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Abstract. Good-genes hypotheses predict that development of secondary sexual characters can be an honest adver-
tisement of heritable male quality. We explored this hypothesis using a cervid model (adult, male white-tailed deer,
Odocoileus virginianus) to determine whether antler development could provide an honest signal of a male’s genetic
quality and condition to adversaries. We compared antler, morphometric, hormonal, and parasitic data collected from
hunter-harvested deer to characteristics of the Mhc-DRB (Odvi), the most widely studied gene of the major histocom-
patibility complex (MHC) in Artiodactyla. We detected associations between genetic characteristics at Odvi-DRB and
antler development and body mass, suggesting that antler development and body mass may be associated with pathogen
resistance in deer and thus may be an honest signal of genetic quality. We also detected associations between Odvi-
DRB characteristics and serum testosterone during the breeding season, suggesting that certain MHC characteristics
may help deer cope with stresses related to breeding activity. In addition, we observed a negative relationship between
degree of antler development and overall abundance of abomasal helminths. Our observations provide support for the
hypothesis that antler development in white-tailed deer is an honest signal of quality.
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Zahavi (1975) proposed a mechanism to explain how fe-
males can accurately assess quality of an advertiser during
intersexual communication. The basis of the theory was that
the best way to guard against cheating (e.g., dishonest sig-
naling) during intersexual communication, or advertisement,
is for communication to be costly such that the signaler incurs
a penalty that is proportional to the intensity of the adver-
tisement. Only the most fit males can afford to incur a heavy
penalty, thus, only the most fit males can afford extravagant
advertisement. Since the hypothesis (Zahavi 1975) was pro-
posed, a plethora of studies have been published to test its
various components (see Andersson 1994), and today its prin-
ciples are widely accepted (Maynard Smith 1991; Collins
1993; Lotem 1993). Theory predicts that females that choose
mates with extravagant ornamentation will have greater fit-
ness, and several studies have demonstrated that offspring
survival is greater when females mate with males that possess
elaborate secondary characters (Norris 1993; Petrie 1994; von
Schantz et al. 1994).

Zahavi (1977) and Zahavi and Zahavi (1997) expanded the
original theory by proposing a handicap principle to explain
honesty in all forms of advertisement. To date, most studies
designed to examine the handicap principle have followed
Hamilton and Zuk (1982), whose immunocompetence-hand-
icap hypothesis proposed a mechanism whereby female mate
choice is based on male sexual ornamentation and exhibited
resistance to parasites. This model has been shown to explain
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mate choice in polygynous species where males advertise
their ‘‘good genes’’ to females through sexual ornamentation
and display (e.g., extravagant feathers, bright colors; Ken-
nedy et al. 1987; Hillgarth 1990; Zuk et al. 1990b). However,
almost no work has been conducted to examine the handicap
principle among species where secondary sexual characters
serve as weapons (e.g., antlers, horns, spurs) and are used to
gain access to mates. In polygynous species where males have
evolved sexual ornamentation that serves as a weapon, the
handicap principle should apply to intrasexual advertisement
among males (Zahavi and Zahavi 1997) to ensure that signals
of quality are honest.

We examined the handicap principle in white-tailed deer
(Odocoileus virginianus), a cervid species in which antlers
serve as weapons to help gain access to mates. Courtship in
white-tailed deer has been described as a tending bond (Geist
1981), whereby a dominant male remains with an estrous
female and defends her until she is bred. Antler development
is important for establishing dominance among males and
gaining access to females and often is associated positively
with breeding success (Clutton-Brock et al. 1982). Theory
suggests that antlers originally evolved as weapons (Goss
1983), and studies of antler structure in species where antlers
have been hypothesized to be primarily for display (e.g., Irish
elk, Megaloceros giganteus; Gould 1974) have suggested that
antlers have structural properties required for intrasexual
combat (Kitchener 1987). However, the literature is replete
with information describing how dominant males gain access
to mates with little or no fighting, probably because it would
be deleterious for immature or smaller males to challenge
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dominant individuals. This behavior suggests that antlers also
serve to display strength and quality.

But how is antler development a handicap? Antler tissue
has been described as the fastest growing tissue in the animal
kingdom (Goss 1983). Considering their deciduous nature,
annual growth and replacement of these organs places in-
credible nutritional demands on male deer (French et al. 1956;
Ullrey 1983; Asleson et al. 1997). Mineral requirements are
so great that male deer annually shunt calcium and phos-
phorus from their skeletons to meet growth requirements of
antlers (Meister 1956). As a result, these ornate weapons
should serve as signals of food gathering capability or met-
abolic efficiency.

Immunosuppression may be an additional handicap asso-
ciated with development of antlers. It has been proposed that
immunocompetence could be reduced indirectly through in-
creased nutritional costs (Lochmiller 1996) associated with
development of secondary sexual traits. In addition, andro-
genic hormones (testosterone, etc.) required to initiate antler
growth and antler hardening prior to the breeding season
(Morris and Bubenik 1982) have immunosuppresive effects
(Grossman 1984; Alexander and Stimson 1988; Folstad et al.
1989). Therefore, antler size may serve to advertise the extent
to which male deer can withstand nutritional and androgenic
suppression of the immune system and may demonstrate ge-
netic quality by signaling good physical condition throughout
a period of high nutritional demand, reduced immunocom-
petence, and elevated susceptibility to parasitism and disease
(Maynard Smith 1985; Folstad and Karter 1992).

The major histocompatibility complex (MHC) likely plays
a role in the good-genes hypothesis (Howard 1991) because
of its importance in antigen recognition and immune re-
sponse. The MHC is a gene complex common to all verte-
brates that serves to distinguish self from nonself. Class I
and class II molecules of the MHC bind to antigens and aid
in identifying foreign peptides (Klein 1986), thereby serving
as an essential line of defense in immune response to foreign
pathogens (e.g., parasites and disease). Although a plethora
of studies have reported associations between MHC loci and
specific pathogens, the extent of these associations are poorly
understood. In addition, we have only begun to understand
the influence that the MHC has on physiological processes
such as growth, development, and reproduction and its role
in population ecology (Lochmiller 1996). Development of
secondary sexual characters, like other physiological pro-
cesses, should benefit from genes that confer an immunologic
advantage (Howard 1991). If individuals heterozygous for
MHC loci have an immunologic advantage because of resis-
tance to a greater variety of pathogens (Doherty and Zink-
ernagel 1975; Hughes and Nei 1988), MHC quality should
be apparent in expression of condition-dependent traits. Tak-
en together, it seems likely that a relationships should exist
between genotypes of MHC loci and development of sec-
ondary sexual ornamentation. For example, von Schantz et
al. (1996, 1997) found that spur length in male pheasants
(Phasianus colchicus), a trait selected for by mating females
(von Schantz et al. 1989) and important during intrasexual
combat (Davidson 1985; Møller 1992), was associated with
MHC genotype. However, no other studies have documented
similar relationships.

We chose a wild population of white-tailed deer as a model
to test predictions of the handicap principle (Zahavi 1975;
Zahavi and Zahavi 1997) and to determine whether antler
development is a good signal of genetic quality. Specifically,
our objectives were to assess whether: (1) MHC character-
istics were associated with antler development and body size;
(2) MHC characteristics were associated with circulating lev-
els of testosterone; and (3) developmental traits of antlers
were associated with parasite burdens in adult, male deer.
Previous work (Ditchkoff 2000) has reported an association
between exon 2 of the Mhc-DRB and parasite burdens in
white-tailed deer hosts and suggested that particular allelic
lineages may be important for providing resistance to poten-
tial pathogens. In this study, we again examined exon 2 of
Mhc-DRB because genotypes for this locus were available
for the deer population under study, it is highly variable, and
it has been the most widely studied MHC locus in white-
tailed deer and Artiodactyla to date (Mikko and Anderson
1995; Swarbick et al. 1995; Mikko et al. 1997; Van Den
Bussche et al. 1999).

MATERIALS AND METHODS

Study Area

We collected data from adult, male white-tailed deer (n 5
128) that were harvested by hunters during October and No-
vember from 1995 to 1996 at the McAlester Army Ammu-
nition Plant (McAAP) in southeastern Oklahoma (348499N,
958559W). The McAAP is an 18,212-ha area owned and op-
erated by the U.S. Department of Defense and has been man-
aged to maintain a large proportion ($55%; Ditchkoff et al.
2000) of mature males within the population (i.e., quality
deer management) since 1989 (Ditchkoff et al. 1997). Annual
census indicated that the herd was below carrying capacity
(density was approximately 12–13 deer/km2) and the buck:
doe ratio was 1:2.2. The McAAP was not surrounded by
barriers (fence or wall) that restricted movement of deer on
or off the study area, and thus our study population was
contiguous with deer populations in surrounding areas. Veg-
etation on the area was characterized by oak uplands (Quercus
marilandica, Q. stellata) and bottomlands (Q. shumardii, Q.
nigra) intermixed with tallgrass prairie (Andropogon virgin-
icus, A. gerardii, Schizachyrium scoparium) and brush com-
munities (Smilax bona-nox, Rhus copallina, Ulmus alata, Pru-
nus angustifolia, Diospyros virginiana). Soils tended to be
sandy, and common soil series were Chateau very fine sandy
loam, Dennis-Dwight complex, Eram clay loam, and Enders-
Hector complex. Mean annual rainfall was 112 cm, with a
high mean temperature of 288C during July and low mean
temperature of 4.58C between December and February.

Morphology Data

We measured chest girth immediately posterior to the front
legs and body length from tip of the nose to base of the tail.
Hind-foot length was measured as the distance from the tip
of the hoof to the posterior end of the tuber calcis (tarsal).
Skull length was measured as the tip of the nose to the base
of the skull (occipital bone). Deer were weighed to the nearest
0.5 kg using a hanging scale immediately after they were
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field-dressed. We removed testicles from the scrotum and
weighed each to the nearest 0.1 g. Deer were aged by tooth
wear and replacement (Severinghaus 1949).

Antlers were measured according to the scoring system
(Boone and Crockett) described by Nesbitt and Wright (1981)
to obtain an estimate of total antler development. Boone and
Crockett score is a trophy scoring system where scores for
each antler are summed together with the inside spread (great-
est distance between the main beams) to obtain an overall
estimate of antler development. This system measures length
of each tine, length of the main beam, and circumferences
around the main beam at the base of the antler (basal cir-
cumference) and between successive tines (not to exceed four
circumferences for each antler). The Boone and Crockett
scoring system also penalizes for asymmetry of antlers, but
we did not include asymmetry deductions in our measures
of antler score. An antler score was calculated for both the
right and left antler, and a total gross score was calculated
that included scores from both antlers and measurement of
inside spread. We did not include scores in the analysis for
animals that had broken tines or main beams. Absolute asym-
metry was calculated as the difference between measurements
of the right and left antlers; relative asymmetry was calcu-
lated as absolute asymmetry divided by the larger antler.
Relative fluctuating asymmetry adjusts absolute asymmetry
measurements for the size of the trait. Absolute and relative
fluctuating asymmetry measurements were calculated for ant-
ler score, number of points, main beam length, and basal
circumference.

Testosterone

We collected blood from the thoracic cavity of each deer
into 10-ml evacuated serum-separating tubes (SST; Becton
Dickinson Vacutainer Systems, Rutherford, NJ). Serum was
separated by centrifugation within 6 h of collection and stored
at 2858C. Serum testosterone levels were assayed with a
direct RIA procedure (Coat-A-Count Testosterone, Diagnos-
tics Products Corporation, Los Angeles, CA). Following the
Coat-A-Count methodology, we added 50 ml of serum and
1.0 ml of 125I testosterone to antibody-labeled tubes prior to
incubation for 3 h at 378C. Each Coat-A-Count tube was
prelabeled with monoclonal antibodies to testosterone. Fol-
lowing incubation, samples were thoroughly aspirated and
radioactivity of tubes was counted in a gamma counter. Each
sample was assayed in duplicate and samples with error .5%
were reanalyzed. This assay is sensitive to testosterone con-
centrations $4 ng/dL, and interassay percentage CV is 5–
12%.

Parasites

When field-dressing deer, we removed the abomasum and
tied both ends with string to avoid loss of contents. Abomasa
were subsequently frozen until later analysis. In the labora-
tory, abomasal contents were removed, diluted with water to
1000 ml, and a 50-ml aliquot examined under magnification
(Prestwood et al. 1973). Total nematodes were calculated by
multiplying the number of nematodes per aliquot by 20. Nem-
atodes were identified according to Kubat et al. (1980). Ec-
toparasitic ticks (primarily Amblyomma americanum and Ix-

odes scapularis) were counted on the sternum of each deer
prior to field-dressing using a template with a rectangular
hole 2.5 3 12.5 cm similar to the technique described by
Sams et al. (1996) for use on deer fawns. All ticks within
the template were counted and the count was used as an index
of the degree of infestation with ectoparasites.

We calculated abundance, intensity, and prevalence of each
species of abomasal nematode according to Margolis et al.
(1982). Abundance was defined as the mean number of ab-
omasal nematodes per deer. We estimated intensity of infec-
tion by calculating mean number of nematodes per deer with
at least one nematode, whereas prevalence was the percentage
of deer with at least one nematode. For ticks, we calculated
abundance only (not intensity or prevalence) because prev-
alence approached 100%.

Genetics

Genomic DNA was isolated from approximately 1 g of
liver tissue following the protocol of Longmire et al. (1997).
Amplification of the second exon of Mhc-DRB was accom-
plished via polymerase chain reaction (PCR) using primers
LA31 an LA32 (Sigurdardottir et al. 1991; Mikko and An-
dersson 1995). These primers flank the functionally critical
antigen-binding site and produce a product of 390 base pairs
that encompasses 83 amino acid residues. PCR was accom-
plished by using approximately 400 ng of DNA in a final
reaction volume of 50 ml consisting of 1 unit of Taq DNA
polymerase (Promega, Madison, WI), 0.5 mM of each primer,
0.07 mM deoxynucleotides, 1.0 mCi a32P-dCTP, and 2.0 mM
MgCl2. The thermal profile consisted of 958C for 60 sec,
508C for 30 sec, and 728C for 30 min and was conducted
using a GeneAmp PCR System 9600 (Perkin Elmer, Norwalk,
CT).

Following amplification, all individuals were genotyped
via single-stranded conformation polymorphism (SSCP)
analysis (Orita et al. 1989). PCR amplicons were denatured
by heating and immediately placed into ice water, loaded
onto 5% nondenaturing acrylamide gels (acrylamide:bisacry-
lamide 5 49:1) containing 10% glycerol, and subjected to
electrophoresis at 300 V for 24 h with a fan blowing on the
gel. Following electrophoresis, acrylamide gels were trans-
ferred to Whatman paper, dried, and exposed to autoradio-
graphic film.

All unique conformations were cloned using the pGEM-T
cloning system (Promega) for subsequent analyses. For each
cloned allele, SSCP analysis was performed on PCR products
of several recombinant clones using reaction conditions and
thermal profiles described above. PCR amplicons from
cloned inserts were run alongside amplified products from
the individual. This approach enabled verification of which
recombinant clones contained the correct allele with no PCR-
induced error prior to DNA sequencing. After verification,
PCR amplicons of each unique allele were cleaned using the
Wizard PCR Prep DNA Purification System (Promega) and
sequenced in both directions on a Perkin Elmer Applied Bios-
ystems 373 automated DNA sequencer. To aid genotyping
individuals across gels, the 15 alleles (Odvi-DRB*01–15) for
this population were run on every gel.
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TABLE 1. Categorization of alleles of the Mhc-DRB (Odvi) exon 2
found in white-tailed deer from southeastern Oklahoma into evolu-
tionary lineages based on phylogenetic analysis.1

Allelic lineage 1
Frequency

(%) Allelic lineage 2 Frequency (%)

Odvi-DRB*01
Odvi-DRB*03
Odvi-DRB*04
Odvi-DRB*09
Odvi-DRB*13
Odvi-DRB*14
Odvi-DRB*15

1.9
1.9

26.9
0.8
0.8
6.9
0.4

Odvi-DRB*02
Odvi-DRB*05
Odvi-DRB*06
Odvi-DRB*07
Odvi-DRB*08
Odvi-DRB*10
Odvi-DRB*11
Odvi-DRB*12

0.4
32.8

0.8
13.8

1.1
1.9
5.4
4.2

1 Evolutionary groupings were based upon phylogenetic analysis of Van Den
Bussche et al. (1999).

TABLE 2. Number (%) of adult, male white-tailed deer with particular
genetic characteristics of the Mhc-DRB.

Age
Odvi-DRB

type 11
Odvi-DRB

type 12
Odvi-DRB

type 22

1.5
2.5
3.5
4.5

$5.5
Total

9 (19%)
7 (17%)
4 (20%)
1 (11%)
6 (67%)

27 (21%)

12 (25%)
19 (45%)
9 (45%)
6 (67%)
3 (33%)

49 (38%)

27 (56%)
16 (38%)
7 (35%)
2 (22%)
0 (0%)

52 (41%)

Statistics

The detection of 15 alleles among 128 individuals sampled
from this population indicated 120 possible Odvi-DRB ge-
notypes, thereby limiting the statistical power available for
statistical analyses. To increase statistical power to test for
associations between Mhc-DRB exon 2 genotype and mor-
phologic and physiologic variables, we classified alleles into
one of two allelic lineages (Table 1) based on evolutionary
lineages reported by Van Den Bussche et al. (1999). Using
this phylogenetic classification, we were able to categorize
the Odvi-DRB profiles of our deer into three categories. Deer
with both Odvi-DRB alleles from lineage 1 were categorized
as type 11, and deer with both alleles from lineage 2 were
categorized as type 22. Deer with alleles from both lineages
were categorized as type 12. Because Van Den Bussche et
al. (1999) reported that evolution of Odvi-DRB alleles typi-
cally occurs by point mutations rather than recombination,
we felt that alleles from the same lineage were likely to be
similar from a functional standpoint. Although this classifi-
cation of alleles falsely inflates the number of homozygotes,
we felt that this would be a conservative approach to test for
statistically significant trends between Odvi-DRB exon 2 and
morphologic or physiologic variables.

We compared total Boone and Crockett score, antler score,
number of points, beam length, and basal circumference of
deer with different genetic types using analysis of covariance
(ANCOVA), with age as a covariate to control for age-related
variation in antler size. We also used ANCOVA with age as
a covariate to test for differences in body size between deer
with different genetic types. We used analysis of variance
(ANOVA) to test for differences in relative and absolute
asymmetry of antlers between deer with different genetic
types. We did not use ANCOVA to control for age in this
analysis because relative asymmetry accounts for age-related
differences in antler size. We examined genetic influences
on serum testosterone using ANCOVA with age and date of
harvest as covariates. We tested for differences in least
squared means to determine differences between genetic
types if genetic effects were statistically significant (P ,
0.05) in ANCOVAs. We used multiple regression to assess
relationships between antler size and testosterone. Actual
measures of antler size were the dependent variable and age
was included with serum testosterone as an independent var-
iable to control for age-related changes in antler size and

testosterone. We used simple linear regression analyses to
assess relationships between serum testosterone and parasite
measures (e.g., abundance, intensity, and prevalence), and
multiple regression to evaluate relationships between antler
development and parasite burdens.

RESULTS

Allelic frequencies for the 15 unique alleles (Odvi-
DRB*01–15; GenBank accession numbers AF082161–
AF082175) detected for this population (n 5 128) ranged
from 0.8% to 57.0% (Table 1). Sequences were confirmed
either by sequencing the same allele for more than one in-
dividual or by checking SSCP banding patterns between
cloned PCR products and PCR products of the individual
from which the allele was isolated. As discussed by Van Den
Bussche et al. (1999), nucleotide and amino acid polymor-
phism at this locus was characteristic of highly polymorphic
MHC loci. Thirty percent of nucleotide and 47% of amino
acid positions were polymorphic among these 15 alleles. Nu-
cleotide sequence variation among all pairwise comparisons
of Odvi-DRB alleles, corrected for multiple substitutions,
ranged from 3.27% to 20.60%, whereas amino acid replace-
ments among all pairwise comparisons ranged from four to
27 (Van Den Bussche et al. 1999).

As discussed by Van Den Bussche et al. (1999), white-
tailed deer appear to have only a single DRB gene (i.e., no
pseudo-DRB genes). All deer were examined using SSCP
analysis and at no time were more than four prominent SSCP
bands detected in any individual. Subsequent cloning and
SSCP analysis of PCR amplicons confirmed that less prom-
inent bands were alternative conformations of the same allele.
Although we cannot be completely certain that white-tailed
deer do not contain more than a single expressed DRB gene,
Van Den Bussche et al. (1999) suggested that if additional
DRB loci are present in white-tailed deer, the primers used
did not amplify additional loci to the extent that they were
observable in SSCP or cloning and sequence analyses.

Grouping alleles into the two evolutionary lineages de-
tected by the phylogenetic analysis of Van Den Bussche et
al. (1999) resulted in mean number of amino acid differences
of 11.3 within allelic lineage 1, 17.2, within allelic lineage
2, and 19.0 between allelic lineages. Type 11 deer accounted
for 22% of the deer sampled, 37% of the deer were type 12,
and 41% of the deer were type 22 (Table 2). Deer with Odvi-
DRB alleles from both allelic lineages (type 12) had 20% and
13% greater (P , 0.05) Boone and Crockett antler scores
than deer with Odvi-DRB types 11 and 22, respectively (Table
3). Similarly, mean number of antler points and mean basal
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TABLE 3. Least-square means of antler measurements from white-
tailed deer with different Mhc-DRB (Odvi) characteristics calculated
from an analysis of covariance, with age as a covariate. Least-square
means in a column with different letters are different (P # 0.05).

Odvi-DRB

Gross Boone
and Crockett

score

Mean
antler
score

Mean
number
of antler

points

Mean
main beam

length
(cm)

Mean basal
circumfer-
ence (cm)

Type 11
Type 12
Type 22

69.0 a
83.0 b
73.7 a

28.9 a
34.9 b
31.4 ab

2.95 a
3.46 b
3.03 a

32.7 a
36.9 b
34.0 ab

7.55 a
8.25 b
7.61 a

TABLE 4. Least-square means of body measurements from white-
tailed deer with different Mhc-DRB (Odvi) characteristics calculated
from an analysis of covariance, with age as a covariate. Least-square
means in a column with different letters are different (P # 0.05).

Odvi-DRB

Field-
dressed

body mass
(kg)

Body
length
(cm)

Skull
length
(mm)

Chest
girth
(mm)

Testicle
mass
(g)

Type 11
Type 12
Type 22

44.5 a
47.9 b
45.7 ab

133.3 a
135.8 a
134.5 a

309.3 a
324.0 b
317.2 ab

870.9 a
870.9 a
814.6 a

36.0 a
36.4 a
32.7 a

TABLE 5. Parameter estimates of multiple regressions comparing age and concentration serum testosterone to measures of antler size in male
white-tailed deer (n 5 128) from a population in southeastern Oklahoma.

Dependent
variable R2

Intercept

Est. SE P

Age (years)

Est. SE P

Testosterone (ng/dL)

Est. SE P

Antler score1

Beam length
Antler points
Basal circum.
B & C score2

0.63
0.62
0.48
0.66
0.63

7.47
16.02

1.46
4.34

20.08

1.93
1.49
0.19
0.26
4.26

0.001
0.001
0.001
0.001
0.001

8.44
6.51
0.60
1.21

18.87

0.63
0.48
0.06
0.08
1.39

0.001
0.001
0.001
0.001
0.001

0.26
0.16
0.02
0.04
0.57

0.09
0.07
0.01
0.01
0.21

0.007
0.028
0.016
0.001
0.008

1 Antler score was determined as the mean of individual Boone and Crockett scores (Nesbitt and Wright 1981) for each antler.
2 Boone and Crockett scores were measured according to Nesbitt and Wright (1981).

circumference were more than 14% and 8% greater (P ,
0.05) for type 12 deer than types 11 or 22 deer, respectively.
Type 12 deer had a 21% greater (P , 0.05) mean antler score
and a 13% greater length of main beams than type 11 deer,
whereas these antler traits did not differ from type 22 deer.
Although measures of antler size tended to be greater for type
22 than type 11 deer, statistical significance was not apparent
(P . 0.05). Relative and absolute asymmetry of antlers
(score, number of points, length of main beam, and basal
circumference) did not differ (P . 0.10) among groups of
deer with different genetic characteristics. Field-dressed body
mass and skull length were about 5% greater (P , 0.05) for
type 12 than type 11 deer, but were similar (P . 0.05) be-
tween types 12 and 22 deer (Table 4). Body length, chest
girth, and mean testicular mass did not differ (P . 0.05)
among deer from the three MHC types.

We found that both age and testosterone were positively
associated with (P , 0.05) and accounted for significant var-
iation in antler characteristics (Table 5). Mean antler score
increased 0.26 6 0.09 (mean 6 SE) points, main beam length
increased 0.16 6 0.07 cm, number of antler points increased
by 0.02 6 0.01, basal circumference increased 0.04 6 0.01
cm, and Boone and Crockett score increased 0.57 6 0.21
points for each nanogram increase in serum testosterone. Re-
gressions of Boone and Crockett score, mean antler score,
main beam length, and basal circumference with age and
testosterone produced R2 $ 0.62, whereas number of antler
points had R2 5 0.48 when regressed against age and tes-
tosterone. Concentrations of serum testosterone in deer with
Odvi-DRB type 12 were 75% greater (P 5 0.031) than type
22 deer (Fig. 1). Type 12 deer that were 2.5 years old also
had greater (P 5 0.043) concentrations of serum testosterone
than 2.5-year-old deer from with type 22 genetics. This trend
was not apparent in other age classes. Concentrations of se-
rum testosterone in type 11 deer did not differ (P . 0.05)

from those deer with type 12 or type 22 genetic characteristics
within age classes or overall.

Total abundance of abomasal nematodes was 735.7 6 52.7,
with abundance estimates ranging from 20 to 3200 nema-
todes. We identified six species of abomasal nematodes and
mean abundances ranged from 3.0 to 504.0; Haemonchus
contortus (25.8 6 11.0; mean 6 SE), Apteragia odocoilei
(504.0 6 35.0), A. pursglovei (3.3 6 1.5), Ostertagia dikmansi
(148.3 6 16.7), O. mossi (58.4 6 9.8), and O. ostertagia (3.0
6 1.6). Statistical analyses of A. pursglovei and O. ostertagia
were not possible because each were found in fewer than five
deer. Mean number of nematode species within the aboma-
sum of each deer was 2.6.

Levels of serum testosterone were not associated with
abundances of total abomasal nematodes (P 5 0.934), H.
contortus (P 5 0.564), A. odocoilei (P 5 0.368), O. mossi (P
5 0.174), O. dikmansi (P 5 0.738), or sternum ticks (P 5
0.367). Similarly, intensity or prevalence of infection were
not associated with (P . 0.05) levels of serum testosterone.
In contrast, multiple regression analysis revealed that total
abundance of abomasal nematodes was negatively associated
(P 5 0.050) with mean antler score (Table 6). However,
individual species of nematodes were not associated (P .
0.05) with antler size. Our index of ectoparasitic ticks was
positively associated with antler size (P 5 0.033) and body
mass (P 5 0.001).

DISCUSSION

We observed significant associations between the Mhc-
DRB and development of secondary sexual characters (e.g.,
antlers) in white-tailed deer. Deer that possessed Mhc-DRB
alleles from both evolutionary clades (type 12 deer) generally
had greater age-adjusted development of antlers. Previous
studies using electrophoretic analysis have suggested that
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FIG. 1. Mean, age-specific levels of serum testosterone from male,
white-tailed deer with different allelic composition at Odvi-DRB.
Numbers in parentheses are sample sizes.

TABLE 6. Parameter estimates for multiple regressions comparing age and abundance of select parasite species to mean antler score (dependent
variable) of white-tailed deer from a population in southeastern Oklahoma.

Species

Parasite abundance
(number/host)

Est. SE P

Age (years)

Est. SE P

Intercept

Est. SE P R2

Haemonchus contortus
Apteragia odocoilei
Ostertagia mossi
O. dikmansi
Total1

Ticks2

20.33
20.17
20.20
20.55
20.22

0.08

0.26
0.13
0.19
0.22
0.11
0.04

0.202
0.211
0.287
0.815
0.050
0.033

8.79
9.00
8.81
8.99
8.96
9.31

0.68
0.67
0.86
0.85
0.66
0.72

0.001
0.001
0.001
0.001
0.001
0.001

8.7
11.0

9.9
7.6

13.3
4.6

2.3
3.4
3.5
2.8
3.5
2.1

0.001
0.001
0.006
0.009
0.001
0.032

0.61
0.61
0.59
0.58
0.61
0.66

1 Total abomasal parasites.
2 Index of ectoparasitic ticks measured by counting ticks within a specified area of the sternum.

heterozygosity at select protein-coding loci is associated with
increased development of antlers (Smith et al. 1983; Scribner
et al. 1984, 1989; Scribner and Smith 1990) and growth of
other tissues (Chesser and Smith 1987) in deer. Our obser-
vations provide the first evidence of an association between
the MHC and antler development. An association has been
observed between MHC genotype and spur length in pheas-
ants (von Schantz et al. 1996, 1997), but additional insights
into MHC-driven development of secondary sexual charac-
ters have yet to be reported.

According to the handicap principle (Zahavi 1975; Zahavi
and Zahavi 1997), development of large antlers should be
driven by genetic advantages that result in superior condition
and thus serves as an honest signal of individual quality.
Whereas degree of antler development represents a male’s
ability to allocate energy and nutrients to antler growth during
the previous year, other morphological measures (e.g., body
mass, skull length) are more representative of an individual’s

condition over the course of their life. We found that deer
with alleles from both Mhc-DRB evolutionary lineages (type
12) had greater body mass and skull length than type 11 deer,
suggesting that the MHC variability measured in these in-
dividuals may be an important determinant of fitness via its
influence on nutritional condition and ultimately reproductive
success. Previous work has indicated that body mass and
antler size are important criteria for establishing dominance
and maximizing mating success in cervids (Townsend and
Bailey 1981; Clutton-Brock et al. 1982). Thus, male white-
tailed deer with Mhc-DRB alleles from divergent evolutionary
clades may maximize potential lifetime fitness because of
greater resource allocation to body growth and antler devel-
opment.

Although most models of the handicap principle propose
testosterone-driven immunosuppression as an advertisement
of genetic quality (Ligon et al. 1990; Folstad and Karter
1992), nutritional stress imposed by antler development may
signal genetic quality as well. The importance of nutrition
to antler development and body condition in deer is well
documented (French et al. 1956; Ullrey 1983; Asleson et al.
1997), and it is probable that extreme nutrient requirements
imposed by antler growth may compete for resources required
by a functioning immune system (Lochmiller and Deerenberg
2000). It follows then that males that develop large antlers
demonstrate strength and genetic quality to competitors by
maintaining good health during a potentially stressful period
of their life history. We posit that male deer with Mhc-DRB
alleles from both evolutionary clades (type 12) are better able
to cope with nutritional stresses associated with antler de-
velopment (at least under the prevailing environmental con-
ditions of this study) and to advertise this ability by maxi-
mizing antler development.

Contrary to our initial expectations, antler asymmetry was
not associated with genetic characteristics. Fluctuating asym-
metry is a measure of deviation from perfect bilateral sym-
metry in development of traits that are normally symmetrical
(Van Valen 1962). Asymmetry is proposed to result from an
individual’s inability to adequately cope with environmental
stress (Nilsson 1994). It has been suggested that degree of
asymmetry could indicate levels of stress experienced by or-
ganisms (Leary and Allendorf 1989) and genetic quality of
individuals in terms of ability to eliminate or cope with en-
vironmental stress (Møller 1990; Thornhill and Sauer 1992;
Min 1997). Considering that males with alleles from both
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evolutionary clades (type 12) had greater body mass and
antler development than their counterparts, it follows that
these individuals either were more efficient at obtaining food,
had greater metabolic efficiency, or used some other mech-
anism to increase resource allocation to production. Nutri-
tional stress has been shown to increase asymmetry in antlers
of sika deer (Cervus nippon; Baccus and Welch 1982) and
roe deer (Capreolus capreolus; Pelabon and van Breukelen
1998). However, any disparity in nutritional stress experi-
enced by deer of this study with different Mhc-DRB char-
acteristics was not expressed in antler asymmetry.

Circulating levels of testosterone, like antler development,
also serve to advertise genetic quality during the breeding
season through development of secondary sexual characters
and modifications in behavior. Testosterone is important in
stimulating reproductive behavior of most species during the
breeding season, and the literature is replete with information
documenting increases in displays and aggressive reproduc-
tive behaviors following testosterone supplementation (Ket-
terson and Nolan 1992). In white-tailed deer, testosterone has
been found to be important for expression of rutting behaviors
such as rubbing, scraping, and sparring and ultimately es-
tablishing dominance (Miller et al. 1987). Physical stresses
resulting from such testosterone-mediated activity commonly
result in elevated levels of mortality for male deer during
and immediately following the breeding season (Clutton-
Brock et al. 1982; Gavin et al. 1984; Ditchkoff 2000). Be-
cause of stresses placed on male deer during rut and the
positive association that testosterone has on rutting behav-
iors, testosterone levels should be influenced by a deer’s ca-
pacity to cope with stress. Ligon et al. (1990) stated that
testosterone acts to channel physical condition into external
advertisements of condition; thus, individuals in good con-
dition should have the greatest levels of testosterone. Our
data support this idea because type 12 deer had levels of
serum testosterone that were up to 75% greater than type 11
and 22 deer.

The good-genes theory predicts that highly ornamented
males should have the lowest parasite burdens because of
genetic quality. We found that total abundance of abomasal
nematodes was correlated negatively with antler size when
controlling for age, suggesting that antlers can serve as an
honest advertisement of quality. Although we did not detect
significant relationships between abundances of specific spe-
cies of nematodes and antler size, there tended to be negative
relationships for all species. Mulvey and Aho (1993) found
that heavy infections of liver flukes (Fascioloides magna) in
white-tailed deer can reduce antler development, and Hibler
and Adcock (1973) reported that disease can negatively in-
fluence antler development. Similar relationships have been
reported for red jungle fowl (Gallus gallus), where males
experimentally infected with an intestinal nematode had dull-
er combs and hackle feathers and shorter combs and tail
feathers than control males (Zuk et al. 1990a,b). Saino et al.
(1995) found that ectoparasite infestation was correlated neg-
atively with tail length in the barn swallow (Hirundo rustica),
and Watve and Sukumar (1997) reported that tusk length in
male Asian elephants (Elaphus maximus) was associated neg-
atively with intestinal parasite load.

Contrary to our intestinal helminth data, ectoparasitic ticks

were correlated positively with antler size. Previous work has
demonstrated that density of ectoparasites increases as host
body size increases in African ungulates (Mooring and Mun-
dy 1996; Gallivan and Horak 1997). We also detected a pos-
itive association between density of ectoparasitic ticks and
body mass. This positive relationship between antler size and
parasite density may be an artifact of body size and results
from colinearity of body mass and antler development.

We anticipated that testosterone levels would influence
parasite loads positively because of the immunosuppressive
properties of androgenic hormones (Grossman 1985; Folstad
et al. 1989; Saino et al. 1995), but the timing of our sampling
may have precluded detection of any potential relationships.
Testosterone levels begin to rise during August and Septem-
ber and peak during October and November (Bubenik 1983)
in white-tailed deer, the period during which we collected
samples. If there is a lag in parasite response to rising sys-
temic testosterone, then we may have collected our samples
before testosterone-parasite relationships were detectable.

Males possessing Odvi-DRB alleles from different lineages
tended to have greater antler development and body size than
deer with two alleles from the same lineage, suggesting an
indirect association between the MHC and intrasexual ad-
vertisement. Additionally, the MHC was associated with tes-
tosterone levels during the breeding season, which are related
positively to antler development and breeding effort. High
testosterone levels are indicative of deer that are in good
condition and can cope with stresses imposed by extensive
breeding activity and subsequent pathogenic challenges. Par-
asite burdens tended to be lower among large-antlered deer,
providing support for the hypothesis that antlers are an honest
signal of genetic quality.

It is not our intention to suggest that MHC loci code for
antler development or body size, but rather that general char-
acteristics of the MHC may be evident in phenotypic ex-
pression of adult, male white-tailed deer. We have briefly
described pathways by which the MHC could influence phys-
ical characteristics or hormone levels in white-tailed deer to
illustrate indirect effects that the MHC may have on devel-
opment of secondary sexual characters and ultimately in-
trasexual advertisement. We thereby have created a model
that supports essential components of the handicap principle,
although several caveats regarding this study must be men-
tioned.

As discussed by Edwards and Hedrick (1998), interpreting
patterns of selection on the MHC is difficult for a number
of reasons. First, the MHC is a tightly linked gene complex
consisting of class I, II, and III loci, and it is not clear how
these loci interact. We cannot discount the possibility of in-
fluences of other linked or epistatic loci on Odvi-DRB alleles,
overlap in the peptide repertoires of individual MHC alleles,
or importance of loci outside the MHC to parasite resistance.
We must also note that our grouping of alleles into two evo-
lutionary lineages and then considering only individuals con-
taining alleles from both lineages as heterozygotes masks
many true heterozygotes. Although we realize this is a po-
tentially confounding factor in our study, it was not possible
to perform statistical analyses to address the objectives of
the study without this evolutionary classification. Previous
studies documenting strong associations between MHC loci



623GOOD-GENES ADVERTISEMENT IN DEER

and parasite resistance (Kaufman and Wallny 1996) and be-
tween MHC loci and sexually selected traits (von Schantz et
al. 1996) have used molecular techniques (restriction frag-
ment length polymorphisms) with even less resolution, which
by their very nature fail to reveal much of the variation pre-
sent and mask the effect of many heterozygote individuals.

Finally, although it is not yet clear how variation in the
Mhc-DRB would provide an immunological advantage, Pat-
erson et al. (1998) detected a significant association between
MHC variation, juvenile survival, and parasite resistance in
a large, unmanaged population of Soay sheep (Ovis aries).
Paterson et al. (1998) suggested that different MHC alleles
may exhibit different associations with parasites at various
stages during life, possibly reflecting the complex interac-
tions between helminth parasites and the vertebrate immune
system. They further stated that this complex interaction
could lead to heterozygous individuals demonstrating great-
est overall fitness.

Given these caveats, it is interesting to note that calcula-
tions of expected and observed frequencies of MHC geno-
types among male deer in this population showed a significant
deficiency of MHC homozygotes relative to Hardy-Weinberg
expectations. The calculated selective advantage of hetero-
zygotes over homozygotes (Edwards and Hedrick 1998) of
0.122 can be interpreted as suggesting that allelic diversity
at the Odvi-DRB exon 2 locus is being maintained by some
form of heterozygote advantage. Alternatively, this selective
differential may be due to correlation of MHC genotype and
antler size, and the deficiency of MHC homozygotes may be
caused by disassortative MHC-based mating preferences, as
has been reported for mice (Mus spp.; Potts et al. 1991; Potts
and Wakeland 1993; Eklund 1997) and humans (Homo sa-
piens; Wedekind et al. 1995; Wedekind and Furi 1997) and
suggested for ring-necked pheasants (Phasianus colchicus;
von Schantz et al. 1996).

Undoubtedly, additional work is needed to improve our
understanding of genetic advertisement through phenotypic
expression. Specifically, we should focus on improving our
understanding of how the MHC affects condition so that we
can better interpret the indirect manner in which the MHC
influences intrasexual advertisement. Moreover, additional
loci need to be examined to determine how representative
any one locus is of the entire MHC. Such studies will help
to improve our understanding of MHC variability, which cur-
rently is a topic at the forefront of evolutionary ecology.
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