.73).

There was no correlation between the population mean allele
length of ADCYAPI and population migratory status (Spearman’s
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correlation, rho = 0.022; p=0.938; Figure 1). Within the sub-species
groups sampled at multiple locations the length of the ADCYAPI
allele did not differ between subspecies, or within subspecies (nest-
ed ANOVA, subspecies difference: F - =0.233, p=0.629; popula-
tion within subspecies: F, ;- = 0.852, p = 0.493; Figure 2).
Among population comparisons for CLOCK

We identified eight alleles at the CLOCK locus that varied in length
from 267 to 285 bp, and all but one population (J. h. insularis
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Figure 1. ADCYAP1 allele length and migratory status. No correlation was found between allele length and migratory score (Spearman’s

correlation, p > 0.05).
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Figure 2. ADCYAP1 allele length within sub-species groups. ADCYAP1 allele length did not differ between populations within the
sub-species for which we have multiple sampling locations. Shown are means and standard errors for Oregon juncos listed by breeding
grounds (panel A) and slate-colored juncos listed by wintering grounds (panel B). Population migration scores are shown in parentheses with
higher numbers indicating populations that migrate longer distances (see Table 1 for more details).
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from Guadalupe island) contained between two and four alleles
(Table 4). A single allele (276 bp) was the most common in all
populations except J. p. alticola from Guatemala where the 279 bp
allele was most common. All but one of the additional alleles (pre-
sent in a single individual) differed from the most common allele
by multiples of three base pairs. All populations, both separately
and combined, were in Hardy-Weinberg equilibrium (all p > 0.05).
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Population mean allele length of CLOCK did not correlate with
migratory status (Spearman’s correlation, rho = -0.38, p = 0.159;
Figure 3) when all populations were compared. Among the sampled
populations of Oregon juncos (J. h. oreganus and J. h. thurberi) and
slate-colored juncos (J. h. hyemalis) there was a significant effect
of population within subspecies on CLOCK allele length, but not
a difference in CLOCK allele length between populations (nested

Table 4. Distribution of CLOCK allele length within each population. Table lists
the number of individuals, from each population, possessing each of the identified
CLOCK alleles. Number of individuals genotyped is indicated as “n” for each
population. Het = calculated heterozygosity for the population. Other abbreviations

follow from Table 1.

Population 267 269 270 273 276 279 285 n Het
SCJU-MS 0 0 3 2 88 2 0 20 0.316
SCJU-IN 0 0 3 0 36 1 0 20 0.188
SCJU-MI 1 0 8 2 49 0 0 30 0.319
CRJU 0 0 9 0 36 0 1 23 0.357
wWwJu 0 1 20 0 85 0 0 28 0.490
ORJU-BC 0 0 2 0 27 1 0 15 0.191
ORJU-LM 1 0 5 4 56 0 0 88 0.257
ORJU-SD 0 0 17 0 57 0 0 37 0.366
GHJU 0 0 3 1 52 0 0 28 0.137
PSJU 0 0 7 1 39 1 0 24 0.324
GUJU 0 0 0 0 36 0 0 18 0.000
YEJU-DO 0 0 3 2 24 5 0 17 0.483
YEJU-DF 0 0 5 0 58 4 0 Sl 0.263
GTJU 0 0 1 1 14 18 0 17 0.565
BAJU 1 0 1 2 44 0 0 24 0.160
o
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Figure 3. CLOCK allele length and migratory status. No correlation was found between population mean CLOCK allele length and migratory

status (Spearman’s correlation, p > 0.05).
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ANOVA, subspecies difference: F, )/ = 1.235, p = 0.267; popula-
tion within subspecies: F, /= 2.468, p = 0.045; Figure 4). In both
groups, populations that migrated longer distances possessed long-

er alleles at the CLOCK locus.

Individual variation in migratory restlessness

We tested for an association between mean ADCYAP] allele length
and level of migratory restlessness within the two captive popula-
tions of Oregon juncos (J. h. thurberi, Laguna Mountain and UC-
San Diego). The most informative linear model described indi-
vidual migratory restlessness in relation to population, mean AD-
CYAPI allele length, and the population by allele length interaction
(with Laguna Mountain as reference: effect of allele length =712.9,
p = 0.029; effect of population = 117,459.8, p = 0.056;
population*allele length effect =-732.3, p = 0.053; model R?=0.225,
p = 0.036). This interaction model performed better than all other
tested models (Akaike’s Information Criterion = 669.3; all other
models AIC > 670.8; see Methods for list of models). Because the
interaction term indicates a different effect of allele length on migra-
tory behavior in each population, we ran separate linear mod-
els for each population’® which confirmed that longerindividual
mean ADCYAP] allele length marginally predicted greater migrato-
ry restlessness in the migratory Laguna Mountain population
(effect of allele length = 712.9, R* = 0.169, p = 0.090; Figure 5,
Supplementary Table 1), but not in the sedentary UC-San Diego popu-
lation (effect of allele length =-19.36, R2=0.001, p = 0.844; Figure 5).

There was no relationship between mean CLOCK allele length and
individual migratory restlessness behavior (Figure 6, Supplementary
Table 1). The most informative linear model described only a
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population difference: the Laguna Mountain population displayed
more restlessness than the population from UC-San Diego (with
Laguna Mountain as reference: effect of population =-1299.4, p =
0.054; R?=0.102). For a more thorough treatment of this population
difference, see Atwell et al. (in review). This population-only model
performed better than all other tested models (Akaike’s Information
Criterion = 670.8; AIC for all other models > 671.32).

Discussion

Previous studies have related migratory behavior in birds and fish
to allelic variation in CLOCK and ADCYAP]. This study examined
whether variation in these genes also relates to migratory behavior
in the avian genus Junco. At the level of populations, we found
that longer CLOCK alleles were associated with longer migra-
tory distance within two sub-specific groups, J. h. oreganus and
J. h. hyemalis. CLOCK was not, however, significantly associated
with migratory distance across the genus as a whole or with indi-
vidual intensity of migratory restlessness. In the case of ADCYAPI,
longer alleles were not associated with migratory distance among
populations within subspecies groups or across the genus. How-
ever, longer alleles were associated with higher levels of individual
migratory restlessness in one of two populations studied. Together
these findings suggest that allelic variation in both CLOCK and
ADCYAPI may contribute to differences in migratory behavior at
some levels of analysis (within-subspecies or within-populations)
but not reliably across the genus.

The lack of consistent relationships between molecular genetic
variation and migratory variation suggested by our data are overall
consistent with previous research on both CLOCK and ADCYAPI,

2764 A

2754

Population mean of CLOCK Allele Length (bp)

274 1

LM (2)

Oregon

SD (1)

BC (3)

Ml (4) IN (5) MS (6)

Slate-colored

Figure 4. CLOCK allele length within sub-species groups. Within each subspecies group for which we have multiple sampling locations,
there is a trend for populations that migrate a longer distance to have longer CLOCK alleles. Figure shows mean and standard error for
Oregon juncos listed by breeding grounds (panel A; ANOVA, p = 0.056) and slate-colored juncos listed by wintering grounds (panel B;
ANOVA, p = 0.18; see text for details). Population migration scores are shown in parentheses with higher numbers indicating populations that

migrate longer distances (see Table 1 for more details).
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Figure 5. ADCYAP1 and individual variation. Plot shows mean allele length of ADCYAP1 against individual migratory restlessness score
for Oregon juncos from the migratory population at Laguna Mountain, CA, USA (solid circles, solid line) and the sedentary population in San
Diego, CA, USA (open circles, dashed line). Mean allele length marginally predicts migratory behavior in the Laguna Mountain, but not San

Diego, populations.
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Figure 6. CLOCK and individual variation. Plot shows individual migratory restlessness score for Oregon juncos against the mean length
of the CLOCK alleles from the migratory population at Laguna Mountain, CA, USA (solid circles) and the sedentary population in San Diego,
CA, USA (open circles). Points are slightly jittered for each population to improve visualization. There is no significant relationship between

CLOCK length and migratory restlessness.

as these genes are related to migratory and breeding behavior in
only some of the species investigated. Within birds, CLOCK is
associated with migratory and breeding behavior in blue tits'’, but
not black caps, bluethroats, great tits, or swallows'***>>?, Similarly,
a relationship between ADCYAPI and migratory behavior has been
found only in blackcaps®™, but has yet to be reported in other species.
Despite these conflicting results, allelic variation in each of these
genes is potentially consistent with a direct relationship with migra-

tory behavior (see below), suggesting that these genes may indeed
be important to the evolution of migratory and breeding behavior.

There are at least three reasons why the associations reported here
might differ according to which populations or species were investi-
gated: 1) variation in other, related genes (i.e., genetic background);
2) variation in the degree of linkage between the allelic variation we
measured and functional genetic differences; or 3) variation in the
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environment under which the association was sought. These expla-
nations have been suggested for other genes with variable patterns
of association with phenotype (e.g., Korsten ef al.*”). We consider
how each of these three explanations for variation in relationship
applies to migratory behavior and CLOCK or ADCYAPI, and we
suggest that population differences in genetic background are the
most likely explanation. If this is indeed the case, then future stud-
ies of candidate genes will benefit from expanding the number of
target genes examined to include related genes that may contribute
to differences in genetic background.

Mechanisms relating allelic variation to migratory phenotype
CLOCK alleles differ by multiples of three base pairs (Table 4), con-
sistent with previous results in other avian species (e.g., Johnsen
et al.'s, Steinmeyer et al.**) and with the location of the repeat with-
in the coding region of CLOCK™. Tt has previously been suggested
that presence in the coding region might make these polymor-
phisms functional'®, particularly because the repeat is responsible
for a polyglutamine tract expansion in a region known to control
the rate at which the CLOCK protein activates the downstream cir-
cadian pathway®. Polyglutamine expansions control the activity of
many genes (e.g., Chamberlain e al."). Thus, variation in allele
length could play a direct role in modifying migratory behavior
by altering the threshold day length signal to activate or suspend
migratory behavior, or by modifying its downstream effects.

The ADCYAPI alleles varied primarily by 2 base pairs (Table 3),
consistent with previous results and the fact that this microsatellite
polymorphism falls within the 3" untranslated region (UTR) of the
ADCYAPI gene™*. The mechanism by which this variation may
relate to behavioral differences remains unknown. Di-nucleotide
repeats in the regulatory regions of genes, such as 3’ UTR, can mod-
ify the expression of a gene®. This polymorphism may simply be
linked with another causative mutation in the coding region®. The
amino acid code of ADCYAPI, however, is 97% conserved from
humans to chickens®, making 3" UTR based variation in expression
far more likely than a polymorphic variation in protein sequence.
Studies of in vivo expression of various alleles in multiple tissues
would be necessary to confirm a role for this mutation in modifying
the expression of ADCYAP] in living animals.

Role of variation in genetic background

Migratory behavior is a complex phenotype consisting of changes to
movement, orientation, feeding, fattening, and sleep patterns™, and
therefore may be modulated by many genes. The fact that CLOCK
and ADCYAP] are related to migration in several systems suggests
that they may be some of the key regulators. However, the large com-
ponent of migratory behavior that is not explained by these genes
may be related to other genes in related pathways. Changes in these
other, related genes may thus reduce or modify the effect of CLOCK
and ADCYAPI on migratory behavior, and explain the pattern of
relationships identified in both previous studies'****° (described
above) and this work. Similar patterns have been found for other
complex traits such as response to stress, including in experimental
evolution of yeast™. Despite similar repeated phenotypes, indepen-
dently evolved lineages did not duplicate the same transcriptional
(and therefore genetic) responses to a novel stressor®’. This suggests
that divergent Junco populations may have utilized unique genetic
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mechanisms to achieve the same phenotypic end, thus masking the
role of any single candidate gene across the genus.

Differences in genetic background may explain the lack of genus-
wide patterns of relationship between migratory phenotype and
CLOCK or ADCYAPI and the pattern of relationship found in pre-
vious studies. If other, as yet unidentified, genes also contribute to
divergence in migratory and breeding behavior, then the relation-
ships identified between phenotype and genotype would be limited
to the groups or species in which CLOCK or ADCYAP] are respon-
sible for the divergence. In contrast, those species and populations
that do not demonstrate a relationship between migratory pheno-
type and CLOCK or ADCYAPI may have diverged due to changes
in other genes. These genes might be involved in the circadian
pathway, such as BMALI or Period 2**; the sensing of photoperi-
od changes, such as thyroid hormone deiodinases® or vertebrate

ancient opsin®’; or transcriptional regulation of these systems®’.

Differences in genetic background may also explain the details of
the relationships found between migratory phenotype and CLOCK
or ADCYAP]I. The Oregon and slate-colored subspecies groups both
demonstrate a positive relationship between CLOCK allele length
and migratory behavior. Importantly, the population mean CLOCK
allele lengths are not different between the subspecies groups,
and all of the slate-colored juncos migrate longer distances than
the Oregon juncos. Similarly, allele length of ADCYAPI predicts
migratory restlessness in the altitudinal migrant Laguna Mountain
population, but not in the sedentary San Diego population despite
the fact that both populations exhibit variation at the locus and in
migratory restlessness. While sedentary populations are known to
exhibit seasonal migratory restlessness®, it is possible that changes
in other genes inhibit migration in this sedentary population suf-
ficiently to overwhelm the variation in restlessness contributed by
ADCYAPI. Together, these results suggest that variation in other
genes across the genus account for some of the shifts in migratory
phenotype, but that CLOCK and ADCYAPI may still play important
roles in further modification of migratory behavior.

The role of linkage

An alternative explanation for the finding that allele length of both
CLOCK and ADCYAPI were related to migratory behavior at only
some levels (within subspecies or population) of analysis is that
the alleles we assessed are not functional, but are instead geneti-
cally linked to functional differences. If so, this linkage may be
distorted in some populations due to recombination or mutation.
For those populations, the alleles we measured would no longer be
informative as indicators of migratory behavior. The presence of
the relationship in multiple independently derived lineages could
be explained by independent events that link the allele at the causal
locus to the same microsatellite alleles. For example, in great tits
(Parus major), only one of four populations studied, demonstrated
a relationship between a single nucleotide polymorphism (SNP) in
dopamine receptor 4 (DRD4) and exploratory behavior®, perhaps
due to the breaking of a genetic linkage®.

In the case of CLOCK and ADCYAPI, however, several pieces of

evidence point against disrupted linkage as the source of variation in
the genotype-phenotype relationship. Similarly to previous studies
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that found a significant relationship between CLOCK or ADCYAP1
and migratory behavior (described above), the alleles associated
with increased migratory behavior in this study were always longer.
If linkage were responsible for the association, there is no reason to
predict that longer alleles would repeatedly be linked to increased
migratory propensity. This does not, by itself, rule out linkage—it
is possible that this directional pattern is coincidental and will be
reversed in another species yet to be studied. In addition, unlike
the length polymorphisms studied in CLOCK, the SNP in DRD4
related to exploratory behavior is a synonymous mutation®—that is,
it causes no change in the protein that is encoded by the gene. Simi-
larly, the variation in ADCYAPI is predicted to affect expression®’,
while the SNP in DRD4 is unlikely to do so (but see Duan et al.”’).
Given the existence of a known mechanism that could relate allelic
variation in CLOCK and ADCYAPI to functional consequences
(detailed above), disrupted linkage seems less likely to account for
variable strength of association than other possible causes.

The role of environmental factors

A final potential explanation for the lack of a consistent relationship
between allelic variation and migratory phenotype is that the roles
of CLOCK and ADCYAPI are modulated by the different environ-
ments that populations and subspecies experience. In three-spine
sticklebacks (Gasterosteus aculeatus), for example, environmen-
tal variability in the presence of predators masks genetic variation
related to several behavioral traits’'. Similarly, many environmen-
tal cues, such as temperature and precipitation, modulate migratory
behavior’; such environmental modulators may account for some
of the differences between junco populations and may mask the
effects of variation in CLOCK and ADCYAPI.

Environmental differences do not, however, appear to be consist-
ent with the pattern of relationships found between migratory
phenotype and CLOCK or ADCYAPI. First, the positive relation-
ship between individual variation in migratory restlessness and
length of ADCYAPI was found in only one of two tested popu-
lations (Laguna Mountain), despite the fact that they were tested
in an identical common garden experiment”, and winter in the
same environment’'. Second, the within subspecies pattern seen
between CLOCK allele length and migratory distance is seen in both
Oregon and slate-colored juncos, and these two subspecies differ
in the amount of environmental divergence between populations.
The sampled Oregon populations breed in divergent climates and
winter in similar environments, while the slate-colored popula-
tions all breed in a similar environments, but migrate different dis-
tances to divergent wintering grounds’*'. Together, the findings
in CLOCK and ADCYAPI suggest that environmental differences
between populations, while potentially important, are not sufficient to
explain the pattern of associations that we found.

Conclusions

We found no evidence for a predictable relationship between
migratory behavior and the lengths of CLOCK or ADCYAPI
alleles across the genus Junco. However, we found some support
for a role of CLOCK allele length within subspecies groups, and
ADCYAPI allele length within a population, in modifying migratory
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behavior. The lack of consistent detectable associations between
allelic variation and behavioral variation among populations and
individuals as reported in our study, adds an important layer in fur-
ther understanding the potential roles of candidate genes in com-
plex ecological and evolutionary processes. To explore this layer
further, future sequencing projects may wish to similarly consider
both between-group and within-group variability in genotype-
phenotype relationships when conducting analyses of other candidate
genes.

Focusing on variation in a small number of genes with predicted
functional significance holds the potential to identify major func-
tional hubs in complex phenotypes across the animal kingdom. The
redundancy of the genome and complexity of functional genetic,
regulatory, and signaling networks, however, means that over evo-
lutionary time scales, candidate loci may gain or lose functional
significance in the presence of an alternative environment, linkage,
or genetic background. Our results highlight the fact that differ-
ent mechanisms may contribute to variation in complex phenotypes
when examining populations or species. This does not mean that
candidate gene approaches should be abandoned altogether. Rather,
with the increasing availability of next-generation sequencing, it
may become more efficient to expand the scope of candidate gene
sequencing projects to include other genes in the same pathway,
as this breadth may provide insight into other, as yet unidentified,
genetic mechanisms.
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Supplementary Table 1. Individual variation in migratory restlessness and allele length. Allele calls for both CLOCK and
ADCYAP1 are provided for each individual. Migratory restlessness score provides a cumulative score of migratory behavior
over the sampling period (March 3 to August 1). See Methods for details.

SamplelD

5203
5226
5244
5245
5246
5249
5250
5251
5253
5256
5260
5263
5437
5492
5504
5562
5586
5592
5103
5142
5231
5232
5404
5427
5489
5518
55119
5544
55645
55650
5556
5557
5565
5566
5568
5569

Population

ORJU-LM
ORJU-LM
ORJU-LM
ORJU-LM
ORJU-LM
ORJU-LM
ORJU-LM
ORJU-LM
ORJU-LM
ORJU-LM
ORJU-LM
ORJU-LM
ORJU-LM
ORJU-LM
ORJU-LM
ORJU-LM
ORJU-LM
ORJU-LM
ORJU-SD
ORJU-SD
ORJU-SD
ORJU-SD
ORJU-SD
ORJU-SD
ORJU-SD
ORJU-SD
ORJU-SD
ORJU-SD
ORJU-SD
ORJU-SD
ORJU-SD
ORJU-SD
ORJU-SD
ORJU-SD
ORJU-SD
ORJU-SD

CLOCK1

273
276
276
276
267
276
276
270
276
276
276
276
276
276
273
276
276
270
270
276
270
270
270
270
276
276
276
270
276
270
270
270
276
276
270
276

CLOCK2

276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276

ADCYAP1

163
163
159
159
161
161
163
161
159
165
161
161

159
161
159
159
159
161
163
161
161
161
161
157
161
163
161
159
159
163
161
159
157
157
157

ADCYAP2

165
164
163
163
164
163
163
161
161
165
165
165

163
163
161
165
163
165
163
167
161
167
163
157
163
167
163
161
161
167
163
161
157
163
161

Migratory

restlessness score

3660
3785
6116
481.8
604.2
6020
126.3
596.5
333.6
8648
4477
17.5
3629
658.2
2384
1230
3851
5412
1963
1159
2433
10.35
1616
915.9
1306
3742
2337
724.2
2211
458.3
32.67
473.7
683.7
788
3644
3766

Page 12 of 16



References

F1000Research 2013, 2:115 Last updated: 29 JAN 2014

20.

21.

22.

23.

Berthold P: Bird migration: A general survey. Oxford Ornithology Series. 2001;
12(1-XI): i-xi, 1-253.

Reference Source

Dingle DH: Migration: The Biology of Life on the Move. Oxford University Press;
1996; 480.

Reference Source

Helbig AJ: Inheritance of migratory direction in a bird species - a cross-
breeding experiment with SE- and SW-migrating blackcaps (Sylvia atricapilla).
Behav Ecol Sociobiol. 1991; 28(1): 9-12.

Publisher Full Text

Able KP, Belthoff JR: Rapid ‘evolution’ of migratory behaviour in the introduced
house finch of eastern North America. Proc Biol Sci. 1998; 265(1410):
2063-2071.

Publisher Full Text

Jenni L, Kery M: Timing of autumn bird migration under climate change:
advances in long-distance migrants, delays in short-distance migrants.
Proc Biol Sci. 2003; 270(1523): 1467-1471.

PubMed Abstract | Publisher Full Text | Free Full Text

Berthold P, Mohr G, Querner U: Control and evolutionary potential of obligate
partial migration - results of a 2-way selective breeding experiment with the
blackcap (Sylvia-atricapilla). J Ornithol. 1990; 131(1): 33—-46.

Reference Source

Pulido F, Berthold P: Current selection for lower migratory activity will drive the
evolution of residency in a migratory bird population. Proc Nat/ Acad Sci U S A.
2010; 107(16): 7341-7346.

PubMed Abstract | Publisher Full Text | Free Full Text

Perdeck AC: Two types of orientation in migrating starlings Sturnus vulgaris
L. and chaffinches, Fringilla coelebs L. as r led by displ. it
experiments. Ardea. 1958; 46(1/2): 1-37.

Ramenofsky M, Agatsuma R, Ramfar T: Environmental conditions affect the
behavior of captive, migratory white-crowned sparrows. Condor. 2008; 110(4):
658-671.

Publisher Full Text

Zink RM: The evolution of avian migration. Bio/ J Linn Soc. 2011; 104(2):
237-250.

Joseph L, Wilke T, Alpers D: Independent evolution of migration on the South
American landscape in a long-distance temperate-tropical migratory bird,
Swainson’s flycatcher (Myiarchus swainsoni). J Biogeogr. 2003; 30(6): 925-937.
Publisher Full Text

Mila B, Smith TB, Wayne RK: Postglacial population expansion drives the
evolution of long-distance migration in a songbird. Evolution. 2006; 60(11):
2403-2409.

PubMed Abstract | Publisher Full Text

Visser M, Perdeck A, van Balen J, et al.: Climate change leads to decreasing bird
migration distances. Glob Chang Biol. 2009; 15(8): 1859-1865.
Publisher Full Text

Partecke J, Gwinner E: Increased sedentariness in European Blackbirds
following urbanization: A consequence of local adaptation? Ecology. 2007;
88(4): 882-890.

PubMed Abstract | Publisher Full Text

Berthold P: Bird migration: a novel theory for the evolution, the control and the
adaptability of bird migration. J Ornithol. 2001; 142(s1): 148-159.

Liedvogel M, Akesson S, Bensch S: The genetics of migration on the move.
Trends Ecol Evol. 2011; 26(11): 561-569.

PubMed Abstract | Publisher Full Text

Vitaterna MH, King DP, Chang AM, et al.: Mutagenesis and mapping of a mouse
gene clock, essential for circadian behavior. Science. 1994; 264(5159): 719-725.
PubMed Abstract | Publisher Full Text

Johnsen A, Fidler AE, Kuhn S, et al.: Avian Clock gene polymorphism: evidence
for a latitudinal cline in allele frequencies. Mol Ecol. 2007; 16(22): 4867—4880.
PubMed Abstract | Publisher Full Text

Liedvogel M, Szulkin M, Knowles SC, et al.: Phenotypic correlates of Clock gene
variation in a wild blue tit population: evidence for a role in seasonal timing of
reproduction. Mol Ecol. 2009; 18(11): 2444-2456.

PubMed Abstract | Publisher Full Text

O’Malley KG, Camara MD, Banks MA: Candidate loci reveal genetic
differentiation between temporally divergent migratory runs of Chinook
salmon (Oncorhynchus tshawytscha). Mol Ecol. 2007; 16(23): 4930-4941.
PubMed Abstract | Publisher Full Text

O’Malley KG, Banks MA: A latitudinal cline in the Chinook salmon
(Oncorhynchus tshawytscha) Clock gene: evidence for selection on PolyQ
length variants. Proc Biol Sci. 2008; 275(1653): 2813-2821.

PubMed Abstract | Publisher Full Text | Free Full Text

O'Malley KG, Ford MJ, Hard JJ: Clock polymorphism in Pacific salmon: evidence
for variable selection along a latitudinal gradient. Proc Biol Sci. 2010; 277(1701):
3703-3714.

PubMed Abstract | Publisher Full Text | Free Full Text

Merlin C, Gegear RJ, Reppert SM: Antennal circadian clocks coordinate
sun compass orientation in migratory monarch butterflies. Science. 2009;

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

325(5948): 1700-1704.

PubMed Abstract | Publisher Full Text | Free Full Text

Mueller JC, Pulido F, Kempenaers B: Identification of a gene associated with
avian migratory behaviour. Proc Biol Sci. 2011; 278(1719): 2848-2856.
PubMed Abstract | Publisher Full Text | Free Full Text

Dor R, Cooper CB, Lovette |J, et al.: Clock gene variation in Tachycineta
swallows. Ecol Evol. 2012; 2(1): 95-105.
PubMed Abstract | Publisher Full Text | Free Full Text

Dor R, Lovette IJ, Safran RJ, et al.: Low variation in the polymorphic clock
gene poly-Q region despite population genetic structure across barn swallow
(Hirundo rustica) populations. PLoS One. 2011; 6(12): e28843.

PubMed Abstract | Publisher Full Text | Free Full Text

Nowak JZ, Zawilska JB: PACAP in avians: Origin, occurrence, and receptors—
Pharmacological and functional considerations. Curr Pharm Des. 2003; 9(6):
467-481.

PubMed Abstract | Publisher Full Text

Vaudry D, Falluel-Morel A, Bourgault S, et al.: Pituitary Adenylate Cyclase-
Activating Polypeptide and Its Receptors: 20 Years after the Discovery.
Pharmacol Rev. 2009; 61(3): 283-357.

PubMed Abstract | Publisher Full Text

Nagy AD, Csernus VJ: The role of PACAP in the control of circadian expression
of clock genes in the chicken pineal gland. Peptides. 2007; 28(9): 1767-1774.
PubMed Abstract | Publisher Full Text

Simonneaux V, Ouichou A, Pevet P: Pituitary adenylate cyclase-activating
polypeptide (PACAP) stimulates melatonin synthesis from rat pineal-gland.
Brain Res. 1993; 603(1): 148-152.

PubMed Abstract | Publisher Full Text

Racz B, Horvath G, Faluhelyi N, et al.: Effects of PACAP on the Circadian
Changes of Signaling Pathways in Chicken Pinealocytes. J Mo/ Neurosci. 2008;
36(1-3): 220-226.

PubMed Abstract | Publisher Full Text

Korsten P, Mueller JC, Hermannstadter C, et al.: Association between DRD4 gene
polymorphism and personality variation in great tits: a test across four wild
populations. Mol Ecol. 2010; 19(4): 832-843.

PubMed Abstract | Publisher Full Text

Sullivan KA: Yellow-eyed junco. In Birds of North America. Edited by Poole A.
Cornell Lab of Ornithology, 1999; 464: 1-23.

Nolan V Jr, Ketterson ED, Cristol DA, et al.: Dark-eyed Junco: Junco hyemalis.
In The birds of north america. Edited by Poole A. Cornell Lab of Ornithology, 2002;
716: 1-44.

Miller AH: Speciation in the avian species Junco. Univ Calif Publ Zool. 1941;
44(3): 173-434.

Mila B, McCormack JE, Castaneda G, et al.: Recent postglacial range expansion
drives the rapid diversification of a songbird lineage in the genus Junco.
Proc Biol Sci. 2007; 274(1626): 2653—-2660.

PubMed Abstract | Publisher Full Text | Free Full Text

McCormack JE, Maley JM, Hird SM, et al.: Next-generation sequencing reveals
phylogeographic structure and a species tree for recent bird divergences.
Mol Phylogenet Evol. 2012; 62(1): 397-406.

PubMed Abstract | Publisher Full Text

Rasner CA, Yeh P, Eggert LS, et al.: Genetic and morphological evolution
following a founder event in the dark-eyed junco, Junco hyemalis thurberi.
Mol Ecol. 2004; 13(3): 671-681.

PubMed Abstract | Publisher Full Text

Whittaker DJ, Dapper AL, Peterson MP, et al.: Maintenance of MHC Class IIB
diversity in a recently established songbird population. J Avian Biol. 2012;
43(2): 109-118.

PubMed Abstract | Publisher Full Text | Free Full Text

Atwell JW, ONeal DM, Ketterson ED: Animal migration as a moving target
for conservation: intra-species variation and responses to environmental
change, as illustrated in a sometimes migratory songbird. Lewis and Clark,
Environmental Law Journal. 2011; 41(2): 289-316.

Reference Source

Yeh PJ, Price TD: Adaptive phenotypic plasticity and the ful
colonization of a novel environment. Am Nat. 2004; 164(4): 531-542.
PubMed Abstract | Publisher Full Text

Yeh PJ: Rapid evolution of a sexually selected trait following population
establishment in a novel habitat. Evolution. 2004; 58(1): 166—-174.
PubMed Abstract | Publisher Full Text

Steinmeyer C, Mueller JC, Kempenaers B: Search for informative polymorphisms
in candidate genes: clock genes and circadian behaviour in blue tits. Genetica.
2009; 136(1): 109-117.

PubMed Abstract | Publisher Full Text | Free Full Text

Yeh PJ, Hauber ME, Price TD: Alternative nesting behaviours following
colonisation of a novel environment by a passerine bird. Oikos. 2007; 116(9):
1473-1480.

Publisher Full Text

Unitt P: San Diego County Bird Atlas. Proceedings of the San Diego Society of
Natural History. 2005; 39: i-vii, 1-645.

Page 13 of 16


http://www.ncbi.nlm.nih.gov/pubmed/19779201
http://www.ncbi.nlm.nih.gov/pubmed/19779201
http://dx.doi.org/10.1126/science.1176221
http://www.ncbi.nlm.nih.gov/pmc/articles/2754321
http://www.ncbi.nlm.nih.gov/pubmed/21325325
http://www.ncbi.nlm.nih.gov/pubmed/21325325
http://dx.doi.org/10.1098/rspb.2010.2567
http://www.ncbi.nlm.nih.gov/pmc/articles/3145181
http://www.ncbi.nlm.nih.gov/pubmed/22408729
http://www.ncbi.nlm.nih.gov/pubmed/22408729
http://dx.doi.org/10.1002/ece3.73
http://www.ncbi.nlm.nih.gov/pmc/articles/3297181
http://www.ncbi.nlm.nih.gov/pubmed/22216124
http://www.ncbi.nlm.nih.gov/pubmed/22216124
http://dx.doi.org/10.1371/journal.pone.0028843
http://www.ncbi.nlm.nih.gov/pmc/articles/3244424
http://www.ncbi.nlm.nih.gov/pubmed/12570810
http://www.ncbi.nlm.nih.gov/pubmed/12570810
http://dx.doi.org/10.2174/1381612033391586
http://www.ncbi.nlm.nih.gov/pubmed/19805477
http://www.ncbi.nlm.nih.gov/pubmed/19805477
http://dx.doi.org/10.1124/pr.109.001370
http://www.ncbi.nlm.nih.gov/pubmed/17716782
http://www.ncbi.nlm.nih.gov/pubmed/17716782
http://dx.doi.org/10.1016/j.peptides.2007.07.013
http://www.ncbi.nlm.nih.gov/pubmed/8095838
http://www.ncbi.nlm.nih.gov/pubmed/8095838
http://dx.doi.org/10.1016/0006-8993%2893%2991313-H
http://www.ncbi.nlm.nih.gov/pubmed/18592414
http://www.ncbi.nlm.nih.gov/pubmed/18592414
http://dx.doi.org/10.1007/s12031-008-9112-4
http://www.ncbi.nlm.nih.gov/pubmed/20070517
http://www.ncbi.nlm.nih.gov/pubmed/20070517
http://dx.doi.org/10.1111/j.1365-294X.2009.04518.x
http://www.ncbi.nlm.nih.gov/pubmed/17725978
http://www.ncbi.nlm.nih.gov/pubmed/17725978
http://dx.doi.org/10.1098/rspb.2007.0852
http://www.ncbi.nlm.nih.gov/pmc/articles/2279216
http://www.ncbi.nlm.nih.gov/pubmed/22063264
http://www.ncbi.nlm.nih.gov/pubmed/22063264
http://dx.doi.org/10.1016/j.ympev.2011.10.012
http://www.ncbi.nlm.nih.gov/pubmed/14871370
http://www.ncbi.nlm.nih.gov/pubmed/14871370
http://dx.doi.org/10.1046/j.1365-294X.2004.02104.x
http://www.ncbi.nlm.nih.gov/pubmed/22685370
http://www.ncbi.nlm.nih.gov/pubmed/22685370
http://dx.doi.org/10.1111/j.1600-048X.2012.05504.x
http://www.ncbi.nlm.nih.gov/pmc/articles/3368239
http://trove.nla.gov.au/work/153121280?q&versionId=166875744
http://trove.nla.gov.au/work/153121280?q&versionId=166875744
http://www.ncbi.nlm.nih.gov/pubmed/15459883
http://www.ncbi.nlm.nih.gov/pubmed/15459883
http://dx.doi.org/10.1086/423825
http://www.ncbi.nlm.nih.gov/pubmed/15058729
http://www.ncbi.nlm.nih.gov/pubmed/15058729
http://dx.doi.org/10.1554/03-182
http://www.ncbi.nlm.nih.gov/pubmed/18792794
http://www.ncbi.nlm.nih.gov/pubmed/18792794
http://dx.doi.org/10.1007/s10709-008-9318-y
http://www.ncbi.nlm.nih.gov/pmc/articles/2832883
http://dx.doi.org/10.1111/j.0030-1299.2007.15910.x
http://books.google.co.in/books/about/Bird_Migration.html?id=733gneStGUoC
http://books.google.co.in/books/about/Bird_Migration.html?id=733gneStGUoC
http://books.google.co.in/books/about/Migration_The_Biology_of_Life_on_the_Mov.html?id=qzzJoVfgg0QC
http://books.google.co.in/books/about/Migration_The_Biology_of_Life_on_the_Mov.html?id=qzzJoVfgg0QC
http://dx.doi.org/10.1007/BF00172133
http://dx.doi.org/10.1098/rspb.1998.0541
http://www.ncbi.nlm.nih.gov/pubmed/12965011
http://www.ncbi.nlm.nih.gov/pubmed/12965011
http://dx.doi.org/10.1098/rspb.2003.2394
http://www.ncbi.nlm.nih.gov/pmc/articles/1691393
http://eurekamag.com/research/007/158/control-evolutionary-potential-obligate-partial-migration-results-route-selective-breeding-trial-blackcap-sylvia-atricapilla.php
http://eurekamag.com/research/007/158/control-evolutionary-potential-obligate-partial-migration-results-route-selective-breeding-trial-blackcap-sylvia-atricapilla.php
http://www.ncbi.nlm.nih.gov/pubmed/20368446
http://www.ncbi.nlm.nih.gov/pubmed/20368446
http://dx.doi.org/10.1073/pnas.0910361107
http://www.ncbi.nlm.nih.gov/pmc/articles/2867690
http://dx.doi.org/10.1525/cond.2008.8523
http://dx.doi.org/10.1046/j.1365-2699.2003.00841.x
http://www.ncbi.nlm.nih.gov/pubmed/17236431
http://www.ncbi.nlm.nih.gov/pubmed/17236431
http://dx.doi.org/10.1554/06-153.1
http://dx.doi.org/10.1111/j.1365-2486.2009.01865.x
http://www.ncbi.nlm.nih.gov/pubmed/17536705
http://www.ncbi.nlm.nih.gov/pubmed/17536705
http://dx.doi.org/10.1890/06-1105
http://www.ncbi.nlm.nih.gov/pubmed/21862171
http://www.ncbi.nlm.nih.gov/pubmed/21862171
http://dx.doi.org/10.1016/j.tree.2011.07.009
http://www.ncbi.nlm.nih.gov/pubmed/8171325
http://www.ncbi.nlm.nih.gov/pubmed/8171325
http://dx.doi.org/10.1126/science.8171325
http://www.ncbi.nlm.nih.gov/pubmed/17927702
http://www.ncbi.nlm.nih.gov/pubmed/17927702
http://dx.doi.org/10.1111/j.1365-294X.2007.03552.x
http://www.ncbi.nlm.nih.gov/pubmed/19457200
http://www.ncbi.nlm.nih.gov/pubmed/19457200
http://dx.doi.org/10.1111/j.1365-294X.2009.04204.x
http://www.ncbi.nlm.nih.gov/pubmed/17971087
http://www.ncbi.nlm.nih.gov/pubmed/17971087
http://dx.doi.org/10.1111/j.1365-294X.2007.03565.x
http://www.ncbi.nlm.nih.gov/pubmed/18713722
http://www.ncbi.nlm.nih.gov/pubmed/18713722
http://dx.doi.org/10.1098/rspb.2008.0524
http://www.ncbi.nlm.nih.gov/pmc/articles/2572187
http://www.ncbi.nlm.nih.gov/pubmed/20610428
http://www.ncbi.nlm.nih.gov/pubmed/20610428
http://dx.doi.org/%2010.1098/rspb.2010.0762
http://www.ncbi.nlm.nih.gov/pmc/articles/2992699
http://dx.doi.org/10.1098/rspb.2010.0762
http://dx.doi.org/10.1016/0006-8993(93)91313-H

46.

47.

48.

49.

50.

51.

52.

58.

54.

55.

56.

57.

58.
59.

Ketterson ED, Nolan V: Geographic variation and its climatic correlates in
sex-ratio of eastern-wintering dark-eyed juncos (Junco-hyemalis hyemalis).
Ecology. 1976; 57(4): 679-693.

Publisher Full Text

Ketterson ED, Nolan V: The evolution of differential bird migration. In Current
Ornithology. Edited by Johnston RF. Plenum Press; 1983; 1: 357—402.

Atwell JW, Cardoso GC, Whittaker DJ, et al.: Boldness behavior and stress
physiology in a novel urban environment suggest rapid correlated
evolutionary adaptation. Behav Ecol. 2012; 23(5): 960-969.

PubMed Abstract | Publisher Full Text | Free Full Text

Berthold P, Fiedler W, Querner U: Migratory restlessness or Zugunruhe in birds -
a description based on video recordings under infrared illumination. J Ornithol.
2000; 141(3): 285-299.

Mukhin A, Grinkevich V, Helm B: Under Cover of Darkness: Nocturnal Life of
Diurnal Birds. J Biol Rhythms. 2009; 24(3): 225-231.

PubMed Abstract | Publisher Full Text

Fudickar AM, Schmidt A, Hau M, et al.: Female-biased obligate strategies in a
partially migratory population. J Anim Ecol. 2013.
PubMed Abstract | Publisher Full Text

Ketterson ED, Nolan V: Autumnal zugunruhe and migratory fattening of dark-
eyed juncos apparently suppressed by detention at the wintering site. Wilson
Bulletin. 1983; 95(4): 628-635.

Reference Source

Berthold P: Control of Bird Migration. Chapman & Hall; 1995.
Reference Source

Nolan V Jr, Ketterson ED: Timing of autumn migration and its relation to winter
distribution in dark-eyed juncos. Ecology. 1990; 71(4): 1267-1278.
Publisher Full Text

Peterson MP, Whittaker DJ, Ambreth S, et al.: De novo transcriptome sequencing
in a songbird, the dark-eyed junco (Junco hyemalis): Genomic tools for an
ecological model system. BMC Genomics. 2012; 13: 305.

PubMed Abstract | Publisher Full Text | Free Full Text

Engqvist L: The mistreatment of covariate interaction terms in linear model
analyses of behavioural and evolutionary ecology studies. Animal Behavior.
2005; 70(4): 967-971.

Publisher Full Text

R Development Core Team A Language and Environment for Statistical.

R Foundation for Statistical Computing. Vienna, Austria. 2010.

Reference Source

Warnes G, Gorjanc G, Leisch F, et al.: Genetics: Population Genetics. 2011.
Liedvogel M, Sheldon BC: Low variability and absence of phenotypic correlates
of Clock gene variation in a great tit Parus major population. J Avian Biol. 2010;
41(5): 543-550.

Publisher Full Text

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

F1000Research 2013, 2:115 Last updated: 29 JAN 2014

Avivi A, Albrecht U, Oster H, et al.: Biological clock in total darkness: The
Clock/MOP3 circadian system of the blind subterranean mole rat. Proc Nat!
Acad Sci U S A. 2001; 98(24): 13751-13756.

PubMed Abstract | Publisher Full Text | Free Full Text

Chamberlain NL, Driver ED, Miesfeld RL: The length and location of CAG
trinucleotide repeats in the androgen receptor n-terminal domain affect
transactivation function. Nucleic Acids Res. 1994; 22(15): 3181-3186.
PubMed Abstract | Publisher Full Text | Free Full Text

Riley DE, Krieger JN: UTR dinucleotide simple sequence repeat evolution
exhibits recurring patterns including regulatory sequence motif repl.
Gene. 2009; 429(1-2): 80-86.

PubMed Abstract | Publisher Full Text | Free Full Text

Stern S, Dror T, Stolovicki E, et al.: Genome-wide transcriptional plasticity
underlies cellular adaptation to novel challenge. Mol Syst Biol. 2007; 3:
106.

PubMed Abstract | Publisher Full Text | Free Full Text

Fidler AE, Gwinner E: Comparative analysis of Avian BMALI and CLOCK protein
sequences: a search for features associated with owl nocturnal behaviour.
Comp Biochem Physiol B Biochem Mol Biol. 2003; 136(4): 861-874.

PubMed Abstract | Publisher Full Text

Nakao N: Genome-wide Analysis of Seasonal Reproduction in Birds. Journal of
Poultry Science. 2009; 46(2): 81-86.
Publisher Full Text

Halford S, Pires SS, Turton M, et al.: VA Opsin-Based Photoreceptors in the
Hypothalamus of Birds. Curr Biol. 2009; 19(16): 1396—1402.
PubMed Abstract | Publisher Full Text

Wray GA: The evolutionary significance of cis-regulatory mutations. Nat Rev
Genet. 2007; 8(3): 206-216.
PubMed Abstract | Publisher Full Text

Helm B, Gwinner E: Migratory restlessness in an equatorial nonmigratory bird.
PLoS Biol. 2006; 4(4): e110.
PubMed Abstract | Publisher Full Text | Free Full Text

Fidler AE, van Oers K, Drent PJ, et al.: Drd4 gene polymorphisms are associated
with personality variation in a passerine bird. Proc Biol Sci. 2007; 274(1619):
1685-1691.

PubMed Abstract | Publisher Full Text | Free Full Text

Duan J, Wainwright MS, Comeron JM, et al.: Synonymous mutations in the
human dopamine receptor D2 (DRD2) affect mRNA stability and synthesis of
the receptor. Hum Mol Genet. 2003; 12(3): 205-216.

PubMed Abstract | Publisher Full Text

Dingemanse NJ, Van der Plas F, Wright J, et al.: Individual experience and
evolutionary history of predation affect expression of heritable variation in
fish personality and morphology. Proc Biol Sci. 2009; 276(1660): 1285—1293.
PubMed Abstract | Publisher Full Text | Free Full Text

its.

Page 14 of 16


http://dx.doi.org/10.2307/1936182
http://www.ncbi.nlm.nih.gov/pubmed/22936840
http://www.ncbi.nlm.nih.gov/pubmed/22936840
http://dx.doi.org/10.1093/beheco/ars059
http://www.ncbi.nlm.nih.gov/pmc/articles/3431113
http://www.ncbi.nlm.nih.gov/pubmed/19465699
http://www.ncbi.nlm.nih.gov/pubmed/19465699
http://dx.doi.org/10.1177/0748730409335349
http://www.ncbi.nlm.nih.gov/pubmed/23363245
http://www.ncbi.nlm.nih.gov/pubmed/23363245
http://dx.doi.org/10.1111/1365-2656.12052
http://www.jstor.org/discover/10.2307/4161834?uid=3738256&uid=2129&uid=2&uid=70&uid=4&sid=21102717358891
http://www.jstor.org/discover/10.2307/4161834?uid=3738256&uid=2129&uid=2&uid=70&uid=4&sid=21102717358891
http://www.springer.com/life+sciences/ecology/book/978-0-412-36380-1
http://www.springer.com/life+sciences/ecology/book/978-0-412-36380-1
http://dx.doi.org/10.2307/1938264
http://www.ncbi.nlm.nih.gov/pubmed/22776250
http://www.ncbi.nlm.nih.gov/pubmed/22776250
http://dx.doi.org/10.1186/1471-2164-13-305
http://www.ncbi.nlm.nih.gov/pmc/articles/3476391
http://dx.doi.org/10.1016/j.anbehav.2005.01.016
http://www.bibsonomy.org/bibtex/2b73bfa376907e90089cf7434f67bfd53/yevb0
http://www.bibsonomy.org/bibtex/2b73bfa376907e90089cf7434f67bfd53/yevb0
http://dx.doi.org/10.1111/j.1600-048X.2010.05055.x
http://www.ncbi.nlm.nih.gov/pubmed/11707566
http://www.ncbi.nlm.nih.gov/pubmed/11707566
http://dx.doi.org/10.1073/pnas.181484498
http://www.ncbi.nlm.nih.gov/pmc/articles/61113
http://www.ncbi.nlm.nih.gov/pubmed/8065934
http://www.ncbi.nlm.nih.gov/pubmed/8065934
http://dx.doi.org/10.1093/nar/22.15.3181
http://www.ncbi.nlm.nih.gov/pmc/articles/310294
http://www.ncbi.nlm.nih.gov/pubmed/18955121
http://www.ncbi.nlm.nih.gov/pubmed/18955121
http://dx.doi.org/10.1016/j.gene.2008.09.030
http://www.ncbi.nlm.nih.gov/pmc/articles/2633293
http://www.ncbi.nlm.nih.gov/pubmed/17453047
http://www.ncbi.nlm.nih.gov/pubmed/17453047
http://dx.doi.org/10.1038/msb4100147
http://www.ncbi.nlm.nih.gov/pmc/articles/1865588
http://www.ncbi.nlm.nih.gov/pubmed/14662308
http://www.ncbi.nlm.nih.gov/pubmed/14662308
http://dx.doi.org/10.1016/S1096-4959%2803%2900276-8
http://dx.doi.org/10.2141/jpsa.46.81
http://www.ncbi.nlm.nih.gov/pubmed/19664923
http://www.ncbi.nlm.nih.gov/pubmed/19664923
http://dx.doi.org/10.1016/j.cub.2009.06.066
http://www.ncbi.nlm.nih.gov/pubmed/17304246
http://www.ncbi.nlm.nih.gov/pubmed/17304246
http://dx.doi.org/10.1038/nrg2063
http://www.ncbi.nlm.nih.gov/pubmed/16555925
http://www.ncbi.nlm.nih.gov/pubmed/16555925
http://dx.doi.org/10.1371/journal.pbio.0040110
http://www.ncbi.nlm.nih.gov/pmc/articles/1420642
http://www.ncbi.nlm.nih.gov/pubmed/17472912
http://www.ncbi.nlm.nih.gov/pubmed/17472912
http://dx.doi.org/10.1098/rspb.2007.0337
http://www.ncbi.nlm.nih.gov/pmc/articles/1914334
http://www.ncbi.nlm.nih.gov/pubmed/12554675
http://www.ncbi.nlm.nih.gov/pubmed/12554675
http://dx.doi.org/10.1093/hmg/ddg055
http://www.ncbi.nlm.nih.gov/pubmed/19129142
http://www.ncbi.nlm.nih.gov/pubmed/19129142
http://dx.doi.org/10.1098/rspb.2008.1555
http://www.ncbi.nlm.nih.gov/pmc/articles/2660958
http://dx.doi.org/10.1016/S1096-4959(03)00276-8

FIOOOResearch F1000Research 2013, 2:115 Last updated: 29 JAN 2014

Current Referee Status: J J J

Referee Responses for Version 1

Roi Dor
Ecology & Evolutionary Biology, University of Colorado Boulder, Boulder, CO, USA

Approved: 13 May 2013

Referee Report: 13 May 2013

Peterson and co-authors have investigated the association between genotypes of two candidate genes (
Clock and ADCYAPT) and migratory behaviour in the avian genus Junco. They examined this association
among subspecies, populations and individuals. Previous studies have found contradicting results
regarding the association between phenotypic variation and genotype of these genes; therefore, more
similar studies are required in order to determine the generality of this relationship and the role of these
genes.

The authors have sampled and analysed a large number of individuals and populations and analysed the
data adequately. Unfortunately, the results are mostly negative and prevent from reaching clear-cut
conclusions regarding Clock or ADCYAP1 and migratory propensity. However, studying the relationship
between genotypes and phenotypes on several levels (subspecies, population, and individuals) enabled
performing interesting comparisons and detecting some positive patterns.

The authors have properly discussed the results and potential explanations and mechanisms for the
differences found among the levels examined.

| agree with the authors that correlating genomes with phenotypic variation may be the next step to
identify potential candidate genes that may have a role in complicated behaviours such as migration.

Despite the mostly negative results, | believe that this nicely-written paper provides a fine contribution to
the literature.One technical comment — it would be interesting to learn the nature of the ADCYAP1 alleles

that are just one base-pair apart.

| have read this submission. | believe that | have an appropriate level of expertise to confirm that
it is of an acceptable scientific standard.
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Peterson and coworkers investigate phenotypic correlates of genetic variation in two species of the bird
genus Junco at the level of individuals, populations and species across taxa, which is a valuable
contribution to our understanding of the genetic basis of the complex behavioural phenotype of migration.
The methodological approach the authors have chosen is a candidate gene approach at two loci (Clock
and ADCYAP1), which have previously been analysed in the context of their putative involvement in
shaping migratory phenotypes in different taxa. The study is a direct follow up from the study by Miller et
al. 2010, and a very welcomed attempt to repeat previous findings in another system to obtain a better
understanding of associations between genetic variation and behaviour, as well as to assess their
generality. This is much needed since associations between polymorphisms in candidate genes and
behavioural traits have often proven to be difficult to repeat across populations or species, and replication
is indeed a valuable tool to infer the generality of association patterns.

The difficulty and my primary concern with the study as well as the precursor study is that candidate
genes (defined as genes that have been studied in one (model) organisms and there have been found to
influence the expression of one focal phenotype) for migratory traits are probably not know to date, as
none of the model organisms show a migratory phenotype. The genes in focus here are candidate genes
for candidate traits, probably involved in shaping the migratory phenotype (i.e. the circadian phenotype
involved in timing of migration). Thus, conclusions drawn upon these data based on correlative evidence
should be evaluated with great caution.

This study is useful in the way that it adds data to the pool of studies that have explored candidate genes
of candidate traits for the migratory phenotype, which are difficult to interpret and don’t allow drawing any
clear conclusions upon. The study is well presented and the additional data confirm the apparent
inconsistency and the difficulty to interpret these data, probably highlighting the weakness of the
candidate gene approach in this field of migratory research, and | support their publication. With
candidate gene studies per se we do not expect to get huge effects, and in the area of migration genetics,
| suggest that future research should avoid using a candidate gene approach, as this is unlikely to yield
clear results - at least unless clear candidate genes for the migratory phenotype have been identified de
novo.

I have read this submission. | believe that | have an appropriate level of expertise to confirm that
it is of an acceptable scientific standard.
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