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ABSTRACT The major histocompatibility complex (MHC) is a gene complex closely linked to
the vertebrate immune system due to its importance in antigen recognition and immune response
to pathogens. As a result, the MHC has been considered a basis for genetic quality because of the
devastating impact that parasites and disease can have on fitness. To improve our understanding
of the MHC and parasite resistance in free-ranging species, we gathered data on genetics and
parasite loads of white-tailed deer (Odocoileus virginianus) to determine whether the DRB region
of the MHC contains alleles that are associated with abundance, intensity, and prevalence of
parasites. Mean abundance and intensity of abomasal nematodes were strongly associated with
phylogenetic groupings of Odvi-DRB alleles. Infection of ectoparasitic ticks was strongly associated
with Odvi-DRB alleles but had a positive association with alleles from a different evolutionary
lineage than abomasal nematodes. Our data suggest that allelic composition of the Mhc-DRB of
white-tailed deer in southeastern Oklahoma might represent a genetic trade-off. Deer with alleles
from the same Mhc-DRB evolutionary clade had strong resistance to one class of parasite, either
abomasal nematodes or ectoparasitic ticks, whereas deer with alleles from both lineages tended
to have moderate resistance to both pathogens, although weaker.

RESUMEN El compuesto mayor de histocompatibilidad (MHC) es un complejo del gene cer-
canamente ligado al sistema de inmunidad en vertebrados debido a su importancia en el recon-
ocimiento de antı́genos y a la respuesta inmunológica a los patógeno. Consecuentemente, el MHC
se ha considerado una base para la calidad genética debido al impacto devastador que los parásitos
y enfermedades pueden tener en el estado fı́sico. Para mejorar nuestro entendimineto del MHC
y de la resistencia del parásito en un rango-libre de especies recogimos datos sobre la genética y
carga parasitaria de los venados de cola blanca (Odocoileus virginianus) y ası́ poder determinar si
la región de DRB del MHC contiene alelos que se asocien con la abundancia, intensidad, y pre-
dominio de parásitos. La abundancia y la intensidad promedio de nematodos abomasales se en-
contraron fuertemente asociadas a agrupaciones filogenéticas de los alelos Odvi-DRB. La infección
de ectoparásitos (garrapatas) se encontró fuertemente asociada a los alelos de Odvi-DRB pero
tenı́a una asociación positiva con alelos de un linaje evolutivo distinto a los nematodos abomasales.
Nuestros datos sugieren que la composición alelica del Mhc-DRB en los venados de cola blanca
en el sudeste de Oklahoma puede representar una compensación genética. Los venados con alelos
de la misma evolución cladistica de Mhc-DRB tenı́an fuerte resistencia a una clase de parásito, ya
sea a los nematodos abomasales o a ectoparásitos (garrapatas), mientras que los venados con los
alelos de ambos linajes tendieron a tener resistencia moderada a ambos patógenos, aunque la
resistencia fue más débil.

The major histocompatibility complex
(MHC) is widely recognized as being closely
linked to the vertebrate immune system due to
its role in antigen recognition and immune re-

sponse to pathogens (Klein, 1986). Molecules
produced by the MHC bind to foreign anti-
gens and are then recognized by T-cells. This
recognition leads to T-cell activation, multipli-
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cation, and ultimately lysis of the infected cell
or antibody formation through an immune re-
sponse (Klein, 1986; Falk et al., 1991).

Because of the potential effects of the MHC
on body condition and fitness, it has been ex-
amined in a wide array of species, including
mammals (Trowsdale, 1995), birds (Edwards
and Potts, 1996), fishes (Dixon et al., 1995),
reptiles (Grossberger and Parham, 1992), and
amphibians (Radtkey et al., 1996). However,
most of our knowledge of the MHC in free-
ranging species has been limited to genetic or-
ganization, number of genes, and allelic diver-
sity. In addition to functioning in immune re-
sponse, several life-history traits seem to be in-
fluenced by genetic variation at MHC loci. For
example, lifespan, mate selection, testicular
volume, testosterone levels, egg and milk pro-
duction, and spontaneous abortion have been
associated with MHC-linked loci (Finch and
Rose, 1995; von Schantz et al., 1996). These
observations have led some (Finch and Rose,
1995) to refer to the MHC as a ‘‘life-history
gene complex’’ that directly influences fitness,
as has been proposed in a model for its involve-
ment in demography of animal populations
(Lochmiller, 1996).

The importance of the MHC to the life his-
tory of vertebrate species becomes apparent
when examining the potential impact that par-
asites can have on fitness. Parasites can nega-
tively influence fitness in vertebrate hosts by
competing for resources (e.g., energy and nu-
trients), transmitting diseases that place fur-
ther demands on the host, and causing sec-
ondary infection. Resources that would nor-
mally be used for maintenance, growth, or re-
production are lost or must be redirected to
mount an immune response. Individuals that
possess MHC characteristics enabling them to
mount a rapid, effective response to parasitic
assault might benefit from increased resources
available for growth or reproduction (Loch-
miller and Deerenberg, 2000) and reduced
risk of predation (Lochmiller, 1996).

We have long recognized intraspecific varia-
tion in parasite resistance, and recently, rela-
tionships between allelic variation of the MHC
and parasite-disease resistance have been doc-
umented (Blackwell, 1996; Lessard et al., 1996;
Outteridge et al., 1996). Furthermore, evi-
dence suggests that heterozygotes at the MHC
might have resistance to a greater number of

pathogens and exhibit greater fitness than ho-
mozygotes (Penn et al., 2002). These factors,
because of their implications, have resulted in
an abundance of studies on the MHC, and do-
mestic ungulates have begun to receive consid-
erable attention because of their economic im-
portance. Work with Soay sheep (Ovis aries) has
suggested that allelic variation of the MHC at
locus DRB is associated positively with juvenile
survival and resistance to intestinal nematodes
(Paterson et al., 1998). Alleles that were asso-
ciated with high parasite loads also were asso-
ciated with low survivorship, suggesting that
MHC-based resistance to parasites might be a
good measure of individual quality. Similarly,
in an effort to isolate alleles responsible for
resistance to abomasal helminths, it was found
that the DRB locus was important in parasite
resistance in sheep, and certain alleles were as-
sociated with lower fecal egg counts than other
more common alleles (Schwaiger et al., 1995).
Results from these studies suggest that resis-
tance to intestinal helminths in ungulates
might be associated with allelic variation at
Mhc-DRB.

While our understanding of the MHC is im-
proving with each new study, we are far from
having a complete understanding of the func-
tion and importance of this gene complex. In
this study, we investigated the role of the MHC
in parasite resistance in a free-ranging popu-
lation of white-tailed deer (Odocoileus virgini-
anus) by estimating densities of abomasal nem-
atodes and ectoparasitic ticks from hunter-har-
vested deer and determining allelic composi-
tion of the Mhc-DRB exon 2. We chose to study
the Mhc-DRB because it is highly variable, is in-
volved in immune defense against macropar-
asites, and has been the most widely studied
MHC locus in Artiodactyla (Mikko and An-
dersson, 1995; Swarbick et al., 1995; Mikko et
al., 1997; Van Den Bussche et al., 1999). We
examined exon 2 of the Mhc-DRB locus be-
cause it codes for the peptide binding region
of MHC molecules (Klein, 1986).

METHODS Study Area We collected data from
150 adult, male white-tailed deer that were harvested
by hunters during October and November 1995 and
1996 at the McAlester Army Ammunition Plant in
southeastern Oklahoma (348499N, 958559W). The
18,212-ha facility had been managed under objec-
tives of Quality Deer Management since 1989 (Ditch-
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koff et al., 1997), resulting in a mature herd, where
estimates suggested that .50% of the males in the
population were $3.5 y old (Ditchkoff et al., 2000).
Density of deer on the area was about 13 deer/km2

and the buck : doe ratio was approximately 1:2.2.
Parasite Collection Immediately following harvest,

deer were field-dressed and the abomasum removed,
tied at both ends with string to avoid loss of con-
tents, and frozen. Deer were aged by tooth wear and
replacement (Severinghaus, 1949). Abomasal con-
tents were removed, diluted with water to 1,000 mL,
and a 50-mL aliquot examined (Prestwood et al.,
1973). Total nematodes in the abomasum were cal-
culated by multiplying number of nematodes in the
50-mL aliquot by 20. Nematodes were identified
based upon structure of spicules and gubernacula
(Kubat et al., 1980). Ectoparasitic ticks (mainly Am-
blyomma americanum and Ixodes scapularis) were
counted on the sternum of each deer prior to field-
dressing using a 2.5-cm 3 12.5-cm template (Sams
et al., 1996), and the count was used as an index of
the degree of ectoparasite infestation.

We calculated abundance (average number of par-
asites of a specific species), intensity (average num-
ber of parasites of a specific species, excluding deer
that had zero), and prevalence (proportion of deer
with a specific species of parasite) of each species of
abomasal nematode (Margolis et al., 1982). Abun-
dance was defined as mean number of abomasal
nematodes per deer. We determined intensity of in-
fection by calculating mean number of nematodes
per deer that had .0 nematodes. Prevalence was the
percentage of deer that had .0 nematodes. We cal-
culated tick abundance but did not calculate inten-
sity or prevalence of ticks because prevalence ap-
proached 100%.

MHC Typing Following harvest, approximately 1
g of liver tissue was collected and placed in lysis buff-
er, and DNA was isolated following standard proto-
cols (Longmire et al., 1997). We conducted poly-
merase chain reaction (PCR) amplification of Mhc-
DRB exon 2 using primers LA31 and LA32 (Sigur-
dardottir et al., 1991). We identified allelic diversity
of Mhc-DRB exon 2 using a modification of the sin-
gle-stranded conformation polymorphism (SSCP)
analysis (Orita et al., 1989). A complete description
of genetic techniques was reported by Van Den Bus-
sche et al. (1999).

Previous methods used to examine associations
between parasites and the MHC in ungulates at-
tempted to identify alleles that were associated with
low parasite loads (Schwaiger et al., 1995; Paterson
et al., 1998). Because little is known about the MHC
in white-tailed deer and other cervids, we felt any
attempt to associate specific alleles with parasite
loads would be premature. Moreover, we detected
15 Mhc-DRB alleles in this population (Van Den Bus-
sche et al., 1999), which would limit our ability (e.g.,

statistical power) to detect associations between par-
asites and specific alleles. Therefore, we classified al-
leles into 1 of 2 allelic lineages based upon earlier
phylogenetic analyses (Van Den Bussche et al.,
1999). Evolution of Odvi-DRB usually occurs from
point mutations rather than recombination (Van
Den Bussche et al., 1999), resulting in lineages con-
taining alleles that are likely similar from a function-
al standpoint. Using the phylogenetic classification,
we were then able to categorize the Odvi-DRB pro-
files of our deer into 3 groups. 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 each
of the 2 lineages were categorized as Type 12. Se-
quence divergence between and within lineages was
reported by Van Den Bussche et al. (1999). This
method of classification has been used previously to
assess relationships between Mhc-DRB profiles and
antler development (Ditchkoff et al., 2001), and sim-
ilar classification techniques have been used by oth-
ers (Dorak et al., 1999, 2002) when analyzing MHC
data.

Statistics We compared parasite data between
deer with different genetic characteristics (e.g.,
Types 11, 12, and 22) using generalized linear mod-
els (PROC GENMOD; SAS Institute, 1993) with a
Poisson distribution and log link (Wilson et al.,
1996; Wilson and Grenfell, 1997). Generalized line-
ar models are a broad class of statistics that allow
analysis of data sets with a variety of distributions
(Agresti, 1996). Because generalized linear models
do not assume normality or homogeneity of variance
like linear models (e.g., ANOVA), we avoided inher-
ent problems associated with transformations that
do not satisfy all assumptions.

RESULTS We identified 15 Mhc-DRB alleles
in our population (Table 1) that were classified
into 2 evolutionary clades during a previous
study (Van Den Bussche et al., 1999). The fre-
quency of deer classified into Type 11, Type 12,
and Type 22 Odvi-DRB categories were 21.6%,
37.6%, and 40.8%, respectively. These data
were not in Hardy-Weinberg equilibrium (x2

1,2

5 7.25; P 5 0.027).
We identified 6 species of abomasal nema-

todes, Haemonchus contortus Rudolph (25.8 6
11.0; mean abundance 6 SE), Apteragia odocoilei
Dikmans (504.0 6 35.0), Apteragia pursglovei
Davidson and Prestwood (3.3 6 1.5), Ostertagia
dikmansi Becklund and Walker (148.3 6 16.7),
Ostertagia mossi Dikmans (58.4 6 9.8), and Os-
tertagia ostertagia Stiles (3.0 6 1.6), but A. purs-
glovei and O. ostertagia were each found in #5
deer, so statistical analyses on these species
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TABLE 1—Categorization of alleles of the Odvi-
DRB exon 2 found in white-tailed deer from south-
eastern Oklahoma into evolutionary lineages based
upon phylogenetic analysis. Evolutionary groupings
were based upon previous phylogenetic analysis
(Van Den Bussche et al., 1999).
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were not possible. Mean number of nematode
species within the abomasum of each deer was
2.6. Mean abundance of abomasal nematodes
(total nematodes of all species) in deer from
our study area was 735.7 (SE 5 52.7) nema-
todes/deer, with abundance estimates ranging
from 20 to 3,200.

Abundance of H. contortus was more than 8
times greater (P , 0.001) among Type 22 deer
than Type 11, and almost 4 times greater (P ,
0.001) among Type 22 deer than Type 12 deer
(Table 2). Type 12 deer had approximately
twice (P , 0.001) the abundance of H. contor-
tus than Type 11 deer. Abundances of O. mossi
and O. dikmansi followed a pattern similar to
H. contortus and were greater (P , 0.001)
among Type 22 deer than Types 11 or 12 deer
(Table 2). In contrast, Type 11 deer had great-
er (P , 0.001) abundance of A. odocoilei than
Type 22 deer. There were greater (P , 0.05)
mean intensities of H. contortus, O. mossi, and
O. dikmansi among Type 22 deer than Type 11
deer, but like abundance, intensity of A. odo-
coilei was greatest in Type 11 deer (Table 2). In
general, prevalence of infection with abomasal
nematodes followed patterns of abundance
and intensity. Mean abundance of ectoparasitic
ticks was greater (P , 0.001) in Type 11 deer
(24.6 6 4.9, n 5 27 deer) than Type 22 deer
(15.8 6 2.7, n 5 51 deer), but not (P 5 0.079)
Type 12 deer (22.5 6 4.4, n 5 47 deer). Tick
abundance was greater (P , 0.001) in Type 12
than Type 22 deer.
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DISCUSSION We detected significant rela-
tionships between abundance and intensity of
abomasal nematodes, and allelic composition
at Odvi-DRB exon 2. Individuals with both al-
leles from allelic lineage 1 (Type 11) had lower
infection levels of H. contortus than Type 22
deer, while Type 12 deer had intermediate lev-
els of infection. Similar trends were found with
A. odocoilei, O. mossi, and O. dikmansi. These
data suggest that alleles of Odvi-DRB are co-
dominant, a common trait among MHC loci.
Codominant alleles in the MHC theoretically
double the number of pathogens against which
a host can mount an immune response. Be-
cause of codominance, heterozygosity at MHC
loci could increase recognition of and re-
sponse to foreign pathogens, thereby decreas-
ing susceptibility to disease, and potentially in-
creasing lifetime fitness (Apanius et al., 1997).
Similar relationships were found when exam-
ining associations between resistance of sheep
to intestinal nematodes and characteristics of
the Mhc-DRB (Paterson et al., 1998). They not-
ed that some Mhc-DRB characteristics, through
suppression of parasite infestations, could lead
to increased probability of survival.

Because H. contortus is probably the most
pathogenic abomasal nematode of white-tailed
deer in North America (Prestwood and Kel-
logg, 1971; Prestwood et al., 1973), we expect
that selection pressures on the MHC by this
species would be greater than pressures exert-
ed by less pathogenic species, such as A. odo-
coilei, O. mossi, and O. dikmansi. Severe infec-
tion with H. contortus can result in lesions,
blood loss, and sometimes death (Prestwood
and Pursglove, 1981); however, we did not en-
counter severe infestations in our study. Apter-
agia odocoilei, O. mossi, and O. dikmansi, while
common in deer, rarely promote clinical symp-
toms or serious debilitation in their host
(Prestwood and Pursglove, 1981). Although
not as strong, we detected relationships similar
to those found with H. contortus between these
parasitic species and Odvi-DRB. These results
suggest that either different alleles in the same
evolutionary lineage are associated with these
abomasal nematodes, or the same alleles can
respond to all 4 species of nematode. Activa-
tion of immune response to suppress H. con-
tortus infections has been shown previously to
suppress other species of intestinal strongyles
(Stewart, 1953; Stewart, 1955).

Whereas individuals with alleles from line-
age 1 of Odvi-DRB had fewer abomasal nema-
todes, these same individuals had a greater
abundance of ectoparasitic ticks. Ticks are the
most important ectoparasite of deer in North
America and occur throughout most of their
range (Strickland et al., 1981). Although not
usually associated with mortality in adult deer,
their impact on neonates in this region can in-
directly increase risk of mortality (Logan, 1972;
Sams et al., 1996). Severe infestations can in-
duce blood loss, secondary infection, and dis-
ease transmission and can result in anemia,
weight loss, or death (Stewart, 1955). Our un-
derstanding of the MHC and its functionality
(e.g., peptide binding characteristics) suggests
that parasites as different as abomasal nema-
todes and ticks would be associated with, at the
very least, different alleles. Therefore, we do
not find it surprising that these parasites were
associated with different allelic lineages. Fur-
thermore, this discovery suggests that there
might be an immune tradeoff with regard to
allelic composition at this locus, because both
abomasal nematodes and ticks are prevalent
parasites in Oklahoma deer (Sams et al., 1996;
Sams et al., 1998) and at times can adversely
affect deer populations, as described earlier.
Considerable diversity has been documented
between allelic lineages of Odvi-DRB (Van Den
Bussche et al., 1999), which could be ex-
plained by the need for immune defenses for
multiple pathogens.

Hughes and Nei (1988) argued that what is
expected under the overdominant selection
model is that while one MHC allele is associ-
ated with resistance to one pathogen, another
MHC allele is associated with resistance to an-
other. The calculated selective advantage of
heterozygotes over homozygotes (Edwards and
Hedrick, 1998) of 0.122 coupled with the de-
ficiency of Odvi-DRB exon 2 homozygotes (Van
Den Bussche et al., 2002) is interpreted as sug-
gesting that allelic diversity at the Odvi-DRB
exon-2 locus is being maintained by some form
of heterozygote advantage and that different
allelic clades are associated with different path-
ogens. This suggests that there should be an
advantage for deer that have alleles from both
clades of Odvi-DRB alleles because of resistance
to a greater diversity of pathogens. Ultimately,
decreased parasitism because of these genetic
characteristics could lead to greater fitness
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through increased attractiveness to mates, so-
cial status, resource acquisition, and survival
(Prestwood and Pursglove, 1981; Borgia and
Collis, 1989). This has been found in adult,
male deer, where individuals with alleles from
both evolutionary clades of Mhc-DRB had
greater antler development and body size than
deer with alleles from the same evolutionary
lineage (Ditchkoff et al., 2001).

Although these data suggest that Odvi-DRB is
linked to infection levels of abomasal nema-
todes and ticks in white-tailed deer, it does not
imply that other portions of the MHC are not
involved with antigen recognition and immune
response to these classes of parasites. Our in-
vestigation was limited to a subset (n 5 15) of
alleles at 1 locus (DRB) of the MHC. Recent
work has resulted in the discovery of 3 new
Odvi-DRB alleles in white-tailed deer (Van Den
Bussche et al., 2002), and more alleles likely
exist, considering the high variability of the
vertebrate MHC (Edwards and Potts, 1996).
Furthermore, this study has proposed a new
mechanism to examine MHC-pathogen rela-
tionships. Whereas previous studies have re-
ported associations between specific alleles and
selected pathogens, we identified associations
between groups of alleles from the same evo-
lutionary lineage and selected pathogens. We
hypothesize that more than one allele might
be associated with some pathogens, particular-
ly those pathogens of high prevalence, such as
abomasal nematodes and ectoparasitic ticks
among white-tailed deer populations in
Oklahoma. MHC alleles from common evolu-
tionary lineages could have enough structural
similarity to provide immunologic defense
against the same pathogens. Whether this is
the case, we can only speculate. But this hy-
pothesis is easily testable by examining how
prevalence of MHC alleles from particular evo-
lutionary lineages changes regionally as para-
site communities change. We propose that the
white-tailed deer is a good model to test this
hypothesis because of the wealth of informa-
tion available regarding parasite communities
and life-history of deer, and the information
already available on the MHC in this species
(Van Den Bussche et al., 1999; Ditchkoff et al.,
2001).
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