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Abstract

Under sexual selection, genitalia typically undergo rapid and divergent evolution
across species and competition between the sexes over control of fertilisation may drive
the co-evolution of male and female sexual traits. Sexual selection can, therefore,
influence genitalia in three fundamental but non-mutually exclusive ways: 1) cryptic
female choice, 2) sperm competition and 3) sexual conflict. Golden moles
(Chrysochloridae) are a highly specialised family endemic to sub-Saharan Africa. We
examined intra-specific genital allometry of both male and female subterranean Hottentot
golden moles (Amblysomus hottentotus). Consistent with previous studies in mammals,
we found positive allometry and a high coefficient of variation (CV) for male genitalia.
The results for female reproductive tract length of A. hottentotus contrast with the

findings of previous studies as isometry was recorded. Based on the allometric



relationships of both males and females presented here, we suggest that the males do not
sequester females and that in the absence of visual cues the female may use penis size as

an indicator of phenotypic quality.
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Introduction

Genitalia typically undergo rapid and divergent evolution across species when
under sexual selection (Eberhard, 1985; Arnqvist, 1997; Arngvist, 1998; House &
Simmons, 2003; Hosken & Stockley, 2004). In addition, competition between the sexes
over the control of reproductive decisions may drive the co-evolution of male and female
sexual traits (Arnqvist, 1997). Sexual selection can influence genitalia in three non-
mutually exclusive ways: 1) cryptic female choice, 2) sperm competition, and 3) sexual
conflict. Under cryptic female choice the prediction is that variation in male genital traits
will be related to male fertilisation success; therefore, non-random fertilisation success
would be expected among males (Arnqvist, 1997). Sperm competition occurs when the
ejaculates of multiple males compete for the fertilisation of an ovum (Hosken &
Stockley, 2004; Parker, Ball, Stockley & Gage, 1997; Mgller & Birkhead, 1989).
Arngvist (1997) suggested that irrespective of whether males compete directly (via
genital morphology) or indirectly (via their ability to stimulate/coerce female sperm use),
an element of sperm competition will always be present. The sexual conflict scenario
proposes that conflict between the sexes over the control of fertilisation decisions

influences the evolution of genitalia (Hosken & Stockley, 2004; Caizergues &



Lambrechts, 1999) which may result in an evolutionary arms race between the sexes in
the struggle for the control over reproduction, resulting in the co-evolution of elaborate
genitalia (Rice & Holland, 1997; Hosken & Stockley, 2004; Caizergues & Lambrechts,
1999).

Allometric studies (how organs change in size in relation to changes in body size)
on genitalia are a useful way of examining the role of sexual selection in the evolution
and diversification of these organs and potentially identifying the roles of the three
proposed selective features above. Sexually selected traits usually show positive
allometry and high phenotypic variation, intimating that the traits increase in size more
than would be expected for concomitant body size changes (negative allometry is a less
than expected increase in size and isometry is a proportional increase in size) and that
directional selection favours wide variation in gene diversity contributing to the trait.
Studies on genital allometry have, however, shown a variety of patterns, with arthropod
genitalia generally exhibiting a negative allometric relationship between genital size and
body size of males (Arngvist, 1998; Eberhard et al. 1998) as predicted by the ‘one size
fits all” hypothesis (where males, regardless of body size, have genitalia that fit average-
sized females, Eberhard 1985). This pattern reflects the sclerotized, inflexible nature of
the arthropod genitalia (e.g. Le Roux et al. 2008). For the small, but increasing, number
of studies on mammals the opposite pattern has generally been observed (e.g. Tasikas et
al. 2009; Manjerovic et al. 2008; Kinahan et al. 2008; Kinahan et al. 2007; Liipold et
al. 2004; Miller & Burton, 2001). Kinahan et al. (2007), one of the first studies to
include females in the studies of mammal genital allometry, found positive allometry and

high coefficients of variation for both male genitalia and female reproductive tract length



in the African Cape dune mole-rat (Bathyergus suillus) implying an active role of sexual
selection in the evolution of that species’ genitalia.

Miller & Burton (2001), Lupold et al. (2004) and Kinahan et al. (2007) suggested
that penis size (as a good genes, phenotypic quality indicator) and positive allometry
would play a role for mammals that cannot rely on visual cues to male quality, such as
seals in murky water, bats in roosts and mole-rats in lightless burrows respectively
(cryptic female choice). The positively allometric testes of B. suillus also imply a role for
sperm competition (Kinahan et al. 2007). Kinahan et al. (2008) extended this hypothesis
to other mole-rat species, and predicted that positive allometry of penises at least may not
necessarily be a general pattern for mammals but would be found in those species with
the least likelihood of demonstrating any pre-copulatory mate choice. Qualified support
for the hypothesis was found in that the social mole-rats species with more complex
courtship did not demonstrate positive allometry of the penis as predicted; interestingly
neither did another solitary species (Georychus capensis) that was assumed to have a
similar mating system to B. suillus, but in G. capensis male seismic drumming during the
breeding season may have a role in female assessment of potential mates (Bennett &
Jarvis, 1988).

Golden moles (Chrysochloridae) are a highly specialised family endemic to sub-
Saharan Africa (Bronner & Bennett, 2005). A group clustered into the Afrotheria, a
clade of mammals that probably originated in Africa (see Tabuce et al. 2008), golden
moles are totally fossorial and effectively blind. They are cryptic to humans, indicating
their presence with slightly raised ridges of soil above their shallow burrows. Very little

is known about its behaviour except that females are polyoestrous and aseasonal breeders



(Skinner & Chimimba, 2005; Schoeman et al. 2004). We hypothesised that if mating
strategies are a major predictor of genital allometry (as suggested for bathyergid mole-
rats; Kinahan et al., 2007, 2008), and if this applies generally to subterranean animals
with limited visual acuity then predictions could be made about the mating strategies of
the phylogenetically very different golden moles that fill a similar subterranean niche.
Similar genital allometric relationships to bathyergids would imply similar mating
strategies. In this study we therefore examined intra-specific genital allometry of male

and female subterranean Hottentot golden moles (Amblysomus hottentotus).

Methods and Materials

Amblysomus hottentotus is endemic to South Africa and is one of the more
widespread chrysochlorids being regarded as a pest on golf courses and lawns in
KwaZulu-Natal. As part of a pest control programme, A. hottentotus were captured from
San Lameer (30°56'S, 30°18'E) and Margate (30°50'S, 30°21'E) in KwaZulu-Natal
Province, South Africa. The golden moles were captured by digging out with a hoe and
were killed on site with an overdose of halothane anaesthetic and were subsequently
stored in 70% ethanol. We fortuitously acquired a total of 159 specimens (90 females, 69
males) collected by the green keepers as part of an eradication programme by the golf
course. Body measurements recorded were body length (nose to the base of the tail),
length of skull (tip of bony part of the nose to the back of the skull), width of skull
(widest part of the zygomatic arch), front right foot (tip of the longest toe to the tip of the
heel of the foot [SU]) and hind right foot (tip of the longest toe to the tip of the heel of the

foot [SU]). Body length was used as an indicator of body size, since body mass varies



with individual body condition and across the seasons (see Kinahan et al. 2007, 2008).
As adulthood is difficult to identify by tooth wear in afrotherians because of
unpredictable tooth eruption patterns (Asher and Olbricht, 2009), we relied on body size
as an indicator of adulthood.

Measurements were taken of the reproductive tract length, penis length, testes
mass and epididymes mass (dry mass of both left and right). The abdomen of each
female was dissected open and the reproductive tract length measured by recording the
length from the vaginal opening to where the uterine horns separate. Two penises were
dissected out and examined under a scanning electron microscope for evidence of penile
spines (see Parag et al. 2006 for methods).

All lengths and widths were recorded using digital calipers to the nearest
+0.01mm; mass was recorded on a digital scale to £0.001g. Each measurement was taken
twice for repeatability which was examined by conducting a regression analysis of
measurement one upon measurement two (Hosken et al. 2005; Kinahan et al.,2007). The
averages of the two measurements for each trait were used in the analyses and left and
right testes and epididymes mass were averaged. To reduce the effect of sampling
variability, all measurements were taken by the same person (T.A.R.).

The statistical methods used for this study follow those used by Kinahan et al.
(2007) using Excel. Data was log-transformed to meet the assumptions of normality. An
ordinary least square analysis (OLS) was undertaken to examine the relationships
between traits where the slopes of the regression lines were tested for a significant
deviation from zero (Bo). This was followed by a reduced major axis regression (RMA)

to test for allometric relationships (Lipold et al., 2004, Kinahan et al., 2007). For the



RMA regressions, t-tests were used to examine deviations of the slope of the regression
line from a slope of one ($1). When =1 in RMA regression, an isometric relationship
was inferred, however when 3 > 1, positive allometry was inferred; similarly, when B <1,
negative allometry was inferred. The coefficients of variation were calculated using the
standard method (Sokal & Rohlf, 1995) and were compared across traits using a modified

chi square analysis to compare coefficients of variation (Zar, 1984).

Results
Table 1 summarises the measurements taken for each trait in both males and
females. Amblysomus hottentotus exhibits sexual dimorphism, with males having a

significantly longer mean body length than females (t-value = 5.59, df = 96, P < 0.001).

Table 1 Summary data on the range of measurements taken for each trait examined in each sex of

Amblysomus hottentotus

Body traits Sex Minimum  Maximum  Mean SE
Body length (mm) Male 74.46 97.21 86.55 0.88
Female 60.24 94.81 79.37 0.89
Hind foot (mm) Male 12.47 15.18 14.00 0.09
Female 10.78 14.69 12.97 0.11
Front foot (mm) Male 9.79 12.30 10.98 0.09
Female 8.91 12.43 10.53 0.10
Skull width (mm) Male 15.90 20.40 18.11 0.14
Female 14.18 19.40 16.69 0.14
Skull length (mm) Male 28.99 37.08 31.89 0.23
Female 26.87 33.39 29.88 0.20
Vagina depth (mm) Female 2.67 4.49 3.79 0.07
Penis length (mm) Male 1.22 2.48 1.74 0.05
Testes mass (g) Male 0.0005 0.0106 0.0030 0.0005
Epididymes mass (g)  Male 0.0001 0.0021 0.0008 0.0001




The penis of the male showed no spines or other structures. Table 2 shows the summary
statistics for both OLS and RMA analyses on measured traits. RMA was conducted only
where the ordinary least square regression deviated significantly from zero as according
to Sokal & Rohlf (1995) RMA can overcome scale dependence and when there may be

measurement error in independent and dependent variables.

Table 2 Summary statistics for ordinary least squares (OLS, testing for a significant deviation from a slope
of zero, Po) and reduced major axis regression (RMA, testing for a significant deviation from a slope of
one, fB;) analyses for male Amblysomus hottentotus. The percentage coefficient of variation (%CV), the
sample size (N) and the correlation coefficients for each trait (r) are also listed. RMA was carried out only
if OLS regression showed a significant relationship between traits. The CV of body length is 7.03%. (a)
All non-genital traits (y-axis) regressed against body length (x-axis). (b) Penis length, testes mass and
epididymes mass (y-axis) regressed against body length (x-axis). (c) Testes mass and epididymes mass (y-

axis) regressed against penis length (x-axis).

N R Bo = SE t value B, + SE t value Allometry  %CV
(@ Hind foot 47 0.15 0.09+0.19 101 4.14
Front foot 47 0.32 025+0.25 225 5.44
Skull length 48 -0.08 -0.06 £ 0.23 -0.54 4.94
Skull width 48 0.14 0.10+0.24 0.98 5.17
(b) Penis length 31 0.44 1.18+1.00 2.67 2.66+1.00 3.75 Positive 16.79
Testes mass 28 0.11 144 +£583 0.56 80.41
Epididymes mass 25 0.32 3.06£431 161 54.55
(c) Testes mass 28 0.53 265+190 3.17 503+190 4.81 Positive
Epididymes mass 25 0.50 226+186 2.75 455+186 431 Positive

Males showed no relationship between body length and any of the non-genital
measurements. Positive allometry occurred for penis length but no relationship was

found for testes mass or epididymis mass. The CV was markedly higher for penis length



(exhibiting positive allometry), testes mass and epididymes mass than for the non-genital
traits.

Females showed no relationship between body length and three of the four non-
genital traits (hind foot, skull length and skull width) while front foot length and body
length showed a negative allometric relationship (Table 3). Reproductive tract length
was isometric with body length but a higher CV was found for reproductive tract length

than for the body measurements.

Table 3 Summary statistics for ordinary least squares (OLS, testing for a significant deviation form a slope
of zero, By) and reduced major axis regression (RMA, testing for a significant deviation from a slope of
one, fB,) analyses for female Amblysomus hottentotus. The CV of body length is 8.04%. (a) All non-genital
traits (y-axis) regressed against body length (x-axis). (b) Reproductive tract length (y-axis) regressed

against body length (x-axis). All traits are against body length

N R Bo = SE t value B; £ SE t value Allometry  %CV
(a) Hind foot 51 0.26 0.18+0.22 1.88 5.88
Front foot 51 0.44 0.33+0.22 3.38 076 £0.22 -242 Negative 6.47
Skull length 52 0.14 0.08+0.18 1.01 4.77
Skull width 52 0.06 0.04+0.23 0.43 5.97
(b) Reproductive tract
length 36 0.60 0.76 £0.39 443 1.25+039 147 Isometric 10.94
Discussion

Sexually selected traits typically exhibit positive allometry with high phenotypic
variation since they have been subject to long-term directional selection (Pomiankowski
& Mgller, 1995). In this study we found positive allometry and a high CV in the
genitalia of male Amblysomus hottentotus, which is typical of sexually selected traits and

has been supported by previous studies on mammals (Miller & Burton, 2001; Lupold et



al., 2004; Kinahan et al., 2007; Manjerovic et al., 2008). In the first study of allometry
performed on female mammals, Kinahan et al. (2007) found positive allometry and a
high CV for female reproductive tract length in Bathyergus suillus. Our findings contrast
somewhat with those of Kinahan et al. (2007) as isometry, but a high CV, was found for
the female reproductive tract length of A. hottentotus. In addition to reproductive tract
length, we observed negative allometry for front foot length, although this result was only
obtained for females. Although it is difficult to identify with confidence the evolutionary
forces acting upon A. hottentotus genitalia, we discuss our results in the light of results
obtained by Kinahan et al. (2007) for B. suillus, an animal that occupies a similar
ecological niche to the golden mole.

Amblysomus hottentotus is an aseasonally reproductive mammal (Schoeman et
al., 2004). Females are polyoestrous and produce small litter sizes of one or two
offspring (Bernard et al. 1994). The absence of penile spines on the penis supports the
hypothesis that females are spontaneous ovulators (see Parag et al. 2006). As A.
hottentotus is effectively blind and subterranean nature, pre-copulatory mate choice by
females based on visual assessment of males seems unlikely. There is some evidence to
suggest that females communicate their ovulatory status to males acoustically (N.C.
Bennett, unpub. data) and that scent marking may play a role in finding mates (they have
large olfactory lobes; N.C. Bennett pers. obs.) as has been supported for European mole
(Talpa europaea) (Mellanby 1966). Males will attempt to reach females and mate with
them and it is possible that several males may converge on a female during her receptive

period as territories appear to be small (0.02 ha; Kuyper 1979) and are likely to overlap
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as do those of the Namib desert golden mole (Eremitalpa granti namibensis) (Fielden
1991).

Penis length may confer a benefit for males in terms of likelihood of paternity. In
theory, a longer penis would enable a male to deposit an ejaculate closer to the site of
fertilisation within the female reproductive tract (Kinahan et al., 2007). This would
benefit males undergoing sperm competition with the ejaculates of other males. Testes
mass has also been shown to be positively associated with sperm competition in
mammals (Harcourt et al. 1981; Gage & Freckleton, 2003) since larger testes produce
proportionally more spermatozoa (Gage, 1995). However, no allometry was found for
either testes or epididymes masses of A. hottentotus when regressed against body length.
These results suggest that for females unable to judge males visually, penis length may be
used as a good genes indicator during copulation, as has been suggested for bats (Liipold
et al. 2004). However, genitalia are thought to have co-evolved in both sexes (Eberhard,
1985; Minder et al. 2005; Kinahan et al. 2007), and the same pattern was not found in
female golden moles. We suggest that multiple oestrus events per year may allow
females to mate with several males and perhaps only allow complete copulations from
males with the largest penises, or in some other way manipulate their ejaculates. In other
words, their investment lies in iteroparity rather than reproductive tract length.

No relationships were found to exist between any of the non-genital traits and
body length in the male; however, negative allometry was found for front foot length in
the females. The ‘pleiotropy hypothesis’ (Mayr 1963) suggests that high inter-specific
variation in genitalia is because co-evolution occurs between genetically correlated

characters and the effects on genitalia are therefore incidental and selectively neutral.
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Pleiotropy does not explain why this would be seen in genitalia more than in other
organs. Adaptive advantages of the observed allometry in length of the highly modified
front foot in the females as opposed to males is difficult to ascertain, however, and the
possibility of pleiotropy cannot be ruled out although positive allometry has been
observed in the femur and tibia lengths of certain vertebrates (Lammers and German
2002, Farlow and Pianka 2000). Consistent with results obtained by Pomiankowski and
Magller (1995) coefficients of variation were notably higher in sexual than in non-sexual
traits (see also Rowe and Houle, 1996).

The mole-rat Bathyergus suillus is a solitary, subterranean mammal that occupies
a similar ecological niche to A. hottentotus although it is a seasonal breeder and an
induced ovulator. Although it might be predicted that A. hottentotus would demonstrate
similar genital allometry to B. suillus, (Kinahan et al. 2007) our results show some
intriguing differences. Both species showed sexual dimorphism, although it is much
greater in B. suillus where males may attempt to monopolise several females and
compete, both physically and through sperm competition with other males (Thomas et al.
2009, Kinahan et al. 2007). This shows a marked contrast to the behaviour of A.
hottentotus where there is no evidence that males sequester or control females (N.C.
Bennett unpub. data). Sexual selection would, however, be acting strongly on both penis
length and sperm production in B. suillus, where the risk of sperm competition may be
high during the breeding season. As A. hottentotus is an aseasonal breeder with
spontaneous ovulation, sexual selection may have favoured investment in penis length to

increase success through female choice. Therefore, although A. hottentotus and B. suillus
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occupy a similar ecological niche, their mating strategy, and consequently the
evolutionary forces acting upon their anatomy may be very divergent.

In conclusion, although it is difficult to determine the evolutionary forces and
mechanisms responsible for the evolution of genitalia, in this study we find support for
the sexual selection hypothesis as the major driving force of genital evolution. This is in
agreement with the findings of previous studies of genital allometry in mammals
conducted by Manjerovic et al. (2008), Kinahan et al. (2007, 2008), Tasikas et al. (2007)
and particularly Lipold et al. (2004) where the role of the penis as a good genes indicator
was mooted. We support the sexual selection hypothesis for several reasons (adapted
from Kinahan et al., 2007), even though positive allometry of both male and female
genitalia was not found for A. hottentotus. Firstly, there is support accumulating for
sexual selection as the driving force responsible for the evolution of genitalia, and the
lack of support for e.g. the pleiotropy hypothesis. Secondly, the high phenotypic
variation obtained in this study for genital traits is consistent with qualities associated
with sexually selected traits. Thirdly, the benefits of investing in sexually selected
structures must out-weigh the costs for sexually selected traits (Green, 1992). Any
associated costs of the increased investment in penis length would be negated or greatly

reduced through the greater reproductive benefits for the males.
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