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Abstract

The white-throated sparrow is rapidly becoming an important model in the genetics of social
behavior because of a chromosomal rearrangement that segregates with a behavioral phenotype.
Within a population, 50 % of individuals are heterozygous for a rearranged chromosome 2
(ZAL2M). These birds sing more and are more aggressive than the other 50 %, who lack the
rearrangement. A disassortative mating system, in which heterozygotes almost never interbreed,
ensures that ZAL2™/2™ homozygotes are extremely rare. Here, we provide the first systematic
characterization of such a homozygote, a hatch-year female. Her plumage was atypical of her age
and sex, resembling that of an adult male. She was extremely vocal and aggressive, dominating
her opponents in behavioral tests. Her phenotype was thus an exaggerated version of a typical
ZAL2/2™ heterozygote, supporting the hypothesis that alleles inside the ZAL2™ rearrangement
confer high aggression and further emphasizing this species’ value as a model of social behavior.
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Introduction

The white-throated sparrow (Zonotrichia albicollis) is a common North American songbird
that exhibits a plumage polymorphism (Lowther 1961; Piper and Wiley 1989a; Watt 1986a;
see Fig. 1). Individuals of the “white-striped” (WS) morph have primarily white and
primarily black feathers in the median and lateral crown stripes, respectively, bright yellow
lores, and a pure white throat patch. Individuals of the “tan-striped” (TS) morph have
primarily tan and brown crown stripes, duller lores, and streaking in the throat patch. The
species has received a lot of interest from behavioral biologists because the plumage
polymorphism segregates with a behavioral phenotype. WS birds of both sexes sing more
and are more aggressive than their TS counterparts, who invest more time in parental
behavior (reviewed by Falls and Kopachena 2010; Maney 2008). WS males engage in more
mate-seeking, whereas TS males spend more time mate-guarding (Formica and Tuttle 2009;
Tuttle 2003). The morphs thus represent two ends of a classic life history tradeoff, with
investment in mating opportunities at one end and parental care at the other (Trivers 1972).
This species is therefore an excellent model for studying the evolution of alternative life
history strategies.

The plumage polymorphism in this species has a clear genetic basis (Thorneycroft 1975). TS
birds have two copies of the standard arrangement of chromosome 2 (ZAL2), whereas WS
birds are heterozygous for a rearrangement (ZAL2™) that contains two nested pericentric
inversions spanning 100 MB (Thomas et al. 2008). The phenotypes are fixed, in that adult
individuals do not switch from one to the other, and the white stripe is inherited in a
Mendelian fashion as a dominant trait linked to ZAL2™ (Thorneycroft 1975). Within a
population, approximately half of the birds are WS (ZAL2/2™), whereas the other half are
TS (ZAL2/2; Lowther 1961; Thorneycroft 1975). The ZAL2™ arrangement is maintained at
a frequency of 50 % because of a disassortative mating system; nearly all of the breeding
pairs consist of one WS and one TS individual. Thus, half of the offspring are ZAL2/2 and
are TS, and the rest are ZAL2/2™ and are WS. A ZAL2™M/2™ homozygote can be produced
only from a WS x WS mating, but fewer than 2.5 % of all breeding pairs are WS x WS
(Falls and Kopachena 2010; BMH, unpublished data). Extra-pair matings between two WS
birds are also thought to be infrequent because WS females tend to act aggressively toward
WS males and because TS males effectively guard their WS mates (Formica and Tuttle
2009; Houtman and Falls 1994; Tuttle 2003). Thorneycroft (1975) hypothesized that the
rearranged ZAL2™ chromosome contains deleterious mutations that may reduce the viability
of ZAL2M/2™ homozygotes, thus driving the evolution of the disassortative mating system.

In previous studies we proposed and then validated the hypothesis that recombination
between the ZAL2 and ZAL2™M is profoundly suppressed within the inversions (Huynh et al.
2011; Thomas et al. 2008). However, although the ZAL2™ is in a near-constant state of
heterozygosity and presumably has limited opportunity to recombine, we did not observe an
accumulation of deleterious mutations on the ZAL2™ or other signatures of degeneration
expected for a non-recombining chromosome (Davis et al. 2011; Huynh et al. 2011). The
lack of genetic degeneration suggests that recombination between ZAL2™ chromosomes has
occurred, even if infrequently, in viable and fertile ZAL2™/2™ homozygotes. These
individuals, though rare, therefore likely serve as a critical genetic refuge that protects the
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ZAL2™ from a fate similar to the non-recombining segments of sex chromosomes
(Charlesworth and Charlesworth 2000; Graves 2006).

Only two ZAL2M/2™ homozygotes have been reported in the literature (reviewed by Falls
and Kopachena 2010). Both were anecdotally described as aggressive and having plumage
typical of the WS morph. In neither case, however, were plumage or behavior systematically
studied. Here, we report the first systematic characterization of a ZAL2™/2M homozygote.
This bird, a hatch-year female (hereafter referred to as “Bird 1128), was captured in a mist
net on the campus of Emory University during Fall 2011 among 50 other birds collected and
genotyped that year from the same site. She is the only ZAL2™/2™ homozygote in 602 birds
genotyped in our lab over a period of 9 years, and the 3rd in a total combined sample of
1,556 birds (Falls and Kopachena 2010; Michopoulos et al. 2007; Romanov et al. 2009;
Thorneycroft 1975; DLM, unpublished data). Here, we document her genotype definitively
via polymerase chain reaction, karyotyping, and fluorescence in situ hybridization (FISH)
mapping, describe her plumage coloration, and characterize her aggressive behavior in both
non-breeding and breeding conditions.

All research was conducted in accordance with NIH principles of animal care, federal and
state laws, and university guidelines. The bird described here was one of 50 migrating
white-throated sparrows collected on the campus of Emory University between November
15 and December 2, 2011. Sex and morph were determined by PCR analysis of a small
blood sample (Griffiths et al. 1998; Michopoulos et al. 2007; see below). Age was
determined by the shape of the primary coverts and outer rectrices and the degree of skull
ossification according to Pyle (1997). Birds were housed in walk-in flight cages (61 x 4'w
x 7°h), 1215 birds per cage, in the Emory animal care facility and supplied with ad libitum
food and water. The light cycle was set to 8.5L:15.5D, a short-day photoperiod under which
ovarian development does not occur (Shank 1959), for at least 2 months before the start of
the behavioral experiment.

morph by PCR

We routinely genotype all of the white-throated sparrows we collect each year by PCR
analysis of one or more informative markers (Michopoulos et al. 2007; Thomas et al. 2008).
We first became aware that Bird 1128 may be a homozygote during PCR genotyping at
locus DSE, which produces a single band in TS birds and normally two bands in WS birds.
Bird 1128’s sample produced only one band, which differed in size from the band seen in
TS birds. To confirm that Bird 1128 was homozygous for the ZAL2™ chromosome, we
conducted PCR analyses of two additional loci: V/P (Michopoulos et al. 2007) and FAM83b
(Thomas et al. 2008), both of which contain restriction fragment length polymorphisms
(RFLPs) associated with the chromosomal rearrangement.

Behavioral experiment

To assess the aggressive behavior of Bird 1128, we observed dyadic interactions in a series
of behavioral trials with other laboratory-housed birds. In most cases the other birds were
also tested with each other in order to determine relative dominance ranks. From the 50
birds that were collected that year, we selected 6 TS (ZAL2/2) and 6 WS (ZAL2/2™)
females while considering familiarity, age, and size. Birds previously housed together in a
flight cage were considered familiar, whereas those captured on different days and housed
separately since capture were considered unfamiliar. We balanced the number of familiar
and unfamiliar opponents such that for each female in the study, the ratio of unfamiliar
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opponents to familiar ones was 2:1. Because age is a strong predictor of dominance in this
species (Piper and Wiley 1989b), we controlled for age by including only hatch-year birds.
Thus, all of the females in this experiment, including Bird 1128, were hatched during the
2011 breeding season and were therefore less than 1 year old. Bird 1128 was smaller than
average (wing length 67 mm, tarsus 22.5 mm; see Results) and the other females available
for the experiment tended to be larger (wing length range = 67—-70.5 mm; tarsus range =
21.7-23.3 mm). In this species, however, body size is not thought to affect dominance
relationships (Piper and Wiley 1989b). We assessed the birds’ physical condition throughout
the experiment by scoring fat (Helms and Drury 1960) and muscle depots (Horton and
Holberton 2009).

The day before the start of the behavioral experiment, all birds were moved into individual
cages (15”1 x 15”w x 17”h) inside walk-in sound-attenuating booths (Industrial Acoustics,
Bronx, NY) that housed 4-6 familiar birds. For the trials, two females at a time were placed
together in a medium-sized cage (30”1 x 18”w x 18”h) for 3 h. These trials were conducted
inside separate sound-attenuating booths so that the two birds engaged in a trial could not
see or hear other ongoing trials. After each trial ended, the birds were returned to their
individual cages until their next trial. Each bird participated in a maximum of one trial per
day.

The overall design of the behavioral experiment is diagrammed in Fig. 2. We first conducted
a preliminary set of behavioral trials on short days (Fig. 2a). During these trials, Bird 1128
was sequentially paired with 3 opponents of each morph (total 6 trials), alternating between
WS and TS opponents. Meanwhile, all of the WS and TS females were also paired with
multiple opponents; in some cases the opponent was Bird 1128, and in all remaining cases
was another female of the same morph. We did not pair WS with TS birds in this study
because of the risk that the WS birds would dominate those interactions (see Maney 2008;
Swett 2007), thus biasing the TS group toward conditioned defeat. In order to ensure that the
average percentage of wins was equivalent across morph for Bird 1128’s opponents, all
trials that did not include her were between two females of the same morph (Fig. 2).

After the short-day trials were completed, we photostimulated the birds by changing the
light cycle to 16L:8D for the duration of the experiment. Until behavioral trials resumed, all
birds were housed in individual cages in booths with familiar birds. One TS female was
diagnosed with a contagious medical condition during the photostimulation period and was
removed from the experiment.

Behavioral trials resumed 6 weeks after the first long day. During the long-day trials (Fig.
2b), Bird 1128 was sequentially paired with each of the other females, alternating between
TS and WS opponents (total 11 trials). Meanwhile, each WS and TS female was also paired
with each other female of the same morph (total 6 trials for WS birds and 5 trials for TS
birds). Thus, approximately half of the long-day trials were a rematch of short-day trials, and
the remaining trials were new pairings with either familiar or unfamiliar opponents.

The first 2 h of each trial were videotaped to quantify behaviors. All recordings were scored
by an observer who was unfamiliar with the natural history of this species and who was
blind to the hypothesis. We scored four vocalizations used by females of this species during
aggressive encounters: songs, chip (or pink) calls, chip-up calls, and trills (described by
Falls and Kopachena 2010). In the photostimulated birds, the trill was sometimes
accompanied by a wing quiver and tail-up posture typical of an E2-dependent display that is
most often used in a courtship context but can occur during agonistic encounters (Falls and
Kopachena 2010) or spontaneously (Maney et al., 2009). Because the function of these
displays during female—female interactions is unclear, we did not include those trills among
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the unambiguously aggressive ones. Finally, we counted a humber of physical aggressive
behaviors, consisting of attacks, chases, displacements (supplantations), and hold-offs
(thwarted displacements), which are used to express dominance in this species (Watt et al.
1984; Wiley et al. 1999). The physical behaviors were used to assess the dominance
relationship for each dyad. An individual was considered the winner of a trial if it prevailed
in >50 % of the combined interactions, and vice versa for the loser (Watt et al. 1984).
Dominance matrices (Watt et al. 1984) were constructed for long-day trials only. Separate
matrices were constructed for TS females and for WS females, both of which included Bird
1128.

Behavioral data from the short-day and long-day trials were treated separately. For each of
the 8 behaviors scored (attacks, chases, displacements, hold-offs, songs, chips, chip-ups, and
trills), we calculated the rate at which they were expressed per hour by each female in each
photoperiodic condition. To compare aggression more generally, we also used principal
components analyses (PCA) to construct a composite aggression score (PC1 score) from
attacks, chases, displacements, songs, chip-up and chip calls (Moore et al. 2004; Parker et al.
2010). Hold-offs and trills were excluded from the PCA because of infrequency. For each
day length, one PCA was conducted for the trials that involved WS birds and another for the
TS birds. Because 1128 was tested with birds of both morph, she was represented in both
PCA:s.

Because Bird 1128 engaged in 17 trials (6 short-day and 11 long-day) and the other birds
engaged in only 8-10 each (3 or 4 short-day and 5 or 6 long-day), we needed to address the
possibility that Bird 1128’s greater experience with trials explained her success on long
days. We performed two analyses to test for effects of experience. First, we did linear
regressions to test whether Bird 1128’s aggression (PC1) score increased with the number of
trials on either short days or long days. Second, for the other birds we used Wilcoxon
Ranked-Sum tests (X2 approximation) to determine whether the number of trials on short
days (three, n=5; or four, 7= 6) affected the percentage of trials won or aggression scores
on long days.

Hormone analysis

After the behavioral experiments were complete (at 9 weeks of photostimulation), we
obtained a small blood sample (~250 l) from the brachial vein. Plasma was harvested and
stored at —20 °C until assayed for testosterone (T), 5-alpha dihydrotestosterone (DHT), and
estradiol (E2) by B.M.H. and I.T.M. according to the procedures of Stevenson et al. (2012).
Briefly, plasma samples were fractionated by column chromatography to separate gonadal
steroids and then analyzed by radioimmunoassay. All samples were run in a single assay,
and hormone concentrations were corrected for individual extraction efficiencies. The lower
limit of detectability was 0.09 ng/mL for T, 0.14 ng/mL for DHT and 0.06 ng/mL for E2.

Tissue collection

All of the birds in this study were sacrificed by isoflurane overdose after 9—14 weeks of
photostimulation. All ovaries were inspected to confirm breeding condition and the diameter
of the largest ovarian follicle was recorded. Bird 1128 was sacrificed at about 10 weeks of
photostimulation and prepared as a museum specimen (Smithsonian USNM 627866). The
kidneys from Bird 1128, one TS bird, and one WS bird were excised and placed into cold
MEM media (Invitrogen/Gibco, Carlsbad, CA) for cell culture (see “fluorescence in situ
hybridization”, below). The brains from the same 3 birds were removed and frozen in
powdered dry ice. Brain transcriptomes are being assembled as part of a large-scale study
that includes many other birds. Pituitaries, ovaries, and liver samples were removed and
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stored in RNA Later (Ambion, Austin, TX). These tissues and the rest of Bird 1128’s
carcass are stored at Emory in a =80 °C freezer.

G-banding analysis

Fibroblast cell cultures were established from a tissue homogenate produced by manual and
enzymatic digestion (Itoh and Arnold 2005). Kidney tissue was washed in 5 ml complete
media consisting of MEM enhanced with 0.6 % glucose, 10 % heat-inactivated fetal bovine
serum (Irvine Scientific, Santa Ana, CA), 5000 units/ml penicillin and 5 mg/ml streptomycin
(Invitrogen/Gibco), and 10 % chicken serum (Sigma-Aldrich, St. Louis, MO). It was then
manually minced and resuspended in 0.5 ml PBS (Invitrogen/Gibco). Cells were incubated
with collagenase Type I1 S for 15-30 min at 37 °C. To ensure complete homogenization, the
tissue suspension was further digested by mixing through a Pasteur pipette. The digested
tissue was placed in 10 ml of complete media and cultures were incubated at 37 °C.

When the cultures reached 80 % confluency, Karyo-MAX colcemid (30 ng; Invitrogen/
Gibco) was added and the cells were incubated overnight at 37 °C for 12-16 h. Additional
colcemid (0.5 pg) was added, and the cells were further incubated for 3-4 h. The cells were
trypsinized from the surface of the flask using TrypLE Express (Invitrogen/Gibco) for 15
min at 37 °C. Cells were rinsed with 1.5 ml of media and centrifuged, and the pellet was
suspended in KCl:sodium citrate (60:40; 0.075:0.27 m) hypotonic solution and incubated for
20 min at 37 °C. The cells were then treated with 1 ml of methanol:glacial acetic acid (3:1;
100 %:17.4 n) fixative, centrifuged, and resuspended in 10 ml fixative. This final step was
repeated two times before metaphase slide preparation. For karyotype analysis, metaphase
slides were prepared and stained by G-banding following standard cytogenetic procedures.

FISH analysis

Results

Zebra finch BAC clones (TG-Ba05K13 and TG-Ba55A1) that hybridize to informative
locations on the ZAL2 and ZAL2™ were identified as per Thomas et al. (2008). BAC DNA
was isolated from overnight cultures with the appropriate antibiotic using an alkaline lysis
procedure or an automated extraction system (Autogen, Holliston, MA). Nucleotides labeled
with spectrum orange or spectrum green (Abbott Molecular, Des Plaines, IL) were
incorporated into the BAC DNA using a standard nick translation or random priming
reaction. Metaphase slides (see above under “G-banding”) were baked at 73 °C for proper
aging, washed in 2x SSC at 37°for 30 min, and dehydrated sequentially in 70, 80, and 95 %
ice-cold ethanol. Chromosomes were denatured in 70 % formamide/2x SSC at 75° for 30 s
and then dehydrated as above. Prior to hybridization, probes were denatured at 75 °C for 7
min and reannealed at 45° for 1-10 min. Probes were hybridized to metaphase chromosome
spreads for 36 h at 37 °C. Slides were washed in 0.4x SSC/0.3 % NP-40 at 75 °C for 2 min,
washed in 0.2x SSC/0.1 % NP-40 at room temperature for 30 s, and counter-stained with
DAPI for 3 min. Slides were mounted in VectaShield antifade solution (Vector Laboratories,
Burlingame, CA) and analyzed using digital imaging with a CCD camera and software
(SmartCapture 2, Digital Scientific, Cambridge, UK).

Genetic analyses

PCR analysis showed that at the loci DSE, FAME3band VI/P, Bird 1128 exhibited only
ZAL2M alleles. G-banding analysis (Fig. 3) showed that the TS bird had two copies of the
standard submetacentric chromosome 2 (ZAL2) whereas the WS bird had one copy of ZAL2
and one copy of the metacentric arrangement typical of ZAL2™ (Thorneycroft 1975). In
contrast, Bird 1128 had two copies of the metacentric ZAL2™. The FISH analysis (Fig. 4)
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showed once again two copies of ZAL2 in the TS bird, one copy of ZAL2 and one of
ZAL2M in the WS bird, and two copies of ZAL2™ in Bird 1128.

Bird 1128 was a bit smaller than an average female, but not unusually so. Her wing length
was 67 mm and her tarsus length 22.5 mm, compared with a wing length mean and range of
69, 65—-73 mm (n = 411) and tarsus 22.9, 21.1-24.4 mm (n = 120) for wintering females at
our study site. By comparison, males tend to be larger with a mean wing length of 73, range
70-79 mm (n = 223), and tarsus 23.4, 21.5-26.0 mm (n = 72). Other than her plumage
coloration (see below), she had no remarkable physical characteristics. Upon dissection we
noted no obvious abnormalities.

In Zonotrichia sparrows, older birds have brighter plumage than younger birds (Colwell
1999; Emlen 1938; Mailliard 1932; Piper and Wiley 1989a) and males are brighter than
females (Colwell 1999; Fugle and Rothstein 1985; Piper and Wiley 1989a; see also Fig. 5).
Bird 1128’s plumage was very bright and thus atypical for a hatch-year WS female; it
resembled instead that of an adult male (Fig. 5). Her superciliary and median crown stripes
contained a much larger percentage of white feathers, and her lateral crown stripes more
black feathers, than those of her same-age peers (compare Bird 1128 with other hatch-year
birds in Fig. 5). Her throat patch was also brighter white than is typical for her age, and it
completely lacked the malar stripes exhibited by TS birds and many young or female WS
birds (Lowther 1961). Finally, her lores (the feathers of the rostral superciliary stripe) were
the bright canary yellow typical of adults rather than the duller ochre that is normally seen in
hatch-year females (Lowther 1961). She was most likely in first basic plumage and we saw
no evidence of molt. The timing of prenuptial (prealternate) molt in this species can vary in
captivity; data published by Miller and Weise (1978) suggest that the birds in this study
were unlikely to molt before May, by which time this study was completed. We cannot,
however, rule out the possibility that genes on the ZAL2™ may affect the timing of molt and
that Bird 1128 may have molted into nuptial plumage before she was captured.

Aggression and dominance behavior

The results of the PCA analyses are shown in Fig. 6, and the means and ranges for the
individual behaviors scored are given in Table 1. The composite aggression score (PC1)
explained 44 and 47 % of the variation in aggressive behaviors during TS and WS short-day
trials, respectively. For the long-day trials, PC1 explained 59 and 51 % of the variation.
According to these aggression scores, Bird 1128 was not more aggressive overall than her
TS and WS opponents under short-day conditions (Fig. 6). Neither was she particularly
high-ranking, losing 33 % of her short-day trials. Under long-day conditions, however, Bird
1128 was the most aggressive and highest-ranking female in the study; she had the highest
aggression scores (Fig. 6) and won all 11 of her trials (6 WS, 5 TS opponents; Table 2). Bird
1128 was extraordinarily vocal during long-day trials, singing at a much higher rate than any
other female, and more than she did on short days (Table 1).

There was no evidence that experience with trials affected performance. Bird 1128 lost the
third and sixth of six trials on short days, showing that experience with trials did not increase
the odds of a win. Second, her aggression scores did not increase with time on short days
(R2=0.01, p=0.921) or long days (R2 = 0.04; p= 0.57). Finally, birds that had more short-
day trials did not win more long-day trials (WRS, X2 =1.21, p=0.271) or have higher
average aggression scores (WRS, XZ =1.20, p=0.273) than birds that had fewer short-day
trials.
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Ovarian development and gonadal steroid levels

All of the birds in the study showed evidence of ovarian development such as enlarged (>1
mm) or in some cases yolky follicles. Bird 1128, whose largest ovarian follicle was 1.4 mm
in diameter, was not an outlier (range 1.0-7.7 mm). Plasma levels of T and DHT in 12 of the
13 females, including 1128, were near or below the lower limit of detectability (T < 0.13 ng/
mL; DHT < 0.18 ng/mL). We were able to detect T (0.52 ng/mL) and DHT (0.66 ng/mL) in
the plasma of only one bird, a high-ranking WS female. Although we previously
demonstrated that photostimulated females in our laboratory have plasma E2 in the range of
0.1-0.5 ng/ml (Lake et al. 2008), we were unable to detect plasma E2 in the birds in this
study. We attribute the current result to two factors. First, our current methods differed from
those of Lake et al. in that here, we used column chromatography instead of a direct E2
assay. Second, all of the birds in the previous study had been photostimulated for 5-7
weeks, whereas the current birds were photostimulated for 9 weeks at the time of sampling
and could have been entering a photorefractory stage (see Dawson et al. 2001). All of the
birds in this study, including Bird 1128, had plasma E2 levels near or below the assay’s limit
of detectability (all <0.09 ng/mL). Accurate quantification of E2 positive control standards
in the assay (0.5 ng/mL) confirms we would have detected high levels. Thus, we can
conclude that Bird 1128 did not have unusually high levels of plasma E2.

Discussion

In this study, we have characterized the plumage and behavior of a white-throated sparrow
of the rare genotype ZAL2M/2™M, Out of 602 birds genotyped in our lab since 2005, she is the
only such individual. The only other published karyotype of a homozygote, a female,
appeared 37 years ago in a sample of 397 birds (Thorneycroft 1975). One more homozygote,
a male, was anecdotally reported in a sample of 11 by Falls and Kopachena (2010). In a
sample of 546 described by Romanov et al. (2009), there were no homozygotes. Thus, the
frequency of ZAL2™M/2™ homozygotes can be estimated at roughly one in 500 birds (3 in
1556). Their existence demonstrates that at least sometimes they are viable, and is consistent
with our previous observation that chromosome ZAL2™ is not degenerating (Huynh et al.
2011; Davis et al. 2011).

ZAL2™M is always present in WS individuals and absent in TS individuals, demonstrating
that the diagnostic WS plumage is inherited as a dominant trait linked to ZAL2™
(Thorneycroft 1975). Because recombination is strongly suppressed between ZAL?2 and
ZAL2™ (Huynh et al. 2011; Thomas et al. 2008), it is likely that other morph-typical traits
are also dominant. The most obvious morph-typical behavioral trait associated with ZAL2™
is increased aggression. In free-living populations, WS birds defend their territories more
aggressively than do TS birds (Collins and Houtman 1999; Falls and Kopachena 2010;
Kopachena and Falls 1993). When in photostimulated groups, WS birds are more aggressive
than TS birds and outrank them (Ficken et al. 1978; Harrington 1973; Maney 2008; Watt et
al. 1984). Swett (2007) showed that when one WS and one TS bird are housed together, WS
birds engage in more displacement behaviors than TS birds. Thus, overall the literature
suggests that one or more alleles on the ZAL2™ haplotype confer heightened aggression.
ZAL2™M/2™M homozygotes allow us to ask whether an increase in the dosage of these alleles
results in a discernibly different phenotype. Under long-day conditions, Bird 1128
dominated 100 % of her opponents (Table 2) and her levels of physical and vocal aggression
were far higher than any of the other birds tested (Fig. 6; Table 1). In addition, her crown
plumage was remarkably bright and differed from her same-age cohorts (Fig. 5). She thus
seemed to exhibit an exaggerated WS phenotype.

Several decades of research indicate that morph differences in aggression depend on
endocrine state. In laboratory-housed white-throated sparrows in non-breeding condition,
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morph is not related to dominance rank or to aggression (reviewed by Maney 2008);
however when birds are photostimulated and undergo gonadal recrudescence, WS birds
engage in significantly more aggression than their TS cage-mates and tend to outrank them
(Maney 2008; Watt et al. 1984). Under short-day conditions, Bird 1128 did not win all of
her trials. Under long days, however, she overcame the “social inertia” typical of groups
with established relationships (Wiley et al. 1999) and dominated all of her opponents,
suggesting further that the expression of ZAL2™ genes that contribute toward dominance
may interact with endocrine state.

Across Zonotrichia sparrows, older birds have brighter plumage (Colwell 1999; Emlen
1938; Mailliard 1932; Piper and Wiley 1989a) and outrank younger, duller birds (Parsons
and Baptista 1980; Piper and Wiley 1989b). Similarly, males are brighter than females
(Colwell 1999; Fugle and Rothstein 1985; Piper and Wiley 1989a), and generally outrank
them (Parsons and Baptista 1980; Piper and Wiley 1989b). It is thus possible that Bird 1128
dominated her opponents not because she was more aggressive, but because her plumage
signaled the dominance status of an older, perhaps even male, bird. In the congeneric Harris
sparrow (Z. querula) and white-crowned sparrow (Z. leucophrys), plumage coloration does
appear to function as a status signal, affecting how individuals are regarded by conspecifics
and therefore possibly how they themselves behave (Fugle et al. 1984; Rohwer 1985; 1977).
Status signaling is unlikely to completely explain Bird 1128’s highly aggressive behavior,
however. First, there is no evidence that plumage brightness explains dominance
relationships in white-throated sparrows (Wiley et al. 1999; Watt 1986b). Second, morph
differences in vocal responses to playback persist even when there is no other individual
present to assess plumage, suggesting a physiological mechanism (Maney et al., 2009).
Finally, the genes that control plumage are physically linked to 1,000 other genes, many of
which are known to affect aggression and other social behaviors (Maney 2008; Thomas et
al. 2008). We hypothesize that these candidate genes, which include a steroid hormone
receptor, a steroid metabolic enzyme, and steroid-sensitive monoamine receptors, lead to
morph differences in behavior by affecting whether and how steroids act in the brain. Such a
mechanism would explain how behaviors known to be steroid-dependent could vary
remarkably between individuals that do not differ in plasma hormone levels.

Many of the traits that differ between WS and TS white-throated sparrows, such as
aggression and parental behavior, are selected along dimensions defined by life history
trade-offs (Trivers 1972). The resulting disruptive selection may result in the evolution of
two distinct phenotypes (Sinervo and Svensson 1998; 2002; Zera and Harshman 2001). In
most vertebrates, including the white-throated sparrow, alternative strategies related to
aggression and parenting segregate with sex chromosomes. In the white-throated sparrow,
they segregate also with a second pair of heteromorphic chromosomes, ZAL2 and ZAL2™M.
Bird 1128 showed clearly that increased dosage of ZAL2™ alleles results in an exaggerated
WS strategy maximizing competition and vocal aggression. This chromosome therefore
represents a valuable genetic target for further research on the mechanisms underlying these
behaviors and the evolution of alternative phenotypes.
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White-striped (WS) Tan-striped (TS)

Fig. 1.

Plumage polymorphism in white-throated sparrows. (a) Individuals of the white-striped
(WS) morph have alternating black and white stripes on the crown, bright yellow lores, and
a clear white throat patch. (b) Individuals of the tan-striped (TS) morph have alternating
brown and tan stripes on the crown, duller yellow lores, and dark bars within the white
throat patch. Photos by Christopher Gurguis. Reprinted from Horton et al. (2012)
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A Short days

B Long days

S 1116 —{BBE 1200

Fig. 2.

Design of behavioral experiment. Bird 1128 is represented by black circles. White and tan
circles represent ZAL2/2™ (WS) birds and ZAL2/2 (TS) birds, respectively. Each /ine
connecting two circles represents a single behavioral trial, 3 h in duration, between those
two birds. Trials with Bird 1128 are indicated by black lines. WS-WS and TS-TS trials are
indicated by gray and tan lines, respectively. Under short days (a), Bird 1128 was paired
with 3 WS and 3 TS opponents. Each of the WS and TS birds were sequentially paired with
3-4 opponents, which in some but not all cases included Bird 1128. On long days (b), Bird
1128 was paired with every other bird, and each WS and TS bird was paired with every
other same-morph bird. Bird 1125 was unavailable for long-day trials
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A ZAL2/2
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B ZzAL2/2™
(Ws)

C zAL2m/2™

(Bird 1128)

Fig. 3.
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The first 12 pairs of chromosomes in a tan-striped female (a), a white-striped female (b),
and Bird 1128 (c). Chromosome numbers are listed below the G-banded chromosomes. The
TS female has two copies of the ZAL2 (submetacentric), the WS female has one ZAL2 and
one ZAL2™M (metacentric), and Bird 1128 has two copies of the ZAL2™M arrangement
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A ZAL2  zZAL2™ B zAL2/2 D zAL2™/2m

5K13 4~ FAMS3B

i
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sk13-f T - DSE

55A1™

Fig. 4.

A schematic diagram and results from fluorescence in situ hybridization showing the
locations of zebra finch BAC clones 5K13 (red) and 55A1 (green) on ZAL2 and ZAL2™M.
The two clones hybridize close together on the long arm of ZAL2, but because of an
inversion, they map to opposite arms of ZAL2™ (a). Tan-striped (TS) birds have two copies
of ZAL2 (b) and white-striped (WS) birds have one copy of ZAL2 and one of ZAL2™M (c).
Bird 1128 clearly shows the ZAL2™ hybridization pattern on two chromosomes (d). The
chromosome map in (&) shows the locations of the three markers used to genotype Bird
1128 via PCR
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Bird 1128

WS AHY Q@ WS AHY &

Fig. 5.

Bird 1128 compared with five other birds collected during Fall 2011. Bird 1128 was a hatch-
year (HY) female, but her plumage was not typical of either tan-striped (TS) or white-striped
(WS) HY females. Neither was it comparable to that of a WS HY male. Her plumage was
more typical of an after hatch-year (AHY) WS female, or even male, in that the median and
superciliary crown stripes contained many white feathers, the lateral crown stripes many
black feathers, and the lores many yellow feathers
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Aggression Score (PC1)

Aggression Score (PC1)

Fig. 6.

Composite aggression scores (PC1) for Bird 1128 and her opponents calculated from

A Short-day trials with WS birds

] Lh

9 i T

-2 - 1128 1104 1116 1118 1124

Bird
C Long-day trials with WS birds

g =

i

1131 1148

1128 1104 1116 1118
Bird

1124 1131

N A

1148

Aggression Score (PC1)

Aggression Score (PC1)

B Short-day trials with TS birds

<1128 1106 1125 1132 1141 1150 1200

Bird
D Long-day trials with TS birds

2] 1128 1106 1132 1141 1150 1200

Bird

principal components analyses (PCASs) of six aggressive behaviors (attacks, chases,
displacements, songs, chip-up and chip calls). Data from Bird 1128 are shown in black, and
data from WS and TS birds are shown in white and fan, respectively. Separate PCAs were
conducted for (a) short-day trials with WS females (b) short-day trials with TS females (c)
long-day trials with WS females, and (d) long-day trials with TS females; thus, aggression
scores are comparable only within groups. Bird 1128 was clearly the most aggressive female
during long-day trials, but was not distinctively aggressive during short-day trials
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Dominance matrices showing the results of long-day behavioral trials for Bird 1128 and WS females (A), and
for Bird 1128 and TS females (B).

A WS trials

1128
1118
1124
1116
1148
1104
1131

Winner

B TS trials

1128
1150
1200
1132
1106
1141

Winner

1128

6
4
1
1
0
1

1128

o O O O o

Loser % trials
1118 1124 1116 1148 1104 1131 won

168 175 149 96 195 109 100
92 55 45 0 8 67

0 43 71 29 0 50
2 22 88 189 138 50
0 0 0 64 78 33
7 15 0 34 33
0 24 0 17
Loser % trials
1150 1200 1132 1106 1141 won
245 180 129 149 36 100
i3 10 1 11 80

1 171 12 73 60
0 50 40
0 20
0 0

Values represent the numbers of aggressive interactions won by the birds listed in the rows (winners) against birds listed in the columns (losers).
Shading indicates that the bird listed in that row prevailed overall against the bird listed in that column
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