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Naked mole-rats form colonies with a single reproductively active female surrounded by
subordinate workers. Workers perform offspring care, construction and defense of the
burrow system, and food supply. Such division of labor, called “cooperative breeding,”
is strongly associated with the evolution of monogamous mating behavior, as seen in
several mammalian lineages. This association is explained by the evolutionary theory of
kin selection, according to which a subordinate adult may help to raise other’s offspring
if they are in full sibling relationship. In conflict with this theory, the naked mole-rat is
widely considered to be polyandrous, based on reports on multiple males contributing
to a colony’s progeny. In order to resolve this contrast, we undertook an in-depth
microsatellite-based kinship analysis on captive colonies. Four independent colonies
comprising a total of 265 animals were genotyped using a panel of 73 newly established
microsatellite markers. Our results show that each mole-rat colony contains a single
monogamous breeder pair, which translates to a reproductive skew of 100% for both
sexes. This finding, also in conjunction with previously published parental data, favors
monogamy as the best-fitting model to describe naked mole-rat reproduction patterns.
Polyandry or other polygamous reproduction models are disfavored and should be
considered as exceptional. Overall, the empirical genetic data are in agreement with
the kin selection theory.

Keywords: naked mole-rat, cooperative breeding, monogamy, polyandry, kinship analysis, microsatellite marker

INTRODUCTION

The naked mole-rat (NMR; Heterocephalus glaber) is a rodent species outstanding for its
extraordinary longevity (maximum lifespan > 37 years) (Lee et al., 2020) cancer resistance (Tian
et al., 2013; Seluanov et al., 2018), adaptation to an underground hypoxic and hypercapnic habitat
(Smith et al,, 2011; Fang et al., 2014; Park et al., 2021), lack of fur (Thigpen, 1940; Braude et al.,
2001), and its cooperative social system (Jarvis, 1991). In NMR colonies a dominant reproductively
active female, called “queen,” is surrounded by subordinate workers, which take care of the
offspring, defend the burrow system, and dig tunnels for foraging on plant roots and tubers

Abbreviations: NMR, naked mole-rat.

Frontiers in Ecology and Evolution | www.frontiersin.org 1

May 2022 | Volume 10 | Article 855688


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2022.855688
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fevo.2022.855688
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2022.855688&domain=pdf&date_stamp=2022-05-11
https://www.frontiersin.org/articles/10.3389/fevo.2022.855688/full
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Szafranski et al.

NMR Monogamy

(Jarvis, 1991; Lacey and Sherman, 1991). Such division of labor
among sexually mature adults, termed “cooperative breeding,’
is also found in other mammals including wolfs, meerkats and
beavers (Wilson, 1975; Sparkman et al., 2011; Lukas and Clutton-
Brock, 2012). In these species, reproduction is significantly
skewed toward one mating pair per colony, which means their
breeding behavior tends to monogamy. It is assumed that the
NMR queen sustains her reproductive monopoly by suppressive
dominance behaviors, such as pushing and biting subordinates,
during parade walks across the colony (Faulkes and Abbott, 1993;
Van der Westhuizen et al., 2013). Thus, mole-rat workers usually
refrain from reproductive activity as long the queen is fertile and
dominant (Jarvis, 1991; Lacey and Sherman, 1991; Edwards et al.,
2021).

Queens can maintain their breeding privilege for up to
17 years (Jarvis, 1991). However, extensive reshaping of colonies,
which also affects the genetic composition, can occur by different
mechanisms. An opportunity to take over a queen position is
usually followed by social colony instability and violent fightings
between high-ranking individuals (Lacey and Sherman, 1991;
Van der Westhuizen et al., 2013). There is only a very small
chance that animals successfully migrate to other foreign colonies
(Braude, 2000) since NMRs have a fine smell- and vocalization-
based kin recognition and do aggressively discriminate against
foreign conspecifics (O’Riain and Jarvis, 1997; Buffenstein et al.,
2022). New colonies may be formed by colony splitting, inter-
colony fusion or as nascent colonies started by small groups
descending from different colonies (Braude, 2000).

Cooperative breeding is tightly linked with a monogamous
mating system, according to a thorough analysis of 14
independent cooperatively breeding mammal lineages (Lukas
and Clutton-Brock, 2012). According to this analysis it appears
that ancestors of cooperatively breeding mammals were all
monogamous and that cooperative breeding without monogamy
is unstable. Such a linkage is explained by the model of kin
selection, according to which a subordinate adult may help to
raise other’s young if it has a full sibling relation to the young
(Bourke, 2014). The altruistic behavior of the adult individual can
function as a selective trait due to the close genetic relationship
to the young sibling (50%, on average), and this is assumed to
balance the cost of the adults that refrain from reproduction.

However, according to the literature, the NMR is currently
viewed as polyandrous, meaning that a colony’s reproduction
is attributed to a single queen, but up to three breeding males
(Faulkes et al, 1997; Lacey and Sherman, 1997; Buffenstein,
2005; Lukas and Clutton-Brock, 2012; Buffenstein et al., 2022).
Primary evidence for this view refers to a single genetic study,
on a single colony, which identified two males that contributed
to colony offspring (Faulkes et al., 1997). A third male could not
be excluded from paternal contribution due to limited resolution
of minisatellite markers. Other studies based on behavioral
observation have reinforced the classification of NMR mating
behavior as polyandrous (Jarvis, 1991; Lacey and Sherman, 1991).
These are, however, less conclusive since it remains unresolved
whether copulation behavior leads to successful fertilization.
In fact, a number of parentage studies on other species has
revealed disagreements between observed mating behavior and

reproduction outcome (Goossens et al., 1998; Gagneux et al,
1999; Vigilant et al., 2001).

Taken together, limited primary evidence for a small
reproductive skew for males in NMR colonies leaves the question
if this species poses a specific challenge to the generalized
evolutionary model for cooperative breeding. In order to resolve
this peculiarity, we undertook an in-depth microsatellite-based
kinship analysis on four independent NMR laboratory colonies.
The results indicate a high reproductive skew for both sexes,
favoring monogamy as the mating model for this species, which
is in agreement with the kin selection theory.

MATERIALS AND METHODS

Animals

Naked mole-rat colonies Bl and B2 were kept at the IZW in
Berlin, with the approval to keep and breed NMR for research
purposes by the local ethics committee of the “Landesamt fiir
Gesundheit und Soziales,” Berlin, Germany (reference no. #ZH
156; September 23, 2008). The mole-rats were housed in an
artificial burrow system inside a climatized box (2 x 1 x 1 m?
size) consisting of eight acrylic glass boxes and interconnecting
tunnels. Temperature was adjusted to 25.0 £+ 2.0°C, and
humidity ranged from 40 to 70%. The chambers contained wood
shavings for bedding and unbleached paper tissue as nesting
material. Animals were fed with a mixed diet of vegetables,
fruits ad libitum and cereals were provided three times per
week. All newborns were marked within 12 h after birth as
previously described (Jarvis, 1991; Roellig et al, 2011) and
individual tissue samples were stored for later DNA extraction.
For permanent marking, all pups further received a transponder
microchip at an age of 3 months (7 x 1 mm size). Colony
B1 consisted of 6 adult females, including the known queen,
and 9 adult males when the monitoring started (September
2009). Over an observation period of 3 years the queen
bore eleven litters with a total of 130 pups (Table 1 and
Supplementary Figure 1). One pup could not be sampled for
analysis. Colony B2 consisted of 6 adult females, including the
known queen, and 5 adult males when the monitoring started
(May 2010). Over a period of 1 year the queen bore four litters,
comprising 50 pups, before she died in the course of rivalry
fights (Table 1 and Supplementary Figure 1). Another two
colonies, V1 and V2, were kept at the Vienna Zoo, Schonbrunn,
Austria. Burrow systems and feeding protocols were very similar
to those of colonies Bl and B2; temperature was regulated
via infrared lamps, adjusting temperature to 26.0 £+ 2.0°C.
When colonies arrived at the Vienna Zoo, colony V1 consisted
of six adult moles and colony V2 was already a breeding
colony with 33 moles, including 11 pups from the last litter.
After some successfully litters in V1 and V2, both colonies
ceased breeding, at least for 2 years. At the time of sample
collection (April 2012), colony V1 member size was 21 and
V2 size was 39 animals (Table 1), and both colonies contain
an unresolved mixture of adult and juvenile animals. Biopsies
from the tail tips were taken from all colony members using a
sterile scalpel.
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TABLE 1 | Parental analysis of NMR colonies using Mendelian exclusion approaches.

Colony Colony structure* Informative Exclusion | result Exclusion Il result
markers
V1 5m, 16 f 33 21 (100%) resolved animals n.a.
2 parents
3 orphans probably co-founders
V2 22m, 17 f 37 38 (97.4%) resolved animals 100% resolved animals
(1 ambiguous) 2 parents
2 parents
B1 Q,9m, 5f, 129 pups 27 127/111 (98.4/86.0%)" resolved pups 100% resolved pups
(2/18 ambiguous)” 1 father
1 father
2 co-founders represent early offspring
B2 Q, 5m, 51, 50 pups 27 49 (98.0%) resolved pups 100% resolved pups

(1 ambiguous) 1 father

1 father

*Abbreviations: Q = known queen, m = adult male(s), f = adult female(s). *2 pups with ambiguous descent if only founder animals were considered as parents (5 alternative
parental models), 18 pups with ambiguous descent if also paternal contribution of early-born male offspring was considered (46 alternative parental models). n.a. not

applicable.

Ultrasound Examination

Ultrasound investigations were executed in all four colonies
to investigate the reproductive conditions of the single mole-
rats using a high-frequency and high-resolution ultrasonic
device (Vevo 2100, VisualSonics, Inc., Toronto, ON, Canada).
Reproductive activity was documented by measuring the size
and condition of the reproductive organs (e.g., size, presence
of corpus luteum, placental scars, sperm production) (Garcia
Montero et al, 2016). General anesthesia was induced by
subjecting animals inside of a small container to 5 vol.%
isoflurane at an oxygen flow rate of 1.5 I/min using a Dréger
Vapor 2000 system. Once the animal was asleep, anesthesia was
maintained using a small mask suitable for rodents at 1.5 to
2.0 vol.% isoflurane for a maximum of 10 min. To prevent
hypothermia of the moles, all procedures were performed on a
heating pad (HT 200, Minitub GmbH, Tiefenbach, Germany)
operating at 37°C. When fully awake, mole-rats were returned
to their respective colonies.

DNA lIsolation

Genomic DNA was isolated from ca. 20 mg of tissue sample using
the QIAamp DNA Mini kit (Qiagen, Hilden, Germany).

Sex Determination

Genetic sex determination based on the DDX3Y-psi gene locus
was previously described for the NMR (Katsushima et al., 2010).
We modified this concept to include the DDX3X gene locus as an
internal reference. Degenerate PCR primers, 5-CAG ATG GTC
CAG GAG AIG CTT-3’ and 5-FAM-CCC ATA CCT TCC ATT
TTC CTA A-3) were designed to target the intron 8 region of
both gene loci while circumventing amplification of additional
autosomal, retroposed DDX3 gene copies. Five ng of genomic
DNA was used in reactions with Taq BioMix White (Bioline),
10 pmol primers (Metabion) in a volume of 25 pl. The cycling
conditions were 2 min initial denaturation at 94°C, followed
by 40 cycles of 45 s denaturation at 94°C, 50 s annealing at
56°C, 60 s extension at 72°C, and a final 30 min extension

step at 72°C. Each FAM-labeled PCR product was diluted with
water (typically 1:150), and 1 ul of the dilution was mixed with
10 w1 optically pure formamide (Applied Biosystems) and 0.25 pl
GeneScan-500 LIZ length standard (Applied Biosystems). After
denaturation for 3 min at 94°C the samples were separated on
POP-7 polymer on an ABI 3730x] capillary sequencer (Applied
Biosystems), injecting 10 s at 1.6 kV and running at 15 kV.
The electropherograms were analyzed with the GeneMapper 4.0
software (Applied Biosystems). A DDX3Y peak (291 bp) with a
signal area greater than 0.1-fold that of DDX3X (237 bp) was used
as an indication for male sex.

Microsatellite Markers

In total 73 novel microsatellite markers were established. This
comprised three microsatellite markers developed according to
a previously described enrichment protocol (Nolte et al., 2005;
Leese et al., 2008), with some own modifications as described
elsewhere (Molecular Ecology Resources Primer Development,
Andree et al., 2010; Supplementary Table 1, label “Hetgla”). The
method uses DNA from distantly related species for capturing
of low complexity sequences in the species of interest. A bulk
of 70 microsatellite markers was selected using the published
H. glaber genome sequence (Kim et al, 2011). The genome
sequence was screened for perfect sequence repetitions of unit
sizes 2 and 3 bp. Microsatellites with 13-20 dinucleotide or 15-
24 trinucleotide repeat units were selected as marker candidates
(58,389 and 868 loci, respectively) since this length promised
a balance between likely polymorphisms and a decent stutter
noise during PCR amplification. PCR primers for these loci were
defined using the command line version of PRIMER3 (version
2.2.3), and the primer score was used to prioritize the marker list
(Supplementary Table 1, label “nmrsat”).

Microsatellite Genotyping

PCR was done using 5 ng genomic DNA, 2.5 units of Taq
polymerase (Qiagen, cat. no. 201207), 10 pmol marker-specific
primers (Metabion; sequences in Supplementary Table 1),
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one 5-labeled with 6-carboxyfluorescein (FAM) or hexachloro-
fluorescein (HEX), and 20% solution Q in a reaction volume of
25 pl. The cycling conditions were 2 min initial denaturation at
94°C, followed by 35 cycles of 45 s denaturation at 94°C, 50 s
annealing at 58°C, 1 min extension at 66°C, and a final 30 min
extension step at 72°C. The fluorescence-labeled PCR products
were size-separated on an ABI 3730xl capillary sequencer as
described for sex determination. Following automatic peak
calling by GeneMapper, all electropherograms were checked for
calling errors at least twice. Animals which remained orphans
after a first round of kinship analysis were additionally checked
for the validity of exclusive marker signals, provoking correction
of two allele calls.

Kinship Analysis

Parentage was resolved at the individual level using a Mendelian
test on all possible trio scenarios (“exclusion test I”), where
each scenario involved the single known mother, a candidate
descendant, and one of the possible fathers. For colonies which
lacked family history records, each animal was tested for a
possible parental role for all other animals. Iteration over trios
and Mendelian testing was implemented as in-house software.
Each marker was tested for X-chromosomal linkage, indicated by
strict mono-allelic genotypes in males in contrast to frequent bi-
allelic genotypes in females. In parallel, kinship analysis on the
individual level was done using the program CERVUS (version
3.0.7) (Kalinowski et al., 2007), in order to cross-validate the
findings. A second parentage test scheme (“exclusion test II”)
was used to resolve ambiguities after exclusion test I: given a
parental model F-M (F = female parent, M = male parent) with
colony-wide significance, an alternative parental model F-M,, F-
M, or F-M’ (with alternative female parent F, alternative male
parent M) is taken valid only if it has produced offspring that
is genetically distinct from any offspring of F-M. The genotype
intersection between offspring F-M and offspring F-M’ reflects
the lack of resolving power in exclusion test I and quantifies the
beta error in exclusion test II (i.e., false maintenance of parentage
presumption, Hg). Beta likelihood was calculated from the
parental genotypes, iterating the fractional intersection marker
by marker. Since this beta calculation is based on the assumption
of free marker recombination, markers with possible short-range
linkage to other markers (e.g., nmrsat3763 and nmrsat3764;
Supplementary Table 1) were excluded from this analysis.

RESULTS

Microsatellite Genotyping

We established a total of 73 microsatellite markers for the
genotyping of NMRs (Supplementary Table 1), of which
68 markers (93%) were polymorphic in a test panel of
6 animals from three colonies. Altogether we genotyped
27 to 37 informative markers in 265 mole-rats from four
captive colonies (Table 1 and Supplementary Figure 2). The
allele patterns indicated X-chromosomal linkage for three
markers (nmrsat3637, nmrsat215074, nmrsat233031), which was
confirmed by the downstream parental tests. In the progeny

genotype data we identified eight potentially novel alleles, that is,
alleles that did not exist in the respective adult subpopulations.
Of those alleles, six were validated as true novel alleles through
repeated measurements and Sanger sequencing. The remaining
two were considered as drop-outs. From this we extrapolate a
germline mutation rate of 6.6:10~% per generation per marker.
The frequency of unrecognized mutations is probably lower
because mutations more likely give rise to novel alleles than
converting to pre-existing alleles. Moreover, the validation rate
for novel alleles indicates that the genotype mis-calling rate is
lower than the rate of novel alleles, estimated to 4-10™%.

Parentage Analysis in Captive Naked
Mole-Rat Colonies

Parentage analysis at the resolution of individual offspring
was done by Mendelian testing on all possible trio scenarios,
also known as exclusion approach (Jones et al., 2010). In this
approach, termed “exclusion test I, trios were excluded from the
list of possible relations if they did not show valid Mendelian
genotype patterns. In this procedure, we ignored allelic trios
which involved verified spontaneous mutations (eight cases, cf.
Results see section “Microsatellite Genotyping”) or calling drop-
outs. As a result we obtained highly resolved parentage models
for all colonies (Table 1), including colonies V1 and V2, for
which no information about the family structure was available.
According to the genotype results, colony V1 contained three co-
founders in addition to two parents and their 16 pups. Colony
V2 was explained as a composite of two parents and their 37
pups, including one animal whose relation remained uncertain.
This latter could, alternatively, have descended from two progeny
individuals of the universal parents and would then be their only
(surviving) pup. However, in a scenario of breeder pair switch
it is very unlikely that the former breeders would have survived
since breeding role takeover events are typically mediated by
fatal rivalry fight in the NMR (Faulkes et al., 1997; Van der
Westhuizen et al., 2013). For each of the other NMR colonies in
our study, Bl and B2, we knew the identities of queen, additional
founder animals and the offspring (Table 1). Paternity testing
of the progeny against the adult founder animals gave mostly
clear answers for colonies Bl (127 of 129 pups) and B2 (49
of 50 pups), indicating single universal fathers for all offspring.
But, 16 additional ambiguities in the kinship model of B1 arose
if we considered that grown-up progeny may have participated
in breeding activity (Table 1). This is possible because Bl
was monitored over a period of 3 years, and young NMR
become sexually mature at an age of 180-225 days (Jarvis, 1991;
Buffenstein, 2005; Supplementary Text 1). Other colonies have
been monitored for a period shorter than the sexual maturation
time of early offspring (colony B2), or have been analyzed in an
undirected approach, considering all animals as both, parental
and offspring candidates (colonies V1, V2).

So far, finding that all resolved relationships indicate
one universal father per colony, and, given that ambiguous
relationships always include that same universal father, we
favor the kinship model with the universal father as the most
parsimonious one. This is corroborated by the fact that it
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does not imply mixed-sire litters. In any case, in order to
quantify the relevance of ambiguous parental relationships we
calculated the likelihood that a parental pair F-M produces
offspring which may also be considered offspring of parental
pair F-M;, or vice versa (where F is the female parent, M and
M’ are alternative male parental candidates; Figure 1A). The
median degree of these genotype intersections (beta) is 0.017
for colony Bl (maximum 0.036 in individual tests; Figure 1B).
This small beta value indicates a minor loss of detection
power for true additional parents if we ignore the ambiguity
of intersection genotypes. That is, putative alternative paternal
contributors (fathers M, M”, etc.) had a very high chance
to produce offspring that is genetically distinct from progeny
of father M. This modified paternity test, termed “exclusion
test II,” was applied to all remaining ambiguities. In colony
V2, the kinship model was resolved with beta = 1.5-107°,
clearly indicating a single universal breeder pair for all progeny
(Table 1 and Figure 1C). In colony B2, the one ambiguous
paternal relation was resolved in favor of a universal father with
beta=1.3-10"".

As a confirmation, the genotype-based attribution of breeders
matched the results of the ultrasound-based examination.
Queens identified in the Vienna colonies showed placental scars,
indicative of former breeding activity, the identified breeding
males were among those that had increased testis sizes (two in
V1, three in V2).

Opportunities for Reproductive

(Re)binding

Having observed the exclusive breeding activity of only a single
male NMR per monitored colony we wondered: is it possible that
the NMR actually was polyandrous (or any kind of polygamous)
biologically, but there is any factor in the colony structures
or settings that urged the analyzed animals into strictly bound
reproductive partnerships? In other words, is there sufficient
competition for reproductive partnering within our colony
scenarios justifying model conclusions?

Detailed records of the age composition for two of the
analyzed colonies, Bl and B2, helped to resolve this issue
(Supplementary Figure 1). A total of 15 litters have been
recorded in these colonies, while at the siring time points,
between 4 and 9 adult founder males were present (average 5.3;
Supplementary Figure 1A). We consider these the least fraction
of male competitors for breeding activity. In addition, at an age of
180-225 days offspring is considered to reach sexual competence,
according to literature and consistent with our own observations
(Jarvis, 1991; Buffenstein, 2005; Supplementary Text 1). This
is relevant for colony B1 which gave rise to 25 newborn males
that reached the age of sexual maturation before the siring of
the last litter of that colony (Supplementary Figure 1B). Since
an incest barrier does not exist in the NMR (Reeve et al., 1990),
young males may sire their solitary mothers upon reaching
their age of sexual maturation, according to literature and our
own observations (Clarke and Faulkes, 1999; Buffenstein, 2005;
Supplementary Text 1). Thus, these grown-up males should
also be considered as breeding competitors (on average, 9.5
per siring event in colony Bl; Supplementary Figure 1A). In
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FIGURE 1 | Probabilistic model for ambiguous parental relationships
underlying the exclusion test Il. A known female parent (F or F’) and a
candidate male parent (M or M’) were evaluated for possible progeny
genotypes they may generate. (A) Two alternative parent pairs (F-M and
F’-M’) produce progeny genotypes (circles), which may intersect (striped
region). (B,C) Histograms showing the full distribution of the individually
calculated progeny genotype intersections, for alternative parental animals (F’
or M’ in panel A) compared to the universally consistent breeding animals in a
colony (F-M in panel A). The size of the intersection (x-axis) is scaled as
fraction of genotype space F-M. (B) Alternative breeding males in colony B1;
median intersection 0.017 (dotted vertical line). (C) Alternative breeding pairs
(F’-M’) in colony V2; median intersection 0.0000015 (dotted vertical line).

summary, the colony scenarios analyzed here contained multiple
competing mating partners, both adult and newly matured,
giving realistic chance for alternative mating patterns (such as
polygamy, polyandry) to occur in our experimental setting. Thus,
the obtained results are considered conclusive in the sense that
the lacking genetic manifestation of alternative mating patterns
can be attributed to the behavioral level.
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DISCUSSION

The microsatellite data reported here for four captive NMR
colonies reveal a single breeding pair per colony, which translates
to a maximum reproductive skew of 100%. The only previous
genetic study on intra-colony kinship has reported two males
participating in colony reproduction (Faulkes et al., 1997). While
not explicitly stated, we assume that Faulkes et al. (1997) have
studied only this one colony in relevant detail. Pre-selection
for high heterogeneity, as the authors state, may have favored
a multi-parental result, albeit such potential bias cannot be
estimated adequately. Taking together all these genetic results
for the NMR, the average reproductive skew of females is
100%, that of males is 90% (one colony 50%, four others
100%). Operationally, these values let us categorize the NMR
mating system as sexually monogamous, clearly distinguished
from skews of about 50% which would indicate continuous
competition for reproduction success. We point out, however,
that monogamy in the NMR should be understood as serial
monogamy, since upon death of one breeder, the surviving
partner likely rebinds to a breeding successor (Lacey and
Sherman, 1991; Faulkes et al., 1997; Van der Westhuizen et al.,
2013) (and own observation). In addition, the high reproductive
skews for the NMR fall well into the range of other cooperatively
breeding species (females 88-100%, median 100%; males 76—
100%, median 88%) (Lukas and Clutton-Brock, 2012), which
answers the introductory question if the NMR may be an outlier
to the striking evolutionary correlation between cooperative
breeding and monogamous reproduction - no, given the novel
results, it is in agreement.

Behavioral studies make an important contribution to detect
unsolved research questions like, e.g., reproductive interaction,
in the NMR. However, important for the present study, we
substantially doubt that observational data can elucidate the
sexual mating system in a reliable manner. Behavioral studies
equate the “mating males” as “reproductive males,” although
breeding NMR males cannot be distinguished by morphological
characteristics (e.g., body size, large external testes or protuberant
penises) (Jarvis, 1991; Braude, 2000) as in other related mole-
rat species (e.g., Fukomys) (Faulkes and Bennett, 2021). Some
authors defined “copulation” as contact between the genitalia of
the male and female with pelvic thrusting by the male just before
and during copulation (Lacey and Sherman, 1991). However,
despite its potential relevance for the precise identification of
breeding males, most authors identify male breeder solely based
on mating-related behaviors, such as mounting and ano-genital
nuzzling (Jarvis, 1991; Lacey and Sherman, 1991; Goldman
et al., 2006; Van der Westhuizen et al., 2013), which is even
less reliable. It has been postulated that ano-genital nuzzling is
frequently practiced by breeding NMRs in order to strengthen
their bonding and to obtain chemical cues about the reproductive
condition from each other (Faulkes and Abbott, 1991; Goldman
et al,, 2006). However, ano-genital nuzzling also occurs with
and among non-breeding animals of both sexes (Jarvis, 1991;
Ciszek, 2000; Goldman et al., 2006), confirmed by personal
observations on colonies B1 and B2. “Mounting” is described
as a behavior position in which the breeding male attempts to
bring his genitals into contact with those of the queen, although

with the difference of no pelvic thrusting (Lacey and Sherman,
1991). Thus, numerous of mounting attempts occur but do not
result in true copulations (Lacey and Sherman, 1991). Like ano-
genital nuzzling, mounting also occurs with non-breeder males
and was sometimes observed in colonies Bl and B2 when the
queen was physically handicapped (e.g., otitis, suspected spinal
disc herniation, or during late pregnancy). In sum, it is impossible
to be certain which male is reproductive unless mating is actually
witnessed (Jarvis, 1991), and this raises the concern that male
contributions in NMR breeding could have been overestimated
in the past, compared to our genetic evidence.

To date, no parentage studies have been undertaken and
published from wild NMR colonies, presumably as a consequence
of their special biology. NMR colonies typically contain 70-
80 individuals, and sometimes up to 300 individuals in the
wild (Brett, 1991), which significantly increases the number
of possible mating pairs in kinship analysis and challenges
marker depth for kinship resolution. Further, NMR colonies
live in huge, subterranean burrows up to 2-3 km tunnel length
(Brett, 1986). The breeding females, their mate(s) and newborn
pups, representing the most important individuals for genetic
paternity analysis, are usually trapped as the last members of
a colony (Brett, 1991; Braude, 2000). In addition, as an incest
avoidance mechanism appears to be absent in the NMR (Jarvis
et al., 1994), colonies exhibit a high level of inbreeding and
low levels of genetic variation within colonies (Reeve et al.,
1990; Faulkes et al., 1997; Chau et al., 2018). These low levels
of genetic variability and the lack of sufficient polymorphic
markers previously made exclusion approaches in paternity
analysis complicated to impossible (Lacey and Sherman, 1991).
Addressing these challenges in the present study, we constructed
a rich panel of novel microsatellite markers, which significantly
extends the marker resource for the NMR (Ingram et al., 2014,
2015; Chau et al., 2018).

As the analytical strategy we chose a classical exclusion
approach for several reasons: first, while alternative,
probabilistic, methods rank paternity models by assigning
posterior probabilities, an exclusion approach aims at the
full resolution of alternative models. Second, probability
priors in a probabilistic approach, namely probabilities of
somatic mutations and typing errors, are usually difficult
to estimate, while these may have a substantial influence
on the ranking result. Third, a basic assumption of most
probabilistic methods, the free flow of genetic alleles through
the population, is certainly violated in NMR colony scenarios
since the genotype patterns are dominated by kinship relations.
The chosen exclusion approach has the advantage to cope
with varying levels of relatedness. In the worst case, ie., a
high degree of relatedness, this approach requires a larger
number of markers to become conclusive, but the analytical
framework will not be thrown into question (Jones et al.,
2010). Vulnerability of the exclusion approach against typing
errors was counteracted here by a strict regime of genotype
calling. Effectively, the rate of confident somatic mutations
was found quite low (6.6 x 10~* per offspring and marker),
and the validation procedure for these mutations helped to
narrow down estimates for typing uncertainties to the same
frequency level.
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Except the paternity study of Faulkes et al. (1997) no further
parentage or extra-colony paternity investigations in NMR have
been published. Another group, however, reported that in five
wild colonies 5-8 microsatellite alleles were detected at one
or more loci, which strongly suggests that these wild colonies
contained individuals from more than a single breeding pair and
inter-colony exchange of genetic material may occur (Ingram
et al., 2015). Evidence of multiple queens in NMR colonies has
been reported both in captivity and in the wild (Jarvis, 1991).
These queens may simultaneously breed for some years, but
the scenario usually is of shorter duration and typically leads
to serious fightings, mortalities and low pup survival (Jarvis,
1991; Smith and Buffenstein, 2021). In established colonies,
however, and multiple queens are a quite rare event in captive
and wild NMR colonies (Braude, 1991; Jarvis, 1991). Further,
based on long-term studies of 16 wild colonies of marked
NMR, it has been observed that nascent colonies arise either
via pairing of single mole-rats from different natal colonies or
from small groups of males and females from different or same
natal colonies (Braude, 2000). Inter-colony invasions, colony
splitting and kidnapping have been observed among wild and
captive NMR colonies, too (Lacey and Sherman, 2007; Braude
et al., 2021) (S. Braude, personal communication). Independent
studies on captive (O’Riain et al., 1996; Clarke and Faulkes,
1999; Ciszek, 2000) and wild NMR populations (Braude, 2000)
demonstrated that outbreeding with unrelated mates is preferred
in this species. Some authors therefore suggested that dispersing
mole-rats would attempt to join established colonies (O’Riain
etal., 1996). Although this may contribute to colony gene flow, it
was demonstrated by a long-term recapture study that successful
dispersal of individuals is rare and most of the nascent colonies
did not appear to persist for more than 1 year (Braude, 2000).
Laboratory and field studies further showed that NMR recognize
colony members and aggressively discriminate against foreign
conspecifics, which often results in the death of the mole-rat(s)
(Lacey and Sherman, 1991; O’Riain and Jarvis, 1997) (and own
observation). However, of note is one documented case in which
a dispersing male successfully immigrated into an established
colony and took over the breeding male position (Braude, 2000).

Some other traits have been used to infer monogamy in
laboratory studies (Dewsbury, 1981), and these may serve as
indicators to corroborate monogamy as a characteristic of the
NMR mating system. To begin with, NMR breeding pairs are
known to form stable, long-term partnerships for many years
(Jarvis, 1991; Lacey and Sherman, 1991), and cooperative care
for offspring was already highlighted as a social trait. In addition,
subordinate individuals are physiologically suppressed by the
queen and offspring exhibit a delayed onset in the sexual
maturation (Jarvis, 1991; Buffenstein, 2005). In contrast to other
related social mole-rat species, e.g. Fukomys, the NMR is sexually
monomorphic and exhibits a balanced sex ratio on the colony
level (Burda, 1990; Jarvis, 1991; Chau et al., 2018), which is
prototypic for monogamous mating systems. Another, more
specific characteristic is the condition of the male genitals in this
species. The testes of both, breeding male and subordinates, are
relatively small and intra-abdominal with only a little storage
capacity for spermatozoa, a small baculum without a dorsal

groove, no spines on the glans penis for vaginal anchoring (van
der Horst et al,, 2021), and no forming of copulatory plugs
altogether indicate a low risk of sperm competition in this species
(Seney et al., 2009). Fighting and aggression between NMR males
is generally very rare and particularly do not occur during the
queen’s estrus (Jarvis, 1991; Lacey and Sherman, 1991; Clarke
and Faulkes, 1998). This is in contrast to other social mole-rats,
e.g., the Zambian mole-rat, where copulation often takes place
irrespective of the females’ reproductive cycle (Burda, 1990). In
the NMR mating is found to be a rare event (Goldman et al., 2006)
(and own observation) and the breeding male copulates almost
during the entire estrus (2-24 h) of the queen.

To summarize, the genetic paternity results from this study
together with a number of specific biological traits of the NMR
consistently support the model that the preferred sexual mating
system in this cooperatively breeding species is monogamy.
In order to refine this model, and to resolve the underlying
mechanisms for general and exceptional behavior, we would
like to encourage further kinship studies on NMR colonies,
particularly in the wild.
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