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Inbreeding is typically detrimental to fitness. However, some animal populations are reported to inbreed without incurring inbreed-

ing depression, ostensibly due to past “purging” of deleterious alleles. Challenging this is the position that purging can, at best,

only adapt a population to a particular environment; novel selective regimes will always uncover additional inbreeding load. We

consider this in a prominent test case: the eusocial naked mole-rat (Heterocephalus glaber), one of the most inbred of all free-living

mammals. We investigated factors affecting mortality in a population of naked mole-rats struck by a spontaneous, lethal coron-

avirus outbreak. In a multivariate model, inbreeding coefficient strongly predicted mortality, with closely inbred mole-rats (F ≥
0.25) over 300% more likely to die than their outbred counterparts. We demonstrate that, contrary to common assertions, strong

inbreeding depression is evident in this species. Our results suggest that loss of genetic diversity through inbreeding may render

populations vulnerable to local extinction from emerging infectious diseases even when other inbreeding depression symptoms

are absent.
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Inbreeding depression, the negative fitness effects of mating

among relatives, has been well documented in laboratory, agricul-

tural, and natural settings (e.g., Charlesworth and Charlesworth

1987; Crnokrak and Roff 1999; Hedrick and Kalinowski 2000;

Keller and Waller 2002). Nonetheless, great variance exists in

the magnitude of inbreeding depression within and among pop-

ulations (e.g., Pray and Goodnight 1995; Lacy and Ballou 1998;

Haag et al. 2003) and some populations, despite high levels of

inbreeding, show little or no evidence of inbreeding depression

(e.g., Keane et al. 1986; Doums et al. 1996; Kalinowski et al.

1999; Visscher et al. 2001; Duarte et al. 2003; Bilde et al. 2005;

Peer and Taborsky 2005; Milot et al. 2007). Such a lack of in-

breeding depression is often attributed to “purging,” the removal
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of deleterious alleles by strong selection, during historical peri-

ods of extended inbreeding (Lande and Schemske 1985; Barrett

and Charlesworth 1991). Although there is empirical support for

reduced inbreeding depression with continued inbreeding (e.g.,

Barrett and Charlesworth 1991; McCall et al. 1994; Crnokrak and

Barrett 2002), recent studies, both theoretical (Wang et al. 1999;

Wang 2000; Whitlock 2002; Glémin 2003) and empirical (Bar-

rett and Charlesworth 1991; Ballou 1997; Lacy and Ballou 1998;

Byers and Waller 1999; Crnokrak and Barrett 2002; Boakes et al.

2007), have demonstrated that purging is not always effective.

Alleles that are only deleterious under certain environmental con-

ditions, for example, will only be disfavored by natural selection

when those particular conditions arise (Bijlsma et al. 1999). Even

habitual inbreeders would thus be expected to still harbor alleles

that would be deleterious under some different, novel selection

regime.
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The eusocial naked mole-rat, Heterocephalus glaber, is a

classic example of a habitual inbreeder seemingly impervious to

inbreeding depression; “the only mammal species that has been

shown to undergo continuous close inbreeding with no obvious

effects of inbreeding depression” (Bromham and Harvey 1996).

An early microsatellite study of wild colonies suggested that over

80% of all mating occurs between first-degree relatives (Reeve

et al. 1990)—an unprecedented level of inbreeding among verte-

brates. The lack of inbreeding avoidance and the naked mole-rats’

intense xenophobia (Lacey and Sherman 1991) have been de-

scribed as “mechanisms that apparently minimize the chance of

ever outbreeding” (Jarvis et al. 1994). More recently, however,

some circumstantial evidence has emerged of some latent selec-

tion for outbreeding: O’Riain et al. (1996) and Braude (2000)

demonstrated the existence of rare dispersal morphs, and Clarke

and Faulkes (1999) and Ciszek (2000) demonstrated a weak mat-

ing preference for nonkin. However, in 25 years of intensive study

no overt signs of inbreeding depression have been reported. This

makes the naked mole-rat a particularly interesting case to test the

hypothesis that novel selection regimes may uncover inbreeding

depression.

In this study, we performed a retrospective investigation of

the effects of inbreeding on naked mole-rat mortality through a

spontaneous outbreak of a novel viral pathogen. In doing so, we

uncovered the first evidence of a substantial cost to continuous

close inbreeding in this species.

Methods
STUDY POPULATION

Our population, initiated with wild-caught founders from various

localities in Kenya, has been maintained since 1981 in custom-

built facilities at the University of Cape Town. Husbandry details

have been described previously by Jarvis (1991). Colonies typi-

cally comprised a single breeding pair and up to 55 nonbreeding

relatives of both sexes. In total, our sample comprised 365 animals

in 10 complete colonies: 209 males and 159 females, including

11 and 10 breeders of either sex, respectively. Age and body mass

were known for all animals (age: 5 to 273 months, mean 89.4 ±
60.4 SD; mass: 11.9 to 83.2 g, mean 35.7±12.7 SD). Furthermore,

for each individual, a single dam and sire could be identified with

certainty, on the basis of their distinctive morphologies and behav-

ioral profiles (Clarke and Faulkes 1998). Based on these records,

we constructed a pedigree for each individual (maximum length:

five generations) and used it to estimate a coefficient of inbreed-

ing (F) as per Wright (1922). Our study violates a key assumption

of Wright’s approach, however: that pedigree founders are un-

related. Population genetic studies (Faulkes et al. 1990; Reeve

et al. 1990) suggest that intracolony relatedness is typically very

high in wild naked mole-rats. Thus, here we explicitly assumed

that pedigree founders captured from the same exact locality (i.e.,

same colony) were siblings. Parallel analyses in which founders

were held to be unrelated yielded qualitatively concordant anal-

yses (results not shown). Inbreeding coefficients ranged from

F = 0 (outbred) through to F = 0.5 (highly inbred) with mean

F = 0.163 ± 0.158 SD.

DISEASE OUTBREAK

In September 2002, an emergent strain of virulent enteric coron-

avirus swept unchecked through our captive naked mole-rat study

population, causing acute diarrhea, dehydration, and severe enteric

hemorrhaging. The day of first exposure in each colony was deter-

mined from the first appearance of symptoms (dry, unused toilet

chamber), and in each case, the first deaths were recorded within

two days. Coronaviruses spread easily by faeco-oral or aerosol

transmission (Weiss and Navas-Martin 2005), so we assumed that

all individuals in a colony were exposed to the virus simulta-

neously. No attempts were made to medicate infected animals.

Mortality was monitored daily and dead animals were removed

immediately for identification and confirmation of the presence

of disease symptoms.

STATISTICAL ANALYSIS

To identify factors affecting survival, we used proportional haz-

ards regressions (Therneau and Grambsch 2002), implemented

with the PHREG procedure (with the TIES = exact option), in

SAS (SAS Institute, Cary, NC). Our data conformed to the as-

sumption of proportional hazards; no evidence of nonproportion-

ality was apparent in the smoothed, scaled Schoenfeld residual

plots (Therneau and Grambsch 2002) and the inclusion of a time-

dependent covariate had a nonsignificant effect (P = 0.09). Model

selection followed the “main-effects first” model-building strat-

egy of Hosmer and Lemeshow (2000). Only the effects shown in

Table 1 were entered into the final model; we excluded body mass

as an explanatory variable after preliminary runs showed that its

presence did not significantly improve the model (likelihood ratio

test: � 2 = 1.27; P = 0.26). All two- and three-way interaction

terms not shown in Table 1 were excluded in a similar fashion.

Because the 10 colonies were housed in three separate constant

environment rooms, we accounted for possible location effects by

stratifying the final model by “room number,” and nested within

that, “colony.” An unstratified model, however, yielded virtually

identical results. To assess the relative effect of different levels

of inbreeding on survival, we calculated hazard ratios (Therneau

and Grambsch 2002) for F at discrete values. Finally, inbreed-

ing depression was estimated in terms of the number of lethal

equivalents per gamete, calculated as per Kalinowski and Hedrick

(1998).
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Table 1. Factors affecting the probability of death during the coronavirus epizootic.

Variable df Parameter SE � 2 P Hazard 95% confidence
estimate ratio limits for hazard ratio

Inbreeding F 1 4.422 1.444 9.379 0.0022 83.295 4.914 1411.805
Age (months) 1 0.006 0.002 8.008 0.0047 1.006 1.002 1.011
Sex 1 0.362 0.179 4.078 0.0434 1.436 1.011 2.041
Breeding status 1 1.012 1.383 0.536 0.4642 2.752 0.183 41.399
Age × Breeding status 1 −0.017 0.006 7.677 0.0056 0.983 0.971 0.995
Sex × Breeding status 1 2.821 1.096 6.624 0.0101 16.789 1.959 143.863

Results
In just eight weeks, acute diarrhea, dehydration, and severe enteric

haemorrhaging associated with the coronavirus killed 161 of 365

animals (44.1%). Survival was significantly lower among more

inbred animals (Fig. 1). Statistically controlling for the effects of

other explanatory variables (Table 1), we found that offspring pro-

duced by half-sibling (F = 0.125) and full-sibling (F = 0.250)

parent pairs were, respectively, 174% and 302% more likely to die

than the offspring of unrelated parents (F = 0). Inbreeding depres-

sion in survival, measured as lethal equivalents, was calculated as

B = 1.13 (95% CI: 0.50–1.81).

Age was also highly significantly correlated with suscepti-

bility, with 10 years of age increasing mortality risk by 212.5%

among nonbreeders (Fig. 2). Sex too was a significant factor, with

females (143.6%) more likely to survive than males. Breeding

status interacted significantly with sex. Queens had high survival

despite their advanced age (eight of 10 survived), whereas only

two of 11 male breeders survived.

Figure 1. Kaplan–Meier plots showing the proportional survival

of highly inbred (F ≥ 0.25) versus outbred and mildly inbred naked

mole-rats (0 ≤ F ≤ 0.125) through the course of the coronavirus

outbreak. Open markers denote censored datapoints. Although

represented categorically here, inbreeding was treated as a con-

tinuous variable for all regression analyses.

Discussion
This study provides the first clear evidence of a substantial cost

to inbreeding in this habitual inbreeder. Inbred naked mole-rats

were significantly more likely to die than their outbred counter-

parts, displaying inbreeding depression of a magnitude similar

to that observed in other captive rodents (naked mole-rats: B =
1.13; other rodents: mean B = 1.15; calculated for n = 7 captive

taxa; Ralls et al. 1988). Note, however, that this estimate of lethal

equivalents does not account for variation in other variables (sex,

age, breeding status) that were found to affect mortality (Table 1),

and may thus be an underestimate. Moreover, this figure does

not account for Allee effects associated with the obligate social

lifestyle of naked mole-rats. In the wild, naked mole-rat colonies

persist under harsh environmental conditions because the coop-

erative efforts of multiple foragers enable them to exploit patchy

food resources. The loss of 87% of the workforce (as we observed

in one colony) would almost certainly lead to local extinction of

a wild colony. Thus, the true costs of inbreeding in the wild may

well be higher than the estimates presented here.

Figure 2. Comparison of selected variables’ effects on the risk of

death during the coronavirus epizootic. These values are derived

from hazard ratio estimates generated by the proportional hazards

model and reflect the change in likelihood of death following a

given change of a predictor variable from its base condition (i.e., 0

for continuous variables, females in the case of sex). Age and sex

effect estimates shown here apply to nonbreeders only.
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Mechanistically, inbreeding increases homozygosity, leaving

inbred individuals with lower genetic diversity than their outbred

counterparts. There is much interest in the relationship between

host genetic diversity (at key loci such as the major histocom-

patibility complex, as well as more generally in the genome) and

resistance to parasites and disease (O’Brien and Evermann 1988;

Hamilton et al. 1990; Hedrick 1994). The results of this study aug-

ment mounting evidence from a broad range of taxa that reduced

genetic diversity, as can arise through inbreeding, is associated

with increased susceptibility to infection (O’Brien et al. 1985;

Black 1992; Carrington et al. 1999; Coltman et al. 1999; Meagher

1999; Schmid-Hempel and Crozier 1999; Cassinello et al. 2001;

Hedrick et al. 2001; Messaoudi et al. 2002; Acevedo-Whitehouse

et al. 2003; McClelland et al. 2003; Reid et al. 2003; Spielman

et al. 2004; Wegner et al. 2004; Hawley et al. 2005; Calleri et al.

2006; Whiteman et al. 2006; Luong et al. 2007; Reid et al. 2007;

Seeley and Tarpy 2007).

Our secondary findings, that susceptibility increased with

age and was higher in males, both conform to established theory.

Immune responsiveness is known to decline with age in various

taxa (Adamo et al. 2001; Linton and Dorshkind 2004), with a

range of symptoms including a marked decline in T-cell produc-

tion. Similarly, a male bias in susceptibility is a well-documented

phenomenon (Klein 2000), and in vertebrates is hypothesized to

result at least in part from the immunosuppressive burden of testos-

terone (Folstad and Karter 1992). Our data provide circumstantial

support for this hypothesis, in that breeding males, which typi-

cally show highly elevated testosterone levels (Clarke and Faulkes

1998), were especially vulnerable to the virus. The high survival

among queens was unexpected, but may also have been partially

hormone driven: glucocorticoid stress hormones, also known to

be immunosuppressive (Sapolsky 1992), are typically lower in

naked mole-rat queens than in other colony members, except dur-

ing pregnancy (Faulkes and Abbott 1997). At such times stress

hormone levels are elevated, most likely in response to acute ener-

getic stress (Råberg et al. 1998), and immune function is typically

impaired (e.g., Nordling et al. 1998) Accordingly, of four mole-

rat queens pregnant at the onset of the infection, two aborted and

survived, whereas the two that carried their pups to full term suc-

cumbed to the virus. Other potential sources of energetic stress,

and hence immunosuppression, such as differences in nutritional

status (Gershwin et al. 1985), workload (Deerenberg et al. 1997),

or thermoregulatory burden (Nelson and Demas 1996), are un-

likely to have contributed substantially to these results because all

animals had lifelong access to ad libitum food and lived in a finely

regulated physical environment.

In this study, we have demonstrated that inbreeding is associ-

ated with increased susceptibility to a viral epidemic in a habitual

close inbreeder, ostensibly free from other inbreeding depression

effects. These results have important implications for our under-

standing of animal populations with reduced genetic variability.

Inbred individuals may remain more vulnerable to emergent in-

fectious diseases than their outbred counterparts, despite exten-

sive purging of the background genetic load. Thus, assessment

of inbreeding depression in the absence of severe disease out-

breaks may dramatically underestimate the true fitness costs of

inbreeding.

More generally, our results emphasize that purging cannot

remove deleterious alleles unless these alleles are exposed to se-

lection (Bijlsma et al. 1999). Alleles temporarily “hidden” from

selection, such as those conferring susceptibility to novel or rare

diseases, may accumulate over time without negatively affecting

fitness. However, when an appropriate pathogen is ultimately en-

countered, these alleles may start to strongly affect fitness and thus

will be exposed to selection. Our finding of increased mortality

among inbred mole-rats during a coronavirus outbreak reflects

such purging in action.
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