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Genetic variability and viral seroconversion
in an outcrossing vertebrate population
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Inverse correlations between genetic variability and parasitism are important concerns for conservation

biologists. We examined correlations between neutral genetic variability and the presence of antibodies

to canine distemper virus (CDV) and feline parvovirus (FPV) in a free-ranging population of raccoons.

Over 3 years there was a strong relationship between age and seroprevalence rates. Most young animals

were seronegative to CDV and FPV, but the oldest age class was greater than 80 per cent seropositive to

both viruses. CDV-seropositive animals had greater heterozygosity and lower measures of inbreeding

compared with CDV-seronegative animals. This relationship was strongest among the youngest animals

and did not occur during a 1 year CDV epidemic. In contrast, FPV-seropositive animals only had signifi-

cantly lower measures of inbreeding in 1 year, perhaps because FPV-associated mortality is relatively low

or primarily occurs among very young individuals that were under-represented in our sampling. These

results suggest that even in large outcrossing populations, animals with lower heterozygosity and higher

measures of inbreeding are less likely to successfully mount an immune response when challenged by

highly pathogenic parasites.
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1. INTRODUCTION
Heterogeneities in the extent of parasitism among individ-

uals in a population are a virtual given [1]. A central

theme in disease ecology is attempting to understand

why infections are aggregated across hosts, with some

individuals more likely to become infected than others.

The contribution of an individual’s general level of gen-

etic variability to the likelihood of contracting a

pathogen and overcoming exposure is unclear. The level

of genetic variability possessed by an individual is closely

associated with its fitness [2,3], and recent attention has

focused on links between genetic variability and parasit-

ism or disease resistance as a mechanism underlying this

association. Individuals with high coefficients of inbreed-

ing or reduced heterozygosity may have increased parasite

loads, and inbred individuals may be more likely to die of

disease than outbred individuals [4–14].

Many of these studies have assessed levels of genetic

variability using neutral loci such as microsatellites,

which are most often found in non-coding regions and

are unlikely to directly affect pathogen resistance.

Recently, studies have found that variance in the inbreed-

ing coefficient ( f ) within a population may affect

correlations between genetic variability and fitness. The

association is strong in more inbred individuals with

increased homozygosity [15] and weaker in relatively

outbred individuals. This ‘general effect hypothesis’

predicts that any populations with low variance in f

will have weak or non-existent correlations between

heterozygosity and fitness [16–18].
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Such correlations have received extensive attention

owing, in part, to their potentially profound importance

in fields such as conservation biology [19]. Much of the

work that forms the basis for our understanding of

relationships between genetic variability and parasitism

derives from contrasting highly inbred individuals or popu-

lations with outbred (control) individuals or populations,

captive experiments or from island populations or popu-

lations that have gone through bottlenecks [4–9,20,21].

These studies show that extreme loss of variability is associ-

ated with increased susceptibility to parasites.

We examined genetic and demographic correlates of

canine distemper virus (CDV) and feline (¼raccoon) par-

vovirus (FPV) seroconversion in free-ranging raccoons

(Procyon lotor) to test the hypothesis that correlations

between genetic variability and parasitism also occur in

large outcrossing populations if the pathogen has the

potential to strongly influence fitness. Raccoons are

among the most common mid-sized mammals of North

America, and CDV and FPV infections are important

non-anthropogenic sources of mortality for raccoons

[22–24]. Young emerge from the den by around two

months of age, at which time they can be exposed to

either or both of these pathogens. CDV is primarily

spread through aerosol droplets and FPV is primarily

spread through contact with an infected animal’s body

fluids or faeces. We addressed whether genetic variability

may be mediating mortality by examining relationships

between genetic variability and survival from exposure

to CDV and FPV. Under an assumption that levels of neu-

tral genetic variation are surrogates for measures of

adaptive genetic variation owing to a subset of the target

loci being linked to functional loci [25,26], we tested (i)

whether genetic variability differed between animals that

have not been exposed to CDV or FPV and those that
This journal is q 2010 The Royal Society
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have successfully seroconverted (i.e. survived infection),

and (ii) whether these associations were best observed

in the context of general heterozygosity, the extent of

inbreeding, or the extent of outbreeding. We predicted

adults that lack antibodies for these pathogens will have

lower genetic variability than those that have antibodies.

The underlying justification here is that CDV and FPV

can cause relatively high levels of mortality (greater than

25%) among many carnivore species including raccoons

[27–31], and that infected individuals with low levels of

genetic variability would be less likely to mount successful

immune responses.
2. MATERIAL AND METHODS
We collected blood samples from raccoons across 10 sites in

Missouri, USA during 2005–2007 as part of a broader

examination of raccoon disease ecology [32,33]. All sites

were located on state, federal, or university conservation or

research areas within 60 km of Columbia, MO, USA. Sites

consisted of second growth oak (Quercus spp.) and hickory

(Carya spp.) forest with a maple (Acer spp.) and cedar

(Juniperus virginiana) understory. Based on telemetry and

recapture data on over 500 individuals, no animals have

ever been observed to move between sites [34], but given

their proximity to one another and a lack of major

geographical barriers such as rivers, gene flow among

the populations is likely [35]. Disease owing to viruses

(excluding raccoon rabies virus that does not currently exist

in Missouri) and severe winter weather appear to be the

primary non-anthropogenic causes of raccoon mortality in

the region.

Trapping occurred at all 10 areas in 2005 but we only

included data from six of the areas in 2006 and 2007,

because the behaviour of raccoons at four sites was altered

by the placement of feeding stations, which may have influ-

enced parasite prevalence and abundance [34,36,37]. Traps

(Tomahawk no. 207.5, Tomahawk Live Trap Co., Toma-

hawk, WI, USA) were baited with mackerel and checked

daily. Raccoons were immobilized with an injection of keta-

mine hydrochloride and xylazine [38], marked with metal

ear tags, weighed, sexed, measured and aged into one of

five age classes based on the tooth wear patterns described

by Grau et al. [39] as amended by Monello & Gompper

[32]: kits ¼ 0–5 m; I ¼ 6–14 m; II ¼ 15–38 m; III ¼ 39–

57 m; and IV ¼ over 58 m. Because kits represented only a

small portion of the total sampled population, these individ-

uals were lumped with age class I individuals. A blood sample

was collected from each individual via femoral venipuncture.

Animals were released at the site of capture following

recovery from anaesthesia.

We tested each individual for exposure to CDV and FPV

using Biogal Immunocomb ‘dot’-ELISA kits (Biogal-Galad

Labs, Kibbutz Galad, Israel) for IgM and IgG antibodies.

Based on manufacturer’s instructions, results are quantified

in S units on a scale of 0–6. While these kits provide

quantitative titre evaluations, we treat the results as

presence–absence data because of the potential for an

animal’s titre to fluctuate over time [40]. Cut-off values for

a positive response for IgG and IgM analyses occurred at

S2 for both FPV and CDV (ca � 1 : 32 IgG titre using a

haemagglutination inhibition test or a serum neutralization

test, respectively). IgM antibodies appear early in the

course of an infection, and thus an IgM-positive (IgMþ)
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individual was assumed currently infected or recently re-

exposed. In the absence of IgM antibodies, an IgG-positive

(IgGþ) result indicated an individual had overcome viral

exposure. An IgM-negative/IgG-negative (IgM2/IgG2)

individual was assumed not to have been exposed to the

virus. Individuals who are IgMþ/IgGþ included those who

have previously generated a successful immune response

but have recently been re-exposed as well as those who had

recently been exposed for the first time but for whom the

outcome of this exposure was unresolved.

Total genomic DNA was extracted from blood samples

using DNeasy Tissue Kits (Qiagen, Valencia, CA, USA).

Individuals were genotyped using 12 unlinked nuclear

microsatellite loci [41]. For each individual we used program

IRmacroN3 (W. Amos, Cambridge University) to calculate

three measures of genetic variability: observed heterozygosity

(Ho), internal relatedness (IR) and heterozygosity weighted

by locus (HL). Observed heterozygosity is the proportion

of heterozygous loci and represents general levels of genetic

variability. Internal relatedness is a measure of microsatellite

diversity that weights homozygotes for rare alleles more heav-

ily than homozygotes for common alleles since the former are

more likely derived from related parents, and thus gives a

measure of the extent of inbreeding [42,43]. A similar and

perhaps more accurate measure of inbreeding may be HL,

which weights more informative loci in proportion to their

allelic variability [44].

Seroprevalence (% of examined individuals diagnosed as

seropositive) to each pathogen was calculated using one

sample from each individual. We randomly selected one

sample from recaptured individuals with more than one anti-

body test. We contrasted these measures of seroprevalence to

the age and sex of sampled animals with X2-tests. The

exposure status of each individual was assessed in the year

in which it was captured. However, the exposure event may

have occurred in years prior to the capture year. Therefore,

we did not examine (age)�(year) or (sex)�(year) inter-

actions. Because individual raccoons were potentially

related to one another, and thus potentially genetically

non-random, we used randomization tests to assess the stat-

istical relationships between measures of disease exposure

and measures of genetic variability. We calculated differences

in means of genetic parameters for seropositive and seronega-

tive individuals and then conducted 10 000 randomizations

of the data using program RT v. 2.1 (West Inc., Cheyenne,

WY, USA) and quantified the per cent of the

randomizations that were greater than the observed mean.
3. RESULTS
(a) Viral seroprevalence

Across all individuals and all years, IgGþ seroprevalence

to CDV and FPV was 61.2 and 50 per cent, respectively

(n ¼ 197). There was considerable between-year var-

iance, especially for CDV, as an outbreak occurred in

2007 resulting in an approximate doubling of seropreva-

lence of IgM and IgG antibodies relative to the previous

years (figure 1a). The overall proportion of the popu-

lation that was IgMþ at the time of capture was lower

(FPV: 9.4%; CDV: 17.8%; n ¼ 202) than for IgG,

although with similar between-year variability

(figure 1a). This IgMþ cohort included individuals who

were IgMþ /IgG2 (FPV: 2.6%; CDV 4.1% over all

years, n ¼ 196) as well as those who were IgMþ/IgGþ
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Figure 1. Seroprevalence (% exposed) of CDV and FPV sub-
divided by IgM and IgG antibody production among
raccoons (a) over 3 years (IgM: n ¼ 202; IgG: n ¼ 197),

and (b) over all 3 years combined and subdivided by
age class (IgM: n ¼ 199; IgG: n ¼ 193). Light grey bar,
FPV-IgM; open bar, FPV-IgG; dark grey bar, CDV-IgM;
black bar, CDV-IgG.
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Figure 2. (a) Per cent of raccoons (n ¼ 193), subdivided by

age class, who were seropositive for zero (23.3% of animals
across all years), one (42.0%) or two (34.7%) viruses
(CDV and FPV). (b) Mean number of IgGþ seroconversions
for raccoons, subdivided by age class and year of capture. (a)
Open bar, zero virus; grey bar, one virus; black bar, two

viruses.
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(FPV: 7.1%; CDV 13.8%). The per cent of animals who

were never exposed to FPVor CDV (IgM2/IgG2) varied

across years from 38.2 to 55.7 per cent for FPV and from

8.6 to 59.0 per cent for CDV (over all years: FPV ¼

47.4%; CDV ¼ 34.7%).

(b) Age and seroconversion

There was a strong relationship between age and sero-

conversion (FPV: X2 ¼ 35.468, d.f. ¼ 5.000, p , 0.001;

CDV: X2 ¼ 19.792, d.f. ¼ 5.000, p ¼ 0.001). Most

young animals were seronegative to FPV and CDV, but

the oldest age class was greater than 80 per cent sero-

positive for both viruses (figure 1b). When data on FPV

and CDV were combined, individuals in the youngest

age class were never found to have contracted or over-

come exposure to both viruses (figure 2a). In contrast,

among older age classes, most animals had been exposed
Proc. R. Soc. B (2011)
to at least one of the viruses, and for age class IV þ , no

individuals were found who had not been exposed to at

least one of the viruses, and most had been exposed to

both viruses (figure 2a). This pattern held for each of

the 3 years of examination, although values were higher

in each age class in 2007, reflecting the CDV epizootic

that occurred that year (figure 2b). There were no signifi-

cant differences in the seroconversion of males and

females (FPV: X2 ¼ 0.21, d.f. ¼ 1, p ¼ 0.886; CDV:

X2 ¼ 2.632, d.f. ¼ 1, p ¼ 0.105).
(c) Genetic variability and seroconversion

Measures of genetic variability were calculated for 151

individuals. Overall, populations showed high levels of

heterozygosity and outbreeding, and low levels of

inbreeding (figure 3), but with considerable variability

(mean+ s.d.: Ho ¼ 0.789+0.123; IR ¼ 0.010+0.145;

HL ¼ 0.201+0.119). Heterozygosity was negatively

skewed while the other measures were positively skewed,
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Figure 3. Histograms of genetic variability for 151 raccoons
from 10 populations in Missouri, USA. Measures of genetic
variability are expressed as (a) observed heterozygosity (Ho),
(b) heterozygosity weighted by locus (HL), and (c) internal
relatedness (IR).
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indicating the presence of some individuals whose geno-

types reflected lower heterozygosity and higher levels of

inbreeding (figure 3).

Of the 151 individuals with genetic data, viral exposure

data were available for 147 individuals, a small number of

whom were sampled in multiple years, resulting in

pathogen � genetic data for 56 individuals in 2005, 51

in 2006 and 54 in 2007. For FPV, there were no signifi-

cant differences in any genetic measures between

seropositive and seronegative individuals captured in
Proc. R. Soc. B (2011)
2005 and 2006 (table 1). In 2007, however, IR and HL

were both greater in seronegative individuals. There

were no significant differences in any of the genetic

measures when the data were subdivided by age class

(table 1). In contrast to FPV, CDV showed differences

across the 3 year study, with this pattern principally

driven by differences that occurred in 2005 and 2006,

but not in 2007. In 2005 and 2006, animals that were

CDV seropositive had greater mean Ho (þ0.06 to

þ0.08) and reduced mean IR (20.07 to 20.10) and

HL (20.06 to 20.08) than animals that were CDV sero-

negative (table 2). When the data were examined by age

class, differences were most apparent in the youngest indi-

viduals, where CDV-seropositive individuals had greater

mean Ho and CDV-seronegative individuals had lower

levels of IR and HL.
4. DISCUSSION
In many raccoon populations as well as populations of

other species in the order Carnivora, viral parasites such

as parvoviruses, morbilliviruses and rabies virus may be

important non-anthropogenic causes of mortality

[30,45]. This is especially true for distemper and paro-

viruses, which are often enzootic and can cause high

rates of juvenile mortality [46,47]. While it is unclear

what portion of young raccoons were exposed to these

pathogens in this study, ca 25 per cent of age class I rac-

coons (6–14 months) were seropositive to FPV, and ca 40

per cent were seropositive to CDV suggesting relatively

high rates of early exposure, since many young individuals

probably do not survive the initial exposure event. In gen-

eral, neonatal mortality of raccoons is high (e.g. Gehrt &

Fritzell [24] report neonate survival of ca 52–65% and

partial or complete mortality for 18 of 33 litters), and

although the sources of this mortality are usually

unknown, studies of other carnivore species suggest that

pathogen exposure may be important [48,49]. However,

pathogen exposure is not limited to young individuals;

the per cent of the population that had successfully sero-

converted increased with age, and among the oldest age

groups, the vast majority of individuals were seropositive

for both pathogens. Thus in this system, animals are

likely to eventually be exposed to both pathogens and

must either seroconvert or die.

Given that individuals must seroconvert to survive, the

results presented here support the hypothesis that the

level of genetic variability found in an individual is funda-

mentally important in predicting the likelihood that the

individual will successfully seroconvert when exposed to

highly pathogenic parasites. While variability at neutral

microsatellite loci is unlikely to affect the ability of an

individual to seroconvert, the level of variability may pre-

dict levels of functional genetic variation needed to mount

an immune response to these diseases (e.g. [26]). The

CDV results reveal that those individuals who have sur-

vived previous exposure had greater genetic variability

(Ho) and lower levels of inbreeding (IR and HL) than

those individuals who were seronegative (and who there-

fore had yet to be exposed to CDV). We interpret these

results as indicating that more inbred individuals with

lower levels of genetic variability are less likely to survive

exposure to CDV.



Table 1. Differences in observed mean measures of genetic variability between feline parvovirus (FPV) seronegative and FPV-

seropositive raccoons, subdivided by year and age class. Positive values indicate seronegative animals had greater means for
the metric of interest. Values in parentheses represent the per cent of 10 000 randomization trials that resulted in mean
differences greater than the observed differences. Values in bold represent those greater than expected by chance (a , 0.05).

sample size (n) obs. DHo (% .obs.) obs. DIR (% .obs.) obs. DHL (% .obs.)

year
2005 56 0.0051 (42.05) 0.0113 (38.67) 20.0001(50.30)
2006 51 20.0343 (83.76) 0.0403 (16.06) 0.0335 (15.90)
2007 54 20.0119 (60.46) 0.0747 (3.74) 0.0642 (3.25)

all years 147 20.0187 (81.82) 0.0289 (11.66) 0.0217 (13.95)

age
I 18 0.0001 (51.21) 0.0088 (45.53) 0.0012 (49.20)
II 60 20.0385 (87.87) 0.0624 (5.33) 0.0415 (9.87)
III 37 0.0120 (39.10) 20.0026 (52.65) 20.0045 (54.65)

IV 37 20.0347 (76.81) 0.0238 (33.22) 0.0258 (28.81)

Table 2. Differences in observed mean measures of genetic variability between canine distemper virus (CDV) seronegative

and CDV-seropositive raccoons, subdivided by year and by age class. Positive values indicate seronegative animals had greater
means for the metric of interest. Values in parentheses represent the per cent of 10 000 randomization trials that resulted in
mean differences greater than the observed differences. Values in bold and italics represent those greater than expected by
chance at a , 0.05 and , 0.01, respectively.

sample size (n) obs. DHo (% .obs.) obs. DIR (% .obs.) obs. DHL (% .obs.)

year
2005 56 20.0596 (96.77) 0.0728 (3.34) 0.0611 (2.81)

2006 51 20.0781 (99.26) 0.1003 (0.44) 0.0782 (0.64)

2007 54 20.0119 (60.46) 0.0124 (41.62) 0.0152 (36.85)
all years 147 20.0366 (96.45) 0.0443 (3.43) 0.0371 (3.08)

age
I 18 20.1422 (97.27) 0.1772 (1.62) 0.1402 (3.08)

II 60 0.0190 (26.61) 20.0145 (65.92) 20.0194 (74.55)

III 37 20.0663 (92.92) 0.0764 (7.83) 0.0612 (8.14)
IV 37 20.0414 (76.92) 0.0582 (18.89) 0.0521 (17.57)
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Interestingly, however, similar patterns were not as

clear for FPV. A significant relationship was observed

between FPV seroconversion and measures of inbreeding

(both IR and HL), but not measures of general

heterozygosity, for only 1 of the 3 years of the study.

Little is known about the dynamics of parvoviruses in

free-ranging carnivore populations, and that which is

known derives principally from a single intensively

studied population of wolves (Canis lupus). In wolves,

canine parvovirus (CPV) is a newly emerged pathogen

that can limit population size via high pup mortality

[47,48]. High pup mortality owing to CPV in unvacci-

nated domestic dog populations may also occur [29,50].

While FPV is known to kill raccoons [29], if much

of the mortality among newly exposed animals is mani-

fested in juvenile individuals with waning levels of

maternal antibodies (i.e. 2–4 months; [51]), we may

have missed the opportunity to explicitly test for a link

between FPV and genetic variability because kits were

under-represented in our sampling.

Seroconversion to CDV was correlated with hetero-

zygosity and measures of inbreeding for 2 of the 3 years

of the study. CDV is a highly virulent pathogen of

domestic and wild carnivores [28], including raccoons

[22,23]. While clinical CDV disease is best understood

in dogs where it is predominantly seen in young individuals

[31], in raccoons all age classes may be affected [22].
Proc. R. Soc. B (2011)
Nonetheless, the pattern of CDV seropositive individuals

having higher Ho and lower IR and HL was most appar-

ent among the youngest individuals (age 6–14 months).

This pattern is similar to that reported by Rijks et al.

[12] who observed differences in heterozygosity, IR and

HL for juvenile, but not adult, harbour seals (Phoca vitu-

lina) who were infected by either of two species of highly

pathogenic lungworms, compared with those individuals

who were not infected. Only in 2007 when the rise in

IgG values and doubling of IgM values indicate a CDV

epidemic occurred in the raccoon population did these

differences not occur. An explanation for the lack of

differences associated with 2007’s increased exposure is

not apparent. These between year differences should be

treated with caution, however, because animals (except-

ing age class I) may have been exposed to CDV in

years prior to when they were assayed. Furthermore,

multiple strains of CDV may potentially circulate

within raccoon populations and strains may vary in

virulence [52].

Collectively, these results indicate that the link

between reduced heterozygosity and increased suscepti-

bility to pathogens is not solely a phenomenon intrinsic

to taxa that have reduced genetic variability at a

population-wide scale (e.g. populations of conservation

concern or bottlenecked populations). Much of the

work that forms the basis for our understanding of
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relationships between genetic variability and parasitism

derives from contrasting highly inbred individuals or

populations with outbred (control) individuals or popu-

lations [6,7,9], captive experiments [5] or from island

populations or populations that have gone through bottle-

necks [4,20,21]. While those studies show that extreme

loss of variability is associated with increased suscepti-

bility to parasites, results of this study suggest that such

patterns may be the norm even in large outcrossing

populations.
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