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Abstract

Females of facultatively eusocial insects are all capable of laying eggs and therefore all have
the potential to practice different reproductive strategies. Direct reproduction can be achieved
by being dominant in a group or by nesting alone. Indirect reproduction is achieved by
helping to raise the offspring of relatives. The choice of strategy depends on how
reproductive conflicts are resolved and this may be determined by genetic and ecological

factors.

In this thesis I examine the factors affecting reproductive conflicts in hover wasps
(Stenogastrinae, Hymenoptera). Using highly polymorphic microsatellite markers,
developed by screening partial genomic libraries, I estimate relatedness among colony
members in three species of Stenogastrinae (Parischnogaster alternata, Liostenogaster
flavolineata and L. vechtii). Relatedness in P. alternata was significantly lower than in L.
flavolineata.. 1 attribute the low relatedness in P. alternata to the movement of females
between nests, their tendency to found nests in groups and that they often nest with females

from other groups.

Liostenogaster flavolineata was previously perceived as only being incipiently eusocial
because of low relatedness among female nestmates (r = 0.22+0.1 - Strassmann et al 1994).
I re-examine colony fine genetic structure in this species. By genotyping brood and adults, I
show that there is normally only one reproductive laying female eggs, but that subordinates
occasionally lay male eggs. I conclude that reproductive strategies in L. flavolineata are
typical of a eusocial insect. I discuss the parameters from reproductive skew models that may
explain the high skew. The little variation in skew amongst colonies of L. flavolineata meant
that the models could be evaluated only at the interspecific level. A comparative analysis
across 21 hymenopterans revealed a positive relationship between relatedness and skew.
This result is consistent with a prediction of the Incentives model for reproductive skew
(Reeve & Ratnieks 1993).
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e ] - Introduction

Introduction to Social Behaviour and Stenogastrines

1.1 Introducing Eusociality

Classical natural selection predicts a trait will not evolve unless it is, on average,
advantageous to an individual (Darwin 1859). The sterile workers of the eusocial insects are
regarded as an exception to this prediction in that they sacrifice direct reproduction and help
raise the offspring of other individuals. Darwin’s explanation of sterility in these species was
that it represented a very extreme but incidental effect of evolutionary adaptation. Since
Darwin biologists have been seeking a general theory for social behaviour. Hamilton (1964)
contributed to our understanding of how natural selection applies to social insects by
explaining the evolution of altruistic acts. By integrating Mendelian genetics with natural
selection, he showed that behaviour evolves such that each individual attempts to maximize
its own inclusive fitness: if the genetic benefits of an altruistic act outweigh the genetic costs,
then that behaviour will be positively selected. Maynard Smith (1964) coined the phrase
‘kin-selection’ to explain how and why altruism may evolve. Thus the role of kinship in the
study of social behaviour was realized. Social colonies were perceived as units where life

was one of cooperation in harmony.

Eusociality was first defined by Wilson (1971). A eusocial system exhibits an overlap in
adult generations and a division of reproductive labour such that some individuals specialize
in reproduction and some specialize in helping others reproduce. In its most extreme state,
these helpers may be the sterile worker caste as seen in the advanced eusocial insects, like
some ants who can lay neither male nor female eggs (e.g. species of the genera, Solenopsis,
Eciton - Bourke & Franks 1995). At the opposite end of the eusocial scale the worker role
may be transitional such that workers are not truly sterile. Because these workers have the
potential to lay female eggs, such species are classed as primitively eusocial insects (e.g.

polistine wasps and allodapine bees).

11



e 1 - Introduction
1.2 Conflicts in eusocial insect colonies

Whenever genetic heterogeneity exists in a colony, relatedness asymmetries arise between
different colony members and the progeny (Hamilton 1964). These asymmetries result in
conflicts over reproduction between colony members: the specific conflicts that arise depend
on the reproductive strategies that each individual is capable of adopting. Morphological
caste-differentiation of the highly eusocial species mean that these workers are unable to lay
diploid female eggs (Wilson 1971). The conflicts which arise in advanced eusocial societies
may differ from those in primitively eusocial societies. For example, competition may arise
between the workers and between the workers and reproductives over haploid male
production. Resolution of such conflicts will depend on how closely related each individual
is to the reproductive(s) and to her fellow workers (Trivers & Hare 1976, Ratnieks & Reeve
1992). Ratnieks (1988) showed that in some circumstances workers are expected to ‘police’
each others male production when their mother has mated more than twice. Differences in
worker relatedness to male and female brood and the relatedness of reproductives to their
male and female progeny may also result in a.reproductive conflict over sex-allocation. The
optimum sex ratio for a singly-mated reproductive is 1:1, but it is 3 (females):1 (male) for
her worker daughters (Trivers & Hare 1976). Another reproductive conflict that may arise in
eusocial colonies is over queen-rearing. If a reproductive is multiply mated, then workers
could increase their inclusive fitness by preferentially raising full-sister queens (r = 0.75)
rather than half sister queens (r = 0.25). Such kin discrimination has been observed in the
honey bee (e.g. Visscher 1986). Other conflicts in eusocial societies occur over queen

supersedure, colony resource allocation and caste-determination.

In primitively eusocial colonies where all females are capable of laying female and male
eggs, a direct reproductive conflict may arise over the production of females. The conflict
may result in a polygynous society. Polygyny is characterized by the prolonged coexistence
of multiple egg-layers (Reeve & Ratnieks 1993). Since all female members of a primitively
eusocial colony can mate and breed they are all potential ‘queens’. However, they are not all
necessarily active reproductives and so primitively eusocial colonies are not polygynous per
se. Polygyny has a profound effect on colony genetic structure by reducing the average
relatedness of colony progeny (Ratnieks & Reeve 1992). A non-reproductive individual does
not necessarily maximize her inclusive fitness through helping, because the indirect fitness to
be gained from helping to raise brood can vary. The social contracts underlying a
polygynous society therefore pose a number of questions. Firstly, what determines and to
what extent is reproduction divided between the reproductives - why don’t the reproductives
engage in fatal fights in order to increase their portion of reproductién? Secondly, why are
there any non-reproductive individuals at all if each is capable of reproduction - why do they

12



e 1 - Introduction

not adopt an alternative reproductive strategy such as re-nesting alone or in smaller groups

where all females could reproduce?

Vehrencamp (1983a, 1983b) examined how conflicts over reproductive partitioning were
resolved in social vertebrate societies. Her model of reproductive skew was further
developed for primitively eusocial insect societies by Reeve (1991), Reeve & Ratnieks
(1993) and Keller & Reeve (1994). Recently, other models have been published that outline
the parameters which determine the partitioning of reproduction (Reeve ef al 1998, Kokko &
Johnstone 1999). There have been few empirical tests of these. Metcalf & Whitt (1977a)
were the first to use genetic markers to examine reproductive partitioning in insect societies.
They mapped the production of female sexuals in colonies of the paper wasp, Polistes
metricus. More recently maternity assignment has been studied using microsatellites in
Polistes dominulus (Peters et al 1995) and P. bellicosus (Field et al 1998b).

Skew theory also explains the presence of a non-reproductive female in a colony of
primitively eusocial insects in terms of the theory of ecological constraints on independent
breeding. The theory was initially proposed to explain the presence of helpers in the
vertebrate societies. An offspring may remain at home as a non-reproductive helper when
resources for independent breeding are limited (Emlen 1997). Non-reproductives in
cooperatively breeding birds have been shown to adopt a reproductive role when vacant nest-
sites are made available to them (e.g. Komdeur 1992, Walters er al 1992). Skew theory
predicts that when vacant nest-sites are not available, one female may dominate reproduction.
There have been few comparable studies on primitively eusocial insect colonies. Support for
the ecological constraints theory were found in the ant Leptothorax longiospinosus (Herbers
1986) and the Carpenter bee, Xylocopa pubescens (Hogendoorn & Leys 1993). The results
from the two most recent studies indicate that survivorship factors may be more important in
determining breeding success than is the availability of a vacant nest site (e.g. the allodapine
bee Exoneura bicolor - Bull & Schwarz (1996); the stenogastrine wasp Liostenogaster
flavolineata - Field et al 1998a). This is contrary to the suggestion that factors determining
reproductive strategies in vertebrate and insect societies are comparable (Vehrencamp 1979,
Brockmann 1997).

In conclusion, many questions remain to be answered over the mode and maintenance of
reproductive conflicts in primitively eusocial insects. The first step towards further empirical
study of these conflicts lies in identifying a candidate as a suitable test system.
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1.2 The Stenogastrinae (Hover Wasps)

The Stenogastrinae were first introduced as a family of evolutionary interest by West-
Eberhard (1978a) in her Polygynous Family Hypothesis for the evolution of social
behaviour in wasps. She placed them at the rudimentary-caste-containing stage (III) of her
model, a stage characterized by casteless-group living with partial division of labour in
which an individual’s role may change through time. The Stenogastrinae have since received
a modest amount of attention in social evolutionary studies (e.g. Hansell ez al 1982b, 1987b;
Turillazzi 1989). Reasons for this are described below.

1.2.1 Systematics and Evolution

The Stenogastrinae are the least known group of the social wasps and hence are
phylogenetically ill-defined. Richards (1971) suggested that they are a subgroup of the
Eumeninae (a monophyletic group of potter wasps), an idea that was reiterated by van der
Vecht (1977), who also defined seven morphologically distinct genera within the family.
Carpenter (1982, 1988) disputed these early phylogenies and classifications, pointing out
that the phylogenetic reasoning for the analysis was based on autapomorphies or unique
derived features rather than traits of derived similarity (synapomorphies). Carpenter (1982)
suggested instead that the Stenogastrines are sister group to the Polistinae + Vespinae and
that the Eumeninae are the sister group of this component. Based on a classification through
analysis of 40 characters, Carpenter (1988) showed further cladistic evidence that the
Stenogastrinae should be classified into six genera, within which there are about fifty
described species. An interesting addition to Carpenter’s (1988) classification concerns
biogeography. Two genera (Stenogaster and Anischnogaster) are endemic to the Australasian
region of the Indo-Pacfic (New Guinea and surrounding islands), whilst the remaining five
genera are restricted to the Oriental region. This geographical division corresponds to
Wallace’s Line (Wallace 1860) and Carpenter (1988) noted that in replacing taxa with
geographical distribution, the taxonomic classification was replicated in both regions.

More recent study using ribosomal DNA suggests that the Stenogastrinae are in fact
phylogenetically closer to the honey bee than to the remainder of the vespids (Schmitz &
Moritz 1998). To date however, the most commonly accepted classification of the
Stenogastrinae is that of Carpenter (1988).

14



e ] - Introduction

1.2.2 A Brief Natural History of the Stenogastrinae
a) Habitat

The Stenogastrinae are confined to the rainforests of the Indo-Pacific tropics (see Figure 1.1
for geographic distribution). The 50 described species are small in size (c. lcm - 2cm in
length) and are without clear morphological castes (Hansell 1995, Samuel 1987, Turillazzi
1991). They are found nesting in dark, damp places such under the overhangs of river
banks, rock faces or the undersides of bridges and walls of outhouses. In such places their
cryptic nests enable them to live a protected life (Turillazzi 1989).

b) Life-cycle

The life-cycle of a stenogastrine colony is quite unusual in that it consists of continuous
uninterrupted breeding cycles (Samuel 1987). Nests are founded either singly (e.g.
Parischnogaster mellyi (Hansell 1982a), P. jacobsoni (Turillazzi 1988), P. nigricans serrei
(Turillazzi 1985c) and Liostenogaster flavolineata (Samuel 1987)) or associatively (e.g.
Parischnogaster alternata (Turillazzi 1985a, 1985f)). They may be built of mud (e.g. L.
flavolineata (Hansell et al 1987a)) or paper materials (e.g. Parischnogaster spp. - Hansell
1981). Egg-laying commences the moment the first cell of the nest is complete. A female
lays a single egg in each cell. She may lay eggs throughout the year, hence progeny hatch
frequently and continuously through the year. Broods are reared progressively until they
reach pupation. Prey include small insects like flies caught in spiders webs (Parischnogaster
alternata (Turillazzi 1986)) termites and ants (e.g. Liostenogaster flavolineata (Samuel
1987), L. vechti (pers. obs.)). In some species an operculation cap is used to seal off any
pupating brood until they emerge as adults from the pupal cell (e.g. Liostenogaster
flavolineata, L. vechtii, Parischnogaster mellyi. (pers. obs)). Brood development times are
not well known, but from studies so far there is thought to be great interspecific variation.
For example, brood of Parischnogaster mellyi take an average of 44.5 days to emerge as
adults (Turillazzi 1985d) whilst brood of Liostenogaster flavolineata take in the order of 104
days (Samuel 1987). Interactions between larvae and adults are close and frequent (e.g.
Parischnogaster nigricans serrei (Turillazzi 1985b)) and larva-adult trophallaxis has been
observed (Turillazzi 1987a). A newly emerged female may remain on her natal nest where
she is likely to adopt a worker role, foraging to help raise the younger brood (e.g. observed
in Liostenogaster flavolineata (Samuel 1987)). She also has the option of leaving her natal
nest to nest alone or join another group (e.g. as observed in Parischnogaster mellyi (Hansell
1983, Sakagami & Yamane 1983)). The life-span of individuals and their nests varies
interspecifically
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e 1 - Introduction

but generally females are thought to be long lived (e.g. Liostenogaster flavolineata females
are known to live for over a year (Samuel 1987, pers. obs)). Nest longevity depends on the
nesting material used (Hansell 1987) for example, nests of Liostenogaster flavolineata can
last for five to ten years (Samuel 1987, Hansell 1987a). Nests are rebuilt and mended
constantly throughout the year. A nest may be abandoned or destroyed at any time of year:

group members may build a new nest and so colony life continues.
c¢) Unique behaviour

The peculiarities in the behaviour of the hover wasps and the diverse range of sociality
exhibited by the different genera were apparent from the earliest studies (Iwata 1967,
Yoshikawa et al 1969). A unique feature of the Stenogastrinae is their production of an
abdominal substance, a milky, gelatinous product of the Dufour’s (alkaline) gland (Turillazzi
1987b). The function of this substance is unknown but early research suggested that it
served a trophic function (Williams 1919 & Padgen 1958 cited in Turillazzi 1985e,
Spradbery 1975), but more recent study indicated that it could not perform a trophic function
(Turillazzi 1987b). Current belief is that it serves mainly as a storage substrate for both
larvae and adults (Turillazzi 1985¢), a microhabitat for movements of small larvae and that it
is also used as a tool in oviposition (Turillazzi 1985d). The chemical composition of the
abdominal substance is similar to that of the ant guards which some species of
Parischnogaster and Eustenogaster use to defend their nests from ant predation (Turillazzi &
Pardi 1981).

1.2.3 Sociality in Stenogastrines

The Stenogastrinae are characterized as showing extreme diversity in social behaviour (West-
Eberhard 1978a) with species ranging from reportedly solitary species (e.g. Stenogaster
micans (Williams 1919)) to primitively eusocial (e.g. Liostenogaster vechtii - Miyano 1995;
L. flavolineata - Samuel 1987). Of the few species that have been studied, those for which
social behaviour is best known belong to the genus Parischnogaster, notably P. alternata
(Turillazzi 1985f, 1986; Coster-Longman & Turillazzi 1995) and P. mellyi (Hansell 1981,
1982a, 1983; Yamane et al 1983, Sakagami & Yamane 1983) and Liostenogaster flavolineata
(Hansell et al 1982b; Samuel 1987; Samuel & Hansell 1987).

a) Colony size

Small colony sizes (i.e. the number of group members) are typical of the Stenogastrinae,
colonies rarely being composed of more than ten females (Samuel 1987, Carpenter 1988,
Hansell 1982b). This falls in the lower part of the range of group sizes reported for other
primitively eusocial insects (see Wilson 1971). Hansell (1987a) speculated that colony size is
restricted by the nest material used: unlike their sister group, Polistinae + Vespinae, the
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Stenogastrinae are unable to construct their own petiole (nest stem) and are reliant on natural
nest-stems such as roots and plant stems. The temporary and fragile nature of such a petiole
may restrict the size a nest can reach. Since nest size limits the number of brood and adults it
can support, it may be a limiting factor in the evolution of large advanced eusocial systems
(Hansell 1987a).

Colony size in a stenogastrine nest may increase if a female from another nest joins the group
(e.g. Parischnogaster mellyi - Hansell 1983; Sakagami & Yamane 1983) or if the progeny
remain on their natal nest (e.g. Liostenogaster flavolineata - Samuel 1987). Group size falls
when females leave their nests and found new colonies alone or in groups. In most species,
nests are found clustered, forming aggregations. Small aggregations consist of between 2-5
nests (e.g. Eustenogaster spp. - Hansell 1987b, pers. obs.) but Parischnogaster alternata
aggregations over 300 nests are not uncommon (Turillazzi 1985f; pers. obs.).

b) Division of labour

The least socially complex societies that exist amongst the Stenogastrinae are found in the
smaller colonies of Stenogaster spp. and Eustenogaster spp. In early studies on Stenogaster
varipicta (Williams 1928 cited in Turillazzi 1991) and Metischnogaster cilipennis (Padgen
1962 cited in Turillazzi 1991) it was noted that the only form of social interaction between
female nestmates was that of food sharing. Although Eustenogaster was first perceived to be
solitary or at the most, subsocial, a division of labour between old and young females has
been observed in E. calyptodoma (Hansell 1987b).

Studies on relative ovary development of nestmates and from behavioural observations
indicate that unequal reproductive partitioning may be more common amongst other
stenogastrine genera. The proportion of colony members exhibiting developed ovaries varies
greatly within and between genera. For example, 37% of Parischnogaster nigricans serrei
(Turillazzi & Pardi 1982), 40% of P. jacobsoni (Turillazzi 1988) and 51% of P. alternata
(Turillazzi 1986) females were found to have mature eggs in their ovaries whilst only 22% of
females from Liostenogaster flavolineata colonies do so (Samuel 1987). A correlation
between ovarian condition and time spent on the nest has been reported in the species
Holischnogaster gracilipes (Hansell 1986) and in Parischnogaster nigricans serrei (Turillazzi
& Pardi 1982). In some species ovarian development is associated with age (P. nigricans
serrei - Turillazzi 1991; L. flavolineata - Samuel 1987). A linear dominance hierarchy has
been observed in an undetermined sub-species of the group Parischnogaster jacobsoni
(Yoshikawa et al 1969, Turillazzi 1988) and in P. nigricans serrei (Turillazzi & Pardi 1982),
P. mellyi (Hansell 1983) and Liostenogaster flavolineata (Samuel 1987). In each of these
species ovarian development and observed division of non-reproductive labour was found to
correlate with dominance status (Turillazzi & Pardi 1982, Turillazzi 1988). In colonies of L.
flavolineata, Hansell et al (1995) and Samuel (1987) reported a “partially developed
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dominance system” in which 3-6 levels of dominance status can be distinguished. Such a
social system approaches that of Polistes colonies in which a dominance hierarchy and
worker and reproductive roles can be ascertained (Hughes & Strassmann 1987; Strassmann
1981).

Some Liostenogaster flavolineata females can develop their ovaries very quickly when given
the opportunity (Samuel 1987). However, Samuel (1987) and Samuel & Hansell (1987) also
noted that some females failed to reproduce through their lives. From this they suggested the
presence of a worker caste which is effectively permanently sterile. However more recent
study suggests that all females of this species are capable of ovarian development and
reproduction (Field & Foster 1999).

c¢) Reproductive strategies

It is common for primitively eusocial wasps to exhibit behavioural flexibility in terms of
reproductive strategies (e.g. see Nonacs & Reeve 1995 - Polistes dominulus). Stenogastrine
females may have the potential to adopt different reproductive strategies and the options
available to them when they emerge (Turillazzi 1987¢). Females have been observed to join
groups of unrelated individuals (e.g. Parischnogaster nigricans serrei - Turillazzi & Pardi
1982; P. mellyi - Hansell 1983, Sakagami & Yamane 1983; P. alternata - Turillazzi 1985a
and Liostenogaster flavolineata - Hansell et al 1995, Samuel 1987). Nest usurpation and
adoption by unrelated females has also been observed (e.g. Parischnogaster nigricans serrei -
Turillazzi 1985c). Some authors have reported internidal drifting (Parischnogaster striatula -
Yoshikawa et al 1969; P. mellyi - Yamane et al 1983), although when these studies were
repeated, drifting was only observed between abandoned nests or in the instance of
usurpation (Hansell 1982a, 1982b). Rearing of ‘unrelated’ brood by joiners, usurpers and
adopters has been reported in P. mellyi (Yamane et al 1983), Eustenogaster calyptodoma
(Hansell 1987) and L. flavolineata (Field et al 1998a) although only in the latter study was it
known if selective brood removal took place: adopting females in L. flavolineata were found

to remove over 70% of the young brood.
d) Relatedness in stenogastrine colonies

The movement of females between nests and yet the observed unequal division of
reproductive labour has encouraged examination of nest-mate relatedness in the
Stenogastrinae. Nestmate relatedness has been estimated in only two species of stenogastrine
wasp. Using allozyme markers, Strassmann et al (1994) reported a low relatedness estimate
for female nestmates of L. flavolineata (r = 0.22 + 0.1) and a higher relatedness for P.
alternata nestmates (r = 0.56 + 0.19). At the time, the authors quoted the relatedness of L.
flavolineata as the lowest ever recorded relatedness estimate for a primitively eusocial insect.
They explained the low relatedness using Samuel’s (1987) observations that females move
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nests and so raise unrelated brood. Their explanation is not however consistent with the fact
that nest moving behaviour was also observed in P. alternata (Turillazzi 1985a) and yet this
species exhibited a higher relatedness value and one that is comparable with that of other
primitively eusocial insects (e.g. Polistes spp. (Strassmann et al 1989) and Exoneura bicolor
(Schwarz 1987)). Incidentally, Field ef al ‘s (1998a) recent findings concerning the number
of brood removed on nest adoption by L. flavolineata females, suggest that relatedness in L.
flavolineata should be reasonably high. Thus it seems that further research into the social
behaviour is required to explain the low relatedness observed in this species.

To conclude, it is the very primitive level of sociality and the extreme diversity of
reproductive strategy found amongst the Stenogastrinae that make them an ideal family for
empirical study on eusocial evolution. Here, I will apply recent conceptual and
methodological advances in the behavioural sciences to provide new insights into the social
biology of the best known species of the Stenogastrinae.

1.3 Summary of Thesis

In this thesis, I use microsatellite DNA markers to examine the genetic structure of colonies
of the Stenogastrinae. Particular emphasis is placed on the finer colony genetic structure and

the breeding system in Liostenogaster flavolineata.

In this chapter, I have explained eusociality and introduced the conflict that may arise in
eusocial colonies composed of females of equal reproductive potential. I introduced the
Stenogastrinae as a primitively eusocial model system for examining conflicts over
reproduction. I have explained their life-cycle and have drawn attention to the extreme level
of social diversity exhibited by this little studied family.

In Chapter 2, I briefly outline the field and laboratory techniques referred to throughout the

thesis.

In Chapter 3, I present my methods and results for finding microsatellite loci in three species
of Stenogastrinae. I explain the enrichment library technique used to isolate dinucleotide
repeats in L. flavolineata and describe the success of inter-specific amplification in two other
species of Stenogastrinae. I explain how the loci were used in the analysis of subsequent
chapters. I discuss the abundance of microsatellites in Stenogastrines, relative to that in other

organisms.

In Chapter 4, I use the microsatellite loci to estimate genetic relatedness of colony members
in three species of Stenogastrinae: L. flavolineata, L. vechtii and Parischnogaster alternata. 1

explain the differences in relatedness using behaviour and morphology.
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In Chapter 5, I determine the mating frequency of females in L. flavolineata colonies and
examine colony genetic structure. I discuss how the results differ from those of an earlier

study conducted using allozyme markers.

Chapter 6 is the first of four chapters concerned with partitioning of reproduction particularly
in colonies of L. flavolineata. I review the models of reproductive skew that are relevant to

eusocial insect systems.

The predictions of the models are tested in Chapter 7, where the reproductive partitioning
between female colony members in colonies of L. flavolineata are examined in detail. Skew
is examined in both female and male brood and the results are used to examine the relative

applicability of the two skew models.

In Chapter 8, the association between reproductive skew and genetic relatedness is examined
through an interspecific comparative analysis of twenty-one species of primitively eusocial
Hymenoptera. The results provide strong support for the Incentives model of reproductive

skew.

Chapter 9 is a summary of the thesis and concluding comments.
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General Methods

In this chapter I describe general methods used in the following results chapters. In the first
section I describe the field techniques used in sample collection, monitoring and behavioural
observations (Section 2.1). In the second section, I outline laboratory techniques: I describe
techniques in insemination and ovary examination (Section 2.2.1, 2.2.2) and then I describe
the molecular techniques used in analyzing DNA samples at the microsatellite loci (Section
2.2.3). Protocols referred to are found in Appendix 1.

2.1: Field Techniques

2.1.1 Sites

All field work was conducted in Malaysia between May and September in 1995, 1996 and
1998. The 1995 field season was conducted by J.P. Field and W.A. Foster. The remaining
field work was conducted by myself, J.P. Field and G.E. Shreeves in 1996 and again in
1998 but with the addition of M. Casiraghi. Five sites are used for the behavioural
observations, population monitoring and sample collections. Sites names are stipulated in
Table 2.1. The table also indicates which species were examined, the monitoring and
collection periods conducted at each site and the experiment in which that sample was used.
Figure 2.1 is a map of the area, indicating the position of each site.

The sites are between 30 and 100 km north-east of Kuala Lumpur, Malaysia (latitude 4°N)
where average humidity is 95%, mean monthly rain fall between 120mm and 300mm per
month and constant average daytime temperature is 25°C (Oki & Musiake 1994). The sites

are at altitudes ranging from 200-1500m. The surrounding vegetation is a characteristic
mixture of disturbed lowland and highland secondary rainforest, predominantly of
dipterocarp species interspersed with secondary forest species such as bamboo. At all sites,
at least two of the three species named in Table 2.1 were found nesting together under the

same structure.
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One aggregation (Gazebo Site) was under an old hexagonal summer house that stands in the
large gardens of the Genting Tea Estate (see Field et al 1998a, 1999). All other aggregations
were on the undersides of bridges, all of which crossed streams. Figure 2.2 is a typical
aggregation of Liostenogaster flavolineata nests under a bridge (at the Fraser’s Hill Site 2).
L. flavolineata colonies have been monitored at the Skew Site since 1983 (Samuel 1987,
Strassmann et al 1994, Field et al 1998a, 1999, Field & Foster 1999). The other bridges and
aggregations had not been monitored before. The Bridge Site was also on Route 68, about
Skm from the Skew Site. The Fraser’s Hill Site 1 (1995) was a bridge beside the Jerai
Waterfall. The Fraser’s Hill Site 2 (1998) consisted of four different bridges at intervals
along 20 km of Route 55, between Kuala Kubu Baharu and Bentong. There were many
other bridges and culverts along this road that also had stenogastrine aggregations but were

not used in the study.

2.1.2 Marking wasps

In order to identify each individual wasp, residents are marked on the thorax with a unique
combination of 3-4 coloured paint spots from a total of thirteen different colours. Marks are
chosen carefully to ensure members of the same nest do not have marks which are similar
and consequently easily confused. Successful marking is implemented by the following
procedure. Residents are collected before dawn. An airtight plastic bag (zip-lock) is placed
beneath the nest and the nest tapped gently so that residents fall off it into the bag. The bag is
sealed and stored in a cool dark place. Wasps are marked by holding individuals between the
forefinger and thumb and then applying three or four pin-tip sized spots of paint (Humbrol
paints) onto their thorax in a symmetrical pattern (see Figure 2.3 - Parischnogaster alternata
female marked RED - WHITE - RED, from left to right, starting at the end of the thorax
nearest the head). Individuals are held for a minute to let the paint dry and then released.

2.1.3 Monitoring adults and brood
® Monitoring wasps

Monitoring of wasps begins after they have been marked. For each census individuals are
recorded as being present on their nest or not. Censuses conducted at night allow nest
residents to be identified since most females return to their respective nests at dusk and
remain there until dawn (Samuel 1987). Day censuses allow the role of each particular
female in the nest to be determined. A dominance hierarchy can be determined from the
relative time each female spends on her nest. High ranked females spend most time on the
nest and low ranked females spend most time foraging, hence they are off the nest for
long periods. The dominant can normally be recognized as the female who spends the most
time on a nest (Samuel 1987; Field et al 1998a, 1999; Field & Foster 1999).
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From monitoring data, all nestmates can be identified. This is especially important for
analyzing data on reproductive skew. In previous studies of reproductive skew the
genotypes of all potential egg-layers were not always available and so the methods relied on
successful amplification of the paternal genotype from sperm stored in a female’s
spermatheca and accurate genotyping of brood at all loci (e.g. Peters er al 1995; Field et d
1998b). Monitoring the nests prior to sample collection means one can be certain of how
many potential egg-layers have been collected in each nest. The power of this study is
therefore greater than that of previous studies, in that all potential egg-layers are known to be
collected for most nests and where any are missing, their dominance rank is known. Where
all potential egg-layers are collected it is possible to make assumptions in maternity
assignment such that ambiguities in loci scoring can be resolved simply because no other
female from that nest that could have laid the eggs. These points are explored in more detail
in Chapter 7.

® Monitoring brood

It is sometimes necessary to monitor brood to determine nest productivity, brood turn-over
rate and to identify which brood have been removed and when removal occurred. The cells
of L. flavolineata nests are hexagonal and fit neatly together diagonally in rows. The brood
are easily mapped on hexagonal paper by counting the number of cells in each row and the
number of rows in each nest. The contents of each cell is examined using a small microlight
torch that can be focused on the bottom of the cell. Brood are classed as eggs (e), small
larvae (SL), large larvae (LL) and pupae (p) (see Figure 2.4). Brood are mapped regularly
(e.g. once a week) at a frequency determined by the experiment. At each mapping, the
contents of every cell is checked. Parischnogaster alternata nests are more difficult to map
because the cells are enclosed by an envelope once they are more than about 10 cells in size
(Turillazzi 1985f). However small P. alternata nests that have not yet been enclosed can be

mapped in the same way as L. flavolineata nests.

2.1.4 Behavioural observations

Behavioural roles can be deduced from the relative time each female spends on her nest. But
roles can also be defined from behavioural observations. A female who is absent from her
nest is not necessarily foraging: observations suggest some females spend a deal of time
during the day searching on non-natal nests and sitting inactively near the aggregation (pers.
obs., Samuel 1987). By watching nests, true foraging events can be recorded: females that
return to their nest carrying prey (foragers) and those individuals that are physically

dominant over nestmates (dominants/subordinates) can be identified.
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2.1.6 General Statistics

All data are quoted as estimate + standard error unless otherwise stated. Comparisons of
relatedness between species are tested using t-tests (indicated bY ?,;.,. ance tevel, (raited test), nt, n2))-
n, and n, are the respective sample sizes. Behavioural data are compared using chi-square

tests (indicated by x?,, ., on x d.f.). The D-Statistic which uses the Fisher-Behren’s

distribution (indicated by D gificance tever, a1, ar2) fOF 6 = x°) is performed when the variance of

the two samples in the t-test are significantly different (F-ratio: Fy¢ umeracor. af. denominator)-

2.2: Laboratory Techniques

2.2.1: Ovary examination

A reproductively mature female has developed ovaries. Female abdomens are dissected as
described in Protocol 1.1, so that ovaries can be examined. The string like undeveloped
ovaries are easily distinguished from the plump, oval eggs of a mature female. The length of
the longest egg, ignoring egg curvature, and the number of mature eggs (those that are
1.25mm or more in length - following Field & Foster 1999), is recorded for each mature

female dissected.

2.2.2: Sperm examination
e Determining insemination status

To determine whether a female is mated, the presence or absence of sperm in the
spermatheca is recorded. To locate a female’s spermatheca, the abdomen is carefully
dissected (Protocol 1.1). An inseminated spermatheca can normally be identified by its white

appearance, whilst an uninseminated one looks like a clear bubble.

e Extracting sperm DNA from the spermatheca

Once located, the spermatheca is isolated from the female’s abdomen in a drop of 10% saline
solution on a microscope slide. Maternal tissue is teased away from the spermatheca walls to
minimize maternal DNA contamination in the sperm sample. The cleaned spermatheca is
squashed in fresh grinding buffer and sperm is extracted as described in Protocol 1.2.3. To
amplify sperm DNA at the microsatellite loci (Protocol 1.3) the PCR amplification cycle is
run twice consecutively for each sample. This is necessary due to the small amount of sperm
DNA available.
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2.2.3: Molecular Methods

For microsatellite analysis, DNA from each sample is extracted, microsatellite sequences

amplified and products resolved by high resolution polyacrylamide gel electrophoresis.

e FExtractions

Extraction of adult and pupal DNA from thoracic tissue is described in Protocol 1.2.1.
Methods for larvae extractions are described in Protocol 1.2.2 and eggs are extracted

following Protocol 1.2.3.
e Amplification and analysis
Extracted DNA is amplified by PCR. 3pul of egg and sperm DNA are used per reaction and

2ul DNA from adult, pupal and larval samples. PCR methods and cycle sequences used are

described in Protocol 1.3. Products are run on 6% polyacrylamide gels at 90W, 90mA and
2,200 V for between 3 and 4.5 hours, depending on the expected size of the product
(methods follow Sambrook et al 1989). Resolved products are observed through exposure
on photographic film.
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Microsatellites in Stenogastrines

3.1 Introducing Microsatellites

Conflict is likely to arise in groups consisting of genetically heterogeneous individuals. One
such conflict concerns reproduction. Its resolution can be assessed by examining colony
genetic structure or more specifically, the partitioning of reproduction between group

members.

It was not until the early 1980s that genetic structure of social insects could be studied
accurately: the frenzy of uniting behavioural observations with genetic relatedness data
provoked an avalanche of excitement amongst behavioural ecologists (Queller ez al 1988).
Allozymes were widely used to estimate relatedness at the population level (e.g. Ross &
Fletcher 1985, Schwartz 1987, Strassmann et al 1989) but there was usually too little
variation to estimate relatedness within individual colonies or between pairs of interactants.
For example, Peters et al 1995 show that to achieve the fine degree of kinship discrimination
that is attainable from two highly polymorphic microsatellite loci, over twenty allozyme
markers would be needed. It soon became apparent that a marker that was more sensitive
than allozymes was required. DNA finger-printing provides a measure of band-sharing
between individuals and was used in parentage studies within vertebrate family groups (e.g.
Packer et al 1991 - kinship in lions), but for the larger samples that are commonly associated
with social insect study, correlating individuals between different finger-print gels was
difficult to do accurately (Blouin et al 1996). Fingerprinting also required large quantities of
high quality DNA and scoring of products was often subjective, since the intensity of bands

varied greatly.

The ideal genetic marker is mendelian, codominant, selectively neutral and highly
polymorphic (Queller er al 1993). It must be one that allows accurate and unambiguous
scoring of individuals across different gels. Microsatellite DNA sequences consist of short
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tandem repeat motifs, e.g. (AAT)s, (GA),s. They are codominant markers of high
variability and are found in rapidly evolving DNA. A marker of very high mutation rate
would give misleading information about genetic history, especially where parentage is
concerned. For example, if a mutation occurs in a single generation, for instance between
mother and offspring, then accurate assignment of progeny to their correct mother would be

impossible. Microsatellites represent the ideal combination of high variability and moderate

mutation rates, which are typically below 10 (Hearne et al 1992). They are well distributed
through genomes (Weissenbach et al 1992) and so are more informative than minisatellites
which are often clustered together (Royle er al 1988). Since they are thought to represent the
non-coding regions of the genome they are probably selectively neutral, indeed more so than
allozymes. Using specific primer pairs, repeat sequences can be easily amplified from
nanograms of quite poor quality, partially degraded DNA (e.g. Nielsen et al 1997). The
precise length polymorphisms found in microsatellites can be resolved and visualized by
electrophoresis: they can be compared reliably between gels by using DNA size standards to

calibrate. This means large numbers of individuals can be analyzed.

Microsatellites have been found to exhibit high variability (Strassmann et al 1997a) and
abundance (Thorin e? al (in press)) in all eukaryotes examined (Tautz et al 1986). It has been
suggested that their mutation rates vary between species and that a mutational bias means an
increase in repeat length is more likely than a decrease (Rubinsztein et al 1995). This is
fortunate since longer repeats are thought to proliferate more information (Weber 1990). This
means they can be used for a variety of genetic studies beyond that of estimating relatedness
in social insects. For instance, their high variability has enhanced studies in conservation
genetics and breeding programmes (e.g. Gottelli et al 1994 - Ethiopian wolf) and they long
succeeded allozymes in studying gene flow in population genetics (e.g. Sokal et al 1992,
Taylor 1994, P‘aetkéu et al 1995, Pamilo et al 1997). They can be used to uncover concealed
life history events, concerned with reproduction (e.g. Paxton et al 1996), kinship (e.g.
Queller et al 1993), inbreeding (e.g. Chapman & Crespi 1998) and inclusive fitness effects
can only be studied if relatedness is accurately measured as it can be with such markers (see
Queller et al 1997). Their contribution to genetic studies in haplodiploid organisms has to be
revolutionary: no other marker is as easy to use and is variable enough to distinguish
between such closely related individuals (i.e. where full sisters share 75% of their genes),
nor enables analysis of the huge sample sizes associated with large social colonies. Many
studies have illustrated the high polymorphism of microsatellites relative to allozyme markers
in the Hymenoptera (Hamaguchi & Ito 1993 - Leptothorax spinosior, Choudhary et al 1993 -

Parachartergus colobopterus).

The disadvantage of microsatellites lies in the difficulty in finding them (Strassmann et d

(1996b). In species such as humans and mice, where extensive DNA sequence data is
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available, they can easily be found and primers designed from flanking sequences. But
primer sequences for each microsatellite are little conserved interspecifically and normally
only between closely related species (Weber 1990). When primer sequences are preserved
across taxa, then microsatellite products in the non-host species are often shorter and hence
of lower heterozygosity than they are for the host-species in which they were found (e.g.
Strassmann et al 1996a). Ezenwa et al (1998) demonstrated that heterozygosity diminished
with phylogenetic distance. Thus for most species this means that highly polymorphic
microsatellite loci can only be found by screening species-specific genomic libraries, a time

consuming and costly process.

3.1.1 Aims

One goal of this study is to estimate relatedness in three species of stenogastrine wasp (see
Chapter 1, Section 1.2.3). The accuracy of such relatedness estimates can be maximized by
using the most polymorphic loci available. The second aim is to explore the finer genetic
structure of one species, Liostenogaster flavolineata and thus assess patterns of reproductive
partitioning. Such patterns are determined by matching the genotypes of individual brood to
the genotypes from one of a number of adult females who could be the mother. The more
closely related the potential mothers are, the more polymorphic loci are needed to assign

maternity accurately.

In order to explore colony genetic structure, polymorphic loci need to be isolated for each of
the three species. Thus the aims of this chapter are two fold: firstly to describe how
microsatellites were found for L. flavolineata and secondly to describe how variable
microsatellite loci were found for another two species, Parischnogaster alternata and

Liostenogaster vechtii, through interspecific amplification of the L. flavolineata loci.
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3.2 General Methods in Finding Microsatellites

3.2.1 Isolating microsatellites

Two methods were used to locate microsatellite sequences in three species of Stenogastrine

wasp: Liostenogaster flavolineata, L. vechtii and Parischnogaster alternata.
a) Interspecific amplification with Polistes primers

The easiest way to find microsatellites in a species where there is no genome information is
to try amplifying the DNA using microsatellite primer sequences that have been isolated for
closely related species. Strassmann er al (1997a) illustrated the merits of this method by
attempting to amplify primer sequences for ten microsatellites found in the swarm-founding
neotropical wasp, Parachartergus colobopterus, in nine other species from different lineages
of the Vespidae. They made no assessment of the degree of polymorphism in the
amplification products, but could conclude from their results that there was no trend for

certain repeat motifs to be more preserved across taxa.

Attempted amplification of microsatellite primers from two species of Polistes had been
unsuccessful in P. alternata and in the two instances when primer pairs amplified L.
flavolineata DNA, they yielded monomorphic products (Ezenwa et al 1998). Twenty-seven
primer sequences for two species of Polistes wasp have been isolated (Strassmann et d
1997a, Ezenwa et al 1998) and primer sequences are also available for microsatellite repeats
in the bee Lasioglossum malachurum (J.P. Field & E. Arevalo - pers. com.). Amplification
of L. flavolineata and P. alternata DNA with primers from these species is attempted and the

degree of polymorphism is assessed.
b) Screening a Genomic Library

Amplification of microsatellite primer sequences across families is only occasionally
successful and even then, products are normally shorter in repeat length and of lower
heterozygosity than those of the host species (Weber 1990). Screening species-specific
genomic libraries is normally necessary. Primers are designed for any microsatellite
sequences found, and polymorphisms are determined by population screening. In this study

genomic libraries were constructed for L. flavolineata and L. vechtii.

3.2.2 General Methods Described

Standard procedures used are listed below. Details and protocols are given in Section 2.2.

I present methods and results for interspecific amplification with Polistes and Lasioglossum
primers in Section 3.3. Methods and results for library screening of L. flavolineata and L.

vechtii are described in Section 3.4.
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3.3 Interspecific amplification of microsatellite sequences in two
species of Stenogastrinae using Polistes and Lasioglossum

primers

3.3.1 Methods

DNA from nine L. flavolineata and six P. alternata adult females from different nests were
extracted as described in Protocol 1.2.1. Six primer pair sequences for AAT repeats in
Polistes bellicosus (Pbe) and two primer pairs for the apoid bee, Lasioglossum malachurum

(LM) were used. PCR amplification was attempted with the stenogastrine samples. An
annealing temperature of 50°C and a magnesium concentration of 1.5 mM (MgCl, ) were
used for initial amplification attempts. PCR products were run on agarose gels. If there was

no amplification product, the annealing temperature was reduced to 45°C and then further to

40°C if necessary. Any products were re-amplified in radiolabelled 2p PCR (Protocol 1.3)

and separated on polyacrylamide gels. This enabled the degree of polymorphism to be
assessed. Products showing a deal of secondary and non-specific banding are re-amplified at

a higher annealing temperature of 55°C. MgCl, concentrations were varied at 0.5 intervals

from 1mM to 3.5mM in order to achieve the highest banding quality. Table 3.1 lists the
primers used, the conditions for amplification in P. bellicosus and L. malachurum and the
final conditions devised for amplification in L. flavolineata and P. alternata. The number of
alleles amplified in a population screen for each stenogastrine species were counted. This

indicated the degree of polymorphism exhibited by each amplified locus.

3.3.2 Results

Amplification results are summarized in Table 3.1. Four out of eight loci amplified with L.
flavolineata DNA. Another four did not amplify even at 40°C, clearly indicating the primer

sequences were not present in the stenogastrine’s genome. Five of the eight loci were
successfully amplified with P. alternata DNA, one being the apoid primer pair, LM 7.
Between the two species, a total of five primer pairs were amplified successfully but
products were of low polymorphism, there being a maximum of two alleles at each locus.
Products were either within the size range found in the parent species or slightly smaller (see
Table 3.1).

Thus, one L. malachurum and four P. bellicosus primer sequences are conserved in the
genome of these two species of Stenogastrinae, but no loci are polymorphic enough for

estimating relatedness and analyzing parentage.
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3.4 Finding Microsatellites in an Enriched Genomic Library

3.4.1 Methods

® Rationale: A genomic library consists of thousands of bacterial colonies, each containing
a plasmid vector with a genomic DNA insert. Bacterial colonies are screened with a
radiolabelled repeat probe, e.g. (AAT),s: this will bind to AAT repeats in the genomic DNA.
Positive colonies are therefore those containing a repeat sequence in the genomic DNA
insert. By amplifying the selected DNA by PCR, further selection can be carried out.
Positive clones are sequenced and if a suitably sized microsatellite is found, primers are
designed from the flanking sequences of the repeats. The most polymorphic loci are then

selected for population analysis.

Screening can be made more efficient and successful if, before cloning, the size selected
DNA is enriched for microsatellite repeat sequences. This is done using a repeat probe that
binds to complementary sequences, removing the remaining unbound wasp DNA and thus
concentrating the target sequence in the sample. This method of finding microsatellites
through a repeat enriched library consists of 4 steps: 1) constructing the size selected,
enriched or unenriched library, 2) screening it, 3) sequencing positive clones and designing
primers for any suitable microsatellites and finally, 4) selecting polymorphic loci to analyze

the samples.

In this study enriched libraries for GA and AAT repeats are constructed and screened for
Liostenogaster flavolineata. In addition, an unenriched GA repeat library for L. vechtii is
constructed. (GA), appear to be the most abundant microsatellite in the Hymenoptera, with
average distances between repeats of only 15kb in Apis mellifera and every 40kb in Bombus
terrestris (Estoup et al 1993). (AAT), have been found in abundance in Polistes wasps
(Strassmann et al 1997). Each step of the library is described below. Methods for L.
flavolineata library closely follow the enriched genomic library protocol of Hammond et d
(1998). An unenriched library was constructed for L. vechtii and so methods of only Part la
in Step 1 apply. Steps 2-4 are the same. Detailed protocols are given in Appendix 2.1 and are

referred to throughout the chapter.
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Table 3.1: Testing Polistes bellicosus and Lasioglossum malachurum primer sequences on two species of Stenogastrinae

Microsatellite Reference Temp Product sizein | Temp (°C) in | Product size No. of Temp Product No. of
name (Repeat) (°C)in host sp. L. in L. alleles (No. (((®)) size in P. alleles
host (No. of alleles) flavolineata | flavolineata | of females) in P. alternata ( No. of
species L. alternata females)
flavolineata P.
alternata
Pbe 492 (4,9) Strassmann et al 1997a 55 155 - 194 (16) 53 161 1 (6) 53 161-164 2 (6)
Pbe 203 (6,6) Strassmann et al 1997a 55 135 - 195 (23) 55 141 - 147 2 (D 55 141-147 2 (6)
Pbe 80 (11,6) Strassmann et al 1997a 62 169 - 211 (11) 45 132 1 (6) 45 132 1 (6)
Pbe 411 (11) Strassmann et al 1997a 50 158 - 185 (10) 65 154 - 171 2 (6) 65 145 1 (6)
Pbe 424 (2,19) | Strassmann et al 1997a 45 197 - 194 (10) - - 09 - - 0 _(6)
Pbe 440 (13) Strassmann et al 1997a 50 213 - 258 (16) - - 0 - - 0 (6)
LM 7 J. Field & E. Arevalo 50 - - 0 (7 55 167 1 (6)
(pers. com)
LM 11 J. Field & E. Arevalo 55 - - 09 - - 0 (6)

(pers. com)




¢ 3 - Finding Microsatellites

Step 1: Construction of Enriched/ Unenriched Library

Part 1: Sample preparation and the enrichment technique (Steps a - f)

a) Extraction and size selection DNA

Genomic DNA was obtained by grinding 10 whole female wasps in liquid nitrogen and
extracting pure DNA in an STE buffer and finally cleaning the extraction with organic
solvent (PCI) (Protocol 2.1). Genomic DNA was cut up and segments of 300-700 base-pairs

in length were selected. To do this, 10-20pug DNA was digested with SAU3A enzyme (2-3

units/ug DNA; Biolabs Cat. No.169S 4000units/ul) at 37°C overnight (Protocol 2.2).

SAU3A cuts at any GATC site in the genomic wasp DNA. Two microlitres of the digestion
product was run out on a 1% agarose gel to check digestion was complete. When the sample
was completely digested, it was run out on a 2% agarose gel, along-side a 100 base-pair size
standard ladder. On an ultraviolet transilluminator, DNA between 300-700 base-pairs were
selected and the agarose strip containing these bands was cut out. To extract the size selected
DNA from the agarose gel, electroelution was performed using a dialysis membrane to retain
the size selected DNA (Protocol 1.3). DNA was then cleaned with phenol:chloroform and

precipitated in twice the volume of 100% ethanol at -20°C overnight. A dried precipitate of
clean, size selected DNA was resupended in 25ul ddH,O. Concentration of DNA sample is
measured using a spectrophotometer (Protocol 2.2 (1)).

b) Ligation of linkers

In order to amplify size selected DNA of unknown sequence by PCR, linkers of known
sequences must be annealed to the GATC ends of DNA, created by SAU3A digestion.
SAULA and SAULB are the linker sequences. They were annealed together by combining

equimolar amounts in the presence of 0.05M NaCl at 60°C for 30 minutes. The annealed

primer pair provide a GATC overhang, compatible with the cut ends of size selected DNA.

3 GATCCCAAGCTTCCCGGGTACCGC 3’ SAULA
5 GGTTCGAAGGGCCCATGGCG 5’ SAULB

At 16°C, 1-2 units of ligase enzyme (Promega, 3U/ul) was used to ligate approximately 2

ug (4ul of 0.5ug/ul linker ligation stock) of double stranded linker to about 200ng of size
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selected DNA (2ul for sample concentration above - Part 1a). It is important to achieve a

high yield of linker-genomic DNA in the ligation and this was done in two ways. Firstly,
recombination of genomic DNA was discouraged by the high molar ratio of linker sequences
to genomic DNA (250:1). Secondly, linker-linker ligations were prevented because linkers
were dephosphorylated and so they could not bind to each other under T4 ligase reaction. As
a consequence of this, only the 3’ ends of the linkers became covalently bound to the 5’
phosphate of the genomic DNA, whilst the other strand was held by complementary base
pairing only.

c) I PCR

The function of this PCR was two-fold. Firstly, it served to seal the unbound strands in the
genomic DNA-linker complex and secondly it amplified genomic DNA for repeat sequence
enrichment. The primer used was one of the linker sequences; in this case, SAULA.

Table 3.2: Pre-Capture PCR for enriched library

Reagent Manufacturer Final concentration in
(concentration) PCR
KCL buffer Bioline (10x) 2.5x
Primer (SAULA) Genosys (25pM/ul) 25pM
dNTPs USB (10 mM) 1.0mM
Taq Sigma (10U/pl) 10units
Ligation From Part 1b A 0.8
pprox. 0.8mg (2.5ul)
(SAULA/B+wasp DNA) (Approx. 0.3ug/ul)
H,O make up volume to 2.5ml

Table 3.3: PCR Cycle Conditions

Step Number of Temp. °C Time:
Cycles minutes

1 1 (72), 95 (5), 2
2 32 95 1
32 67 1
32 72 2
3 1 72 5
4 1 25 1

N.B. Step 1, 1* PCR conditions are in brackets. This was an elongation step rather than a
denaturing step, to ensure unbound strand became covalently bonded.

2ul of PCR product were run on 2% agarose gel with size standard ladder to check

amplification is successful and product size is correct (300-700bp).
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d) First enrichment capture

¢ Rationale: Two libraries were constructed for two different repeats: GA and AAT. Repeat
probes bind to any sequence identical to itself (i.e. GA or AAT microsatellite repeats) present
in the PCR product on hybridization. Recombinants can be separated from unbound DNA by
binding biotin molecules to the probe. This was done by adding vetrexavidin which binds
to biotin and forms a precipitate at a temperature determined by the target sequence. In this
way target sequences in genomic DNA were precipitated out, the resulting solution being one
concentrated in selected repeats.

Biotin probes were washed off before each PCR. But in order to prevent inadvertent
amplification and subsequent sequencing of biotin fragments, terminal deoxynucleotidyl
transferase (TdT) was added to the biotin probe to form a dideoxy 3’ terminus, thus
preventing Taq polymerase (catalyst enzyme) from amplifying in the PCR.

e Methods:
i) TdT reaction (Protocol 2.4)
TdT (MBI Cat.# EPO161, 15U/ml) was used to add OH groups onto 3’ end of probe.

ii) Hybridization of the PCR product with biotinylated repeat probe.

The entire PCR product (approx. 5-10 pug) was denatured by boiling for 10 minutes and then

chilled on ice. Sug of biotinylated AAT or GA repeat probe was added and volume made up
to 500ml with hybridization Buffer 1 (0.5M sodium phosphate pH 7.4, 0.5% SDS). The

solution was subsequently hybridized for 15-18 hours at 50°C.

iii) Capture of recombinants

Conditions for washes with Buffer 2 are listed in Table 3.4.

Vetrexavidin binding and general washes: 0.05g of Vetrexavidin D (Vector Laboratories Cat
No. A2020) was rehydrated and washed in Sml of Buffer 2 (150mM NaCl, 100mM Tris,
pH7.5) by shaking at room temperature for 30 minutes. The rehydrant was spun at 3000rpm
for 2 minutes and the supernatant was discarded. The washed Vetrexavidin D was then
rehydrated with the hybridization solution (Buffer 1) and enough of Buffer 2 to make up to
10ml. The solution was gently shaken at room temperature for 30-40 minutes, during which
time the biotin-genomic DNA hybrid was removed from solution by Vetrexavidin D. This
precipitate was retrieved by centrifuging at 3000rpm for 2 minutes. Supernatant containing
unbound DNA was discarded. This was repeated twice, with 10ml of Buffer 2 each time.

Specific Washes: Two probe-specific washes in 4ml of Buffer 2 (at a concentration specific
for probe) for 30 minutes each were carried out in a hybridization oven. The first was at 10-
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15°C below the melting temperature T, of the hybrid (dependent on the repeat sequence

targeted): this separated the unbound DNA and nonspecifically bound DNA from that
containing the target sequence (the hybrid). A supernatant of unbound DNA was discarded.
The precipitate was washed a second time, at 10-15°C above T,, thus denaturing the hybrids
and removing biotinylated probes from the solution. This time the supernatant was retained,
since it contained genomic DNA, enriched for certain repeats. Buffer concentrations and
wash temperatures for the two repeat probes being used are given in Table 3.4.

Table 3.4: Wash Conditions with Buffer 2

Probe Repeat 1 wash 2" wash Concentration of
General wash room room Ix
_ temperature temperature
Specific wash o ) 0.01x
for (GA)ys 55°C 65°C
Specific wash o o Ix
for (AAT); 45°C 65°C

Concentration of wash solution: The supernatant was concentrated using Centricon-100 spin
columns. 2ml of supernatant at a time was spun in a centrifuge at 4500rpm for 20 minutes.
The filtrate was discarded between each sample spin. To collect the concentrated sample (30-

60ul), the filter was inverted and spun at 1000rpm for 3 minutes.
e) Second PCR and further enrichment

2ul of concentrated sample was used in a 251 PCR reaction, identical to the 1¥ PCR except

that Step 1 in the PCR cycle was simply a denaturing step (See Table 3.3). Product size and
concentration was checked on a 2% agarose gel. Any number of cycles can be repeated
(Steps d - e), to enrich sample further. Two cycles were completed for the GA and AAT L.

flavolineata libraries.
f) Removal of linkers and cloning

The final PCR product was digested with SAU3A to remove SAULA/SAULB linkers (as
Protocol 2.2(2)). To remove the cut linker sequences from solution, the sample was
centrifuged in a centricon spin column as before: this time, since the linkers were the smaller
fragments of DNA, they were discarded in the filtrate. 1ml ddH,O was added to the sample
collected in the filter. DNA was then cleaned with organic solvents (phenol: chloroform, and
chloroform: isoamyl alcohol - as for larvae extractions, see Protocol 1.2.2). The final
enriched product was run on 2% agarose gel with 100 base-pair ladder and lambda
concentration standard to check size and concentration of product before cloning.
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Part 2: Cloning and Transformation

Step 1: Preparation for screening (Steps a - ¢)

a) Digestion of vector

The size-selected enriched wasp DNA and unenriched L. vechtii DNA was already digested
with SAU3A (Part 1b). For ligation into a vector plasmid, the plasmid DNA also had to be
cleaved to give complementary termini. 10units of BAMH]1 (GibcoBRL) was used to digest

about 1ug pUCI19 (GibcoBRL) at 37°C (See Protocol 2.5). Products were run on agarose

gel to check digestion was complete.
b) Ligation into vector

i) Dephosphorylation: When insert and vector are ligated, as well as recombinants forming
(plasmid+wasp DNA), plasmids may recircularize and plasmid dimers and insert DNA
dimers may also form. To prevent this occurring, the 5’ phosphate group from one of the
DNAs was removed. Usually, it is the plasmid that is dephosphorylated. However, if dimer
DNA is inserted into the vector, it will not be detected until sequencing. Insert DNA was
therefore phosphorylated (Protocol 2.6). Only one phosphodiester bond per single strand of
DNA was formed and double stranded hybrid molecules therefore carry two strands bound
only by complementary base-pairing and these will be sealed after transformation.

ii) Ligation: Wasp DNA was inserted into the plasmid, forming complementary
phosphodiester bonds in the presence of catalyst bacteriophage T4 ligase at 14°C overnight

(Protocol 2.7). The success of the ligation was tested through PCR. Using pUC primers
(forward and reverse), inserts can be amplified and their size estimated on a gel. If there is
no insert, the PCR product will be about 200 base-pairs, the size of unligated pUC. Any
product larger than this control has an insert and so ligation of wasp DNA into the plasmid
has been successful. Since size selected fragments were 300-700 base-pairs, PCR product of
recombinant pUC is expected to be around 500-900 base-pairs.

¢) Cloning into bacterial host: transformation and alpha-complementation

The recombinant vector-insert complex can be inserted into a bacterial host, E. coli
(GibcoBRL: Max Efficiency DHS-alpha competent cells, Cat.No. 18258-.12). Alpha-
complementation was used to confirm that the inserted vector contained an insert. pUC

vectors express the lacZ amino-terminal fragment gene product (the alpha-peptide of B-
galactosidase). When inserted into E. coli, this fragment joins by alpha-complementary base
pairing to the carboxy-terminal region of f-galactosidase in the bacterium. If the plasmid

contains an insert, the lac-Z operon is inactivated and alpha-complementary pairing will not
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result from transformation and the colony will appear white. Colonies without recombinant
DNA will appear blue.

Two methods of transformation were used: heat shock at 42°C and electric shock or

electroporation (Protocol 2.8). Both techniques induce a transient state of ‘competence’ in
recipient bacteria, during which time they can take up a vector plasmid. Transformed cells

were plated on agar plates and incubated over-night at 37°C.

Step 2: Screening the Library (Steps a - ¢)

Once the genomic enriched/unenriched library was constructed, colonies were screened for
microsatellite repeats. This involved three stages.

a) Replica Plating

Recombinants form white colonies. A copy of the bacterial colonies was made on nylon
filters (Hybond-N, Amersham, Cat.No. RPN123N). Inserts containing microsatellites were

identified by probing with 32P labelled nucleotide repeats ((GA),4 and (AAT);,). Replica
plate filters were probed for repeats: master plates contained the same colonies in identical
positions and so positives were easily identified for sequencing. Replica plates were
impregnated with ampicilin, thus reducing the risk of contamination. Several methods of
replica plating exist. Picking and gridding is the most time consuming but the most accurate
method because white colonies are picked exclusively and spaced well on the filter. It is
suitable for use in an enriched library where a higher percentage of colonies are expected to
contain repeat sequences (Protocol 2.9.1). For the unenriched L. vechtii library, the filter
lifting method was applied (Protocol 2.9.2). Colonies containing recombinant plasmids were
grown overnight on both master and replica plates. Replica colonies were fixed (‘baked’) to
filter before probing (see Protocol 2.10).

b) Hybridization

The bacteria fixed to the nylon membrane were washed off (prewashing solution in protocol)
to reduce background hybridization that may affect the intensity and sharpness of possible
signals. A pre-hybridization wash was necessary to block all sites so nucleic acids cannot
bind (Denhardt’s solution) on the nylon filter. This may otherwise bind single/double
stranded DNA and so reduce the intensity of positives. The clean, blocked filter was then

hybridized overnight with radiolabelled probe (Protocol 2.11 and 32P probe end-labelling as
in Protocol 2.12).
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c¢) Washing

During hybridization, non-specific binding will have occurred, especially at low annealing
temperatures. Washing filters in 2x SSC serves to remove non-specifically bound DNA.
They were washed under stringent conditions (5-10°C below T,) to ensure removal of all

unbound probe: any positives, therefore, should arise only from the radiolabelled probe
bound complementarily to microsatellites (Protocol 2.13).

Step 3: Sequencing and Primer Design (Steps a - b)

a) Sequencing

Positive colonies were located, picked and grown in 3ml L-Broth at 37°C overnight. The

bacterial cells were lysed to release pUC19 and subsequently cleaned (Wizard Plus
minipreps DNA Purification System: Sigma Cat.No. A7100) (Protocol 2.14). The resulting
isolated vectors were run on 2% agarose gel along size unligated pUC to enable insert length
to be estimated. Any products with inserts less than 300 bases were sequenced. Sequencing
was done by Hammersmith Hospital on an automated sequencer.

b) Primer design
Sequences were selected for primer design with the following points in mind:

1) Longer repeat sequences are generally more polymorphic than short ones (Weber
1990)

ii) Flanking sequences each side of repeat must be at least 100bp and of good sequence
(no unknown bases) since primers are designed from these.

iii) Pure repeats give more reliable results than imperfect or interrupted repeats.

Primers were designed for selected sequences using Primer 3, at web site:

http://www-genome.wi.mit.edu/genome-software/other/primer3.html,

Protocol 2.15 explains reasoning and methods.
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Step 4: Selecting polymorphic loci (Steps a - b)

a) Deciding Optimal PCR Conditions

e Reagents: Whenever a new combination of target DNA and primers are first used,
conditions have to be optimized. For PCR methods, see Protocol 1.3 (Chapter 2).
Products are run on polyacrylamide gels (methods follow Sambrook et al 1989).

i) [MgCl,] . Optimal concentrations of Mg2+ are low and when optimizing concentration the

following points are considered:

a) Template DNA must not contain high concentrations of chelating agents such as EDTA
or negatively charged ionic groups like phosphates.

b) dNTPs are a major phosphate source in PCR. Any change in their concentration
affects [Mgz].
A series of tests was set up with varying concentrations of MgCl,: 0.5mM - 5SmM (in 0.5mM
intervals) with fixed concentrations of buffer. The expected optimum was 1.5mM.
it) Oligonucleotides (primer): Normal primer concentrations in a PCR reaction are
1uM. This is sufficient for 30 cycles. At higher concentrations, non-specific binding may
occur; at lower concentration, the PCR is very inefficient.
iii) Buffers: Standard buffer contains 50mM KCI (or NH4) and 10mM Tris-HCL (this is
pH 8.3 at room temperature, but becomes about pH 7.2 at 72°C in PCR).

iv) dNTPs: Used at saturating concentrations: 200uM for each ANTP. Stock 50M dNTPs
should to adjusted to pH 7.0 with 1M NaOH to ensure pH of reaction is not lower than 7.1.

e Conditions: A PCR reaction consists of 3 steps: denaturing, annealing and elongation.
The temperature, length of time and number of repetitions (cycles) for each step is
important.

i) Annealing temperature (T,): Amplification is more efficient at lower temps. (37°C),

but amount of mis-priming is increased. At high temperatures, specificity of amplification is
increased but overall efficiency is reduced. The annealing temperatures for primers at each

locus were checked with the following formulae:
T, =693+ (% CG)-(650/1) Where! =no. bases in primer.
T,=T,-12°C
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This gives different results to 7, provided by Genosys and Primer 3 program. I used this
formula to decide initial T}, to try. If there is no product, T, is reduced. If there is lots of non-

specific binding, T, is increased.

ii) Cycles: Number of amplification cycles depends on the concentration of target DNA
in reaction mix. Greater than 25 cycles are needed for single-copy target sequences. Taq
polymerase (catalyst enzyme) becomes limited after 25-30 cycles.

b) Resolution on polyacrylamide gels

Under the optimized PCR conditions achieved in Step 4a, a population screen of 20
individuals from 20 different nests was run on 6% radioactive denaturing polyacrylamide
gels. Different sized alleles at each locus were counted as a measure of locus polymorphism.
Locus size and ease of band scoring was also considered. Polymorphic loci that were the
easiest and least ambiguous to score were selected for genetic structure analysis.

3.5 Results of Microsatellite Library

3.5.1 Library screening
e Liostenogaster flavolineata: enriched library

The AAT enriched library did not transform and so it was discarded. The GA enriched
library constructed for L. flavolineata was successfully screened twice from a single
transformation sample (transformed through electroporation). Table 3.5 summarizes the
results of library screening. In total 60,000 colonies were screened. One hundred and ninety-
six colonies (0.33%) were positives and thus potentially contained microsatellite repeats.
Twenty-seven of these were sequenced and of these twenty-one (78%) contained
microsatellite repeat sequences ranging from four to thirty-three GA repeats in length.

Primer pairs were designed for the best nine of the twenty-one sequences: primers were not
designed for the remaining 18 sequences with repeats for reasons of their flanking sequences
being too short, or that they contained repeats or unknown bases (See Table 3.6). Four of
the nine primer pairs produced polymorphic products with between seventeen and thirty-
three alleles found in 141 females from twenty-seven colonies. Heterozygosities were
between 0.85 and 0.92 (mean 0.88 - see Table 3.7). Three of these polymorphic loci are
used to analyze of relatedness and parentage in Chapter 4, 5 and 7 - Locus Lf25, Locus I3
and Locus K18. Of the six primer pairs that were not used, one was polymorphic but the
large product size made bands difficult to score (Locus T8), another failed to amplify (Locus
L8) and the rest were monomorphic (Loci Lf17, Lf13, Lf14) or of low polymorphism
(Locus P9), with less than five alleles in the population screen (see Table 3.7).
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Table 3.5: Library Screening Results

Sample screened Total colonies % positives from % with
(transformation method) screened screening microsatellites
(Number of colonies) (total sequenced)

L. flavolineata 1 24,000 0.34% (82) 75% (20)
(Electroporation)

L. flavolineata 2 36,000 0.32% (114) 100% (7)
(Electroporation)

L. vechtii I (Heat shock) 1700 1.9% (32) 100% (2)

Table 3.6: Sequencing results for L. flavolineata and L. vechtii Libraries

Microsatellite(s) Comments

(GA)no. of dinucleotide repeats

(_GA)6 (GA)6 Sequence too short
(GA)24 Too near pUC
(GA)?21 Primers for Locus LF25
(GA)23 Primers for Locus K18
(GA)10 Primers for Locus P9
(GA)4 Sequence too short
(GA)5 (GA)7 (GA)7 (GA)7 Primers for Locus L8
(GA)8 (GA)4 (GA)7 (GA)4 Imperfect sequence
(GA)34 Primers for Locus Lf14
(GA)16 Too near pUC
(GA)22 Too near pUC
(GA)18 Too near pUC
(GA)12(GA) 8 Too many unknown bases
(GA)22 Primers for Locus T8
(GA)?21 Too near pUC
(GA)g,(GA)7 Imperfect sequence
(GA)20 Too near pUC
(GA)13 Primers Locus I3
(GA)33 Primers for Locus LF14
(GA)11 Too near pUC
(GA)18 Too many unknown bases
(CT)20(CT)18 Imperfect sequence
(GA)21 Primers for Locus LV1
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e Liostenogaster vechtii: unenriched library

The unenriched L. vechtii library was screened from a sample transformed through heat
shock. 1700 colonies were screened and 1.9% (32 colonies) were positives (see Table 3.5).
Two were sequenced; both contained microsatellite sequences. Primers designed for one of
these yielded a polymorphic product with fourteen alleles in 101 female individuals and a
heterozygosity of 0.43 (Table 3.7).

e Polymorphism versus repeat length

No significant relationship was found between repeat length and the number of alleles at a
locus within each species or over all three species (r=0.11,n=9, p > 0.05).

3.5.2 Interspecific amplification of loci found

Amplification of L. vechtii and P. altermata samples with the primer pairs isolated in L.
flavolineata were attempted. The results are summarized in Table 3.7.

Primers for all but one L. flavolineata loci amplified products in L. vechtii. Of these, two
yielded polymorphic products with more than three alleles (Locus LF25 with fifteen alleles
and heterozygosity 0.82, and Locus I3 with sixteen alleles and heterozygosity 0.87).
Together with the species-specific library (see Table 3.7), three highly polymorphic
microsatellites were isolated for L. vechtii.

P. alternata DNA was successfully amplified by two primer pairs isolated in L. flavolineata,
and both products were polymorphic (Loci K18 and P9 both had twelve alleles and
heterozygosities of 0.76). Locus Lv1 from the L. vechtii library amplified with P. alternata,
but yielded only monomorphic products.

In all cases cross-species amplification products were largest in the species they were
originally isolated in and, with the exception of Locus P9, the host species had the largest
number of alleles. The annealing temperature was always highest in the host species. This
suggested that the primer sequences differed slightly from L. flavolineata in the genomes of
P. alternata and L. vechtii, because a lower annealing temperature allows less specific
binding to occur.

3.5.3 Scoring Loci

It is well known that each microsatellite locus has a unique banding morphology (Queller ez
al 1993). Familiarity with locus specific patterns is essential for accurate and repeatable
scoring of loci between gels. When microsatellites are resolved on polyacrylamide gels
stutter bands are often observed around the main product. These probably arise from
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slippage during replication in the PCR reaction (Rubensztein et al 1995). Choudhary et d
(1993) found that stutter bands were more prominent in dinucleotide repeats than in
trinucleotides and Queller et al (1993) noted how the characteristic ladder of bands of similar
intensity found in most dinucleotides make them more difficult to score than trinucleotides.
Thus clear scoring criteria must be defined for each locus in order that dinucleotides can be
scored accurately and consistently between gels. Scoring criteria for each locus used in this
thesis are described in Appendix 2.2.

Table 3.7: Optimized PCR Conditions, Cross-Species Amplification and Population
Screening for Primer Pairs Designed (- indicates no amplification)

Locus | No. of | Species| Tj Hetero- | Allele size| Ng, of | No. of | Ng. of
GA (°c) | zygosity | range (bp) [ females | mests | alleles
repeats run
Lf25 | 22 L.f 50 0.85 121-231 140 25 21
L.v 50 0.82 129-147 101 31 15
P.a - - - 10 10 0
I3 13 L.f 50 0.92 131-173 140 25 17
L.v 40 0.87 97-130 101 31 16
P.a - - - - - -
K18 23 L.f 55 0.88 97-142 140 25 33
L.v 50 - - 5 5 3
P.a 40 0.76 83-111 52 20 11
T8 22 L.f 50 - - - - -
L.v 50 - - 5 5 2
__|Pa - - - - - -
P9 10 |Lf 40 . : 20 20 4
L.v 40 - - 4 4
P.a 40 | 076 191-221 52 20 13
L8 5,7,7,7 L.f - - - - - -
L.v - - - - - -
P.a - - - - - -
Lf14 | 34 L.f 50 - - 5 5 1
L.v 50 - - 5 5 1
P.a - - - - - -
Lf13 | 26 L.f 50 - - 5 5 1
L.v 50 - - 5 5 1
P.a - - - - -
Lf17 | 18 L.f 50 - - 5 5 1
L.v - - - - - -
| P.a - - - - - -
Lvl 21 L.f - - - - - -
L.v 50 0.43 108-138 101 31 14
P.a 40 - - - - -
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3.6 Discussion : Microsatellites in Stenogastrine Wasps

3.6.1. Library screening

The enriched L. flavolineata library yielded an average of 0.33% positives per screening,
78% of which contained microsatellites (Section 3.5.1, Tables 3.5 & 3.6). Selection
procedure for primer design was conservative, with only nine primer pairs designed for the
twenty-one repeat sequences detected. It is unfortunate that another seven repeat sequences
lay too close to the vector sequence to enable primer design. In future libraries, larger
fragments of DNA should necessarily be selected. Another four sequenced microsatellites
were interrupted and two were too short (see Table 3.6). Strassmann et al (1997b)
recommend the use of repeat sequences as short as four or five repeats and also of imperfect
repeats because of the high cost and time investment demanded in screening a genomic
library. If the selection procedure had not been so conservative in this study another six
sequences may have been investigated as potentially polymorphic microsatellites. It has been
suggested that short repeats are less likely to be polymorphic (Weber 1990) and so gives
reason to preferentially select longer repeats. However, no such correlation was detected in
this study (see Section 3.5.1). Imperfect sequences consist of two or more repeat sequences
that are interrupted by random bases. The reason for not using them in this study was that
length polymorphisms at imperfect loci in different individuals may be due to changes in
different repeats within the locus and so polymorphisms in different individuals do not
necessarily represent a change in the same repeat sequence. Imperfect microsatellites can be
viewed as clusters of short repeat motifs (Thorin et al (in press)). Clustering has been noted
in three other hymenopterans, the honey bee (Apis mellifera - Estoup et al 1993) and bumble
bee (Bombus sp.- in Estoup et al 1993) and the yellow jacket wasp (Vespula rufa - Thorin et
al (in press)). The latter authors proposed that because clustering of repeats was so
frequently observed, microsatellites may be distributed non-randomly through a species’

genome.

3.6.2. The abundance of microsatellites in the Stenogastrinae

An interesting but somewhat qualitative comparison of microsatellites in the two
Liostenogaster species is the relative abundance of GA repeats. The proportion of positives
found in the unenriched L. vechtii library was 5.8 times higher than in the enriched L.
flavolineata library (Section 3.5.1). This interspecific comparison provides no measure of
how successful the enrichment technique was because an unenriched library was not
screened for L. flavolineata. It does suggest that if the enrichment technique in L.
flavolineata had been successful, then GA repeat sequences must be far more abundant in L.
vechtii than L. flavolineata. Other workers have proved library enrichment techniques to be
successful (e.g. Armour et al 1994, Kandpal et al 1994).
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It is possible to calculate the average distance between repeats in the unenriched L. vechtii
library (methods follow Estoup et al 1993). Each colony contains L. vechtii DNA inserts of
approximately 400 base-pairs (Section 3.4.1, Step 1, Part 1a). With 1,700 colonies, a partial
genomic library of 68,000 base-pairs was screened. Of the thirty-two positives, two were
sequenced and both contained repeat sequences (see Table 3.5 and Table 3.7). If GA
microsatellites are evenly distributed through the genome of L. flavolineata as they are in
other species (Wintero et al 1992) (although see Estoup et al 1993 for suggestion of
clustering) it is reasonable to assume that microsatellites occur every 2,125 base-pairs
through the genome of this species (i.e. 68,000/32). This is a similar abundance to GA
repeats in the social wasp Vespula rufra (Thorin et al (in press)): these authors claimed this
to be the highest density of dinucleotide repeats reported and that they are least five times
more common than any other motif frequency published for invertebrates, vertebrates and
plants (references in Thorin et al).

3.6.3. Microsatellites in Stenogastrines: discussion in the context of other
taxa

The three microsatellites isolated from an enriched library for L. flavolineata display among
the highest heterozygosities detected in microsatellites (average 0.88+0.061 (s.e.), range
0.85-0.92). They also have an above average number of alleles for a social insect
microsatellite, with a mean of 22.843.52 (s.e.) alleles per locus (range 17-33) (See Table
3.7 for details). In order to compare these features of stenogastrine microsatellites with other
social insects, sample size must be considered. A random sample of 17 females at each L.
flavolineata locus were taken and a mean allele number and mean heterozygosity was
calculated across the three loci. They were compared with the results of 25 polymorphic
Polistes primers, run at on average 17 individuals per locus (Strassmann et al 1997a). With
sample size considered, mean number of alleles per locus and mean heterozygosity were
significantly greater in these stenogastrines than in Polistes microsatellites (Number of alleles
per locus: L. flavolineata loci (15.31£1.76 (n=3)) versus Polistes loci (5.410.59 (n=25), t-
test, toos2)325= 2-83, p<0.05; mean heterozygosity: L. flavolineata loci (0.8610.072 (n=3))
versus Polistes loci (0.4610.054 (n=25)) unequal variances, F, ,,= 4.4; D 44522, 24) = 6.87,
for tan 6 = 64°, p<0.05). Because of this high variability of L. flavolineata microsatellites,
accurate analysis of high resolution genetic structure is possible using only the three most
polymorphic markers described in Appendix 2.2. The one locus isolated from the L. vechtii
library (Lvl) showed a considerably lower heterozygosity than did the other loci (0.43).
This in fact was more typical of the heterozygosities observed in microsatellite loci of

eusocial wasps previously.
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It has been suggested that the length of uninterrupted sequences, irrespective of type of
repeat, is positively correlated with the degree of polymorphism for GT repeats in dogs
(Ostrander 1993) and humans (Weber 1990). Indeed, amongst 383 GT microsatellites found
in humans, loci with fewer than five repeats were almost always monomorphic (Valdes et d
1993). However, no such relationship was found on cross amplification of Polistes primers
on 27 species across the major lineages of the Vespidae (Ezenwa et al 1998). Likewise, no
relationship was found in any of the three stenogastrines discussed in this thesis, but the
sample size here is very low.

Ezenwa et al (1998) show in 27 vespid wasps that polymorphisms in microsatellite loci are
best conserved over small phylogenetic distances. Of the nine microsatellites isolated in
stenogastrines in this study, primer sequences were found to be better conserved within
genera rather than between them. All but one of the primer sequences isolated in L.
flavolineata amplified in a species of the same genus, L. vechtii. Only two out of nine
amplified in P. alternata, a species of a different genus (Table 3.1 - amplification at the L.
vechtii locus was not attempted). With so few loci it is however difficult to find any support
within these results for the conservation of polymorphism with phylogenetic distance.
Indeed, at one locus, the host species displayed a lower degree of polymorphism than did a
non-host species: P. alternata amplified with L. flavolineata primers and no less than twelve
alleles were identified at both loci: at one of these loci (P9) L. flavolineata displayed only
four alleles (Table 3.7). However, that none of the Polistes nor Lasioglossum primers
yielded products with more than two alleles in L. flavolineata and P. alternata, does suggest
that locus pdlymorphism is indeed less well conserved with a larger phylogenetic distance.

3.7 Summary

In this chapter I described two techniques for finding microsatellites in a species where no
genome information was available. Interspecific amplification of polymorphic products using
primers available for other social insects was unsuccessful (Section 3.3). Four polymorphic
microsatellite loci were found in screening a GA repeat enriched library of L. flavolineata
(Section 3.5.1). Primer sequences for four primer pairs isolated in L. flavolineata produced
polymorphic products in two other stenogastrine wasps (Section 3.5.2). A total of two loci
were located for P. alternata and three for L. vechtii, one of which was obtained from
screening a species-specific unenriched library of the latter. I compared the abundance of GA
repeats within the Stenogastrinae (Section 3.6.2) and their heterozygosities and
polymorphisms relative to other taxa (Section 3.6.3). I found the Stenogastrinae loci to be of
equal abundance but of higher heterozygosity and of higher polymorphism than the loci of
other social vespids. The loci found for these three species are polymorphic enough to allow
high resolution genetic structure analysis (see Chapter 4, 5 and 7).
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A Comparison of Intranest Relatedness of Females

in Three Species of Stenogastrine Wasp

4.1 Introduction

4.1.1 Relatedness and Genetic Structure

Hamilton (1964) was the first to recognize the central role that relatedness plays in the
evolution of social systems. He noted how the advanced level of eusociality observed in
many Hymenoptera may be explained by the relatedness asymmetries created by the
haplodiploid genetic system. As well as genes that are propagated by direct reproduction, he
considered the fate of those genes carried in different individuals that are identical by
descent. If individuals could reproduce indirectly then the evolution of sterile worker caste
could be explained. Thus, a caste of individuals who sacrifice their own direct reproduction
in order to help other individuals raise their brood does not defy the rules of natural selection
(Darwin 1859).

Hamilton’s Rule (1964) defined the conditions under which the altruistic behaviour observed
in social insects could be selected:

rb>c (Eqtn. 4.1)

where c is the cost of the altruist act to the actor, b is the benefit of the act to the recipient
and r is the relatedness between recipient and actor. A subordinate will help when r >
cost/benefit. From this, Hamilton deduced that the key factor in understanding the social
structure of a species is the degree of genetic relatedness between colony members, that is, a
measure of the degree to which two individuals are similar.

By estimating relatedness among group members, the importance of genetic relatedness in
the path of eusocial evolution can be examined. If non-reproductive colony members are
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closely related to the reproductive(s) then they may remain in the group to rear relatives. If
they are not closely related, then colony members may be remaining in the group to increase
their chance of reproducing. Thus by estimating relatedness within colonies, the reproductive
strategies adopted by a female can be better understood.

4.1.2 Estimates of relatedness

Relatedness is a measure of similarity. A number of relatedness definitions are found in the
literature. Regression relatedness is frequently used. Regression relatedness, r,;, represents
a regression of the genotype of individual a on the genotype of individual b. It provides a
measure of the probability that a gene in individual a is identical by descent to a gene in
individual . Two important features of regression relatedness need to be considered when
using it. Firstly, relatedness between two individuals can be asymmetrical. In diploid
organisms, relatedness between a and b will always be symmetrical. But, the ploidy
difference between the sexes in haplodiploids causes between-sex relatedness’ to be
asymmetrical. For instance, a sister is related to her brother by 0.5, but a brother to his sister
by 0.25. Secondly, regression relatedness takes no account of the difference in reproductive
value between the haplodiploid sexes. At equilibrium a female is assumed to transmit twice
as many genes as a male and thus has twice the reproductive value of a male. Where a
population is not at equilibrium, females are not worth precisely twice that of males. Life-
for-life relatedness values take reproductive value into consideration when comparing the
relatedness of females with males and will therefore be used throughout this thesis.

Relatedness is usually measured relative to the population mean. The relatedness of a female
to her female colony mates is compared with her relatedness to females in other colonies
within the same population. Mean population relatedness is estimated from genotypic
frequencies and is an average of the individual pair-wise relatedness values of colony

members.

The last three decades have seen the advent of techniques for estimating relatedness that
involve genetic markers. Genotypic frequencies and hence accurate estimations of
relatedness now provide conclusive and reliable information on the genetic profile of
colonies and populations (e.g. Pamilo & Crozier 1982, Crozier et al 1987, Queller &
Goodnight 1989, Bruford & Wayne 1993). Since then there has been an avalanche of
relatedness estimates for a multitude of species and genera (e.g. Queller & Strassmann 1989,
Estoup et al 1995, Blouin et al 1996). A relatedness estimate can provide a deal of
information concerning the level of sociality and social structure (Strassmann et al 1995,
Paxton et al 1996, Queller er al 1997). In terms of social insects, the indirect benefit that a
female can attain from helping raise a colony mate’s offspring may be estimated from her
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relatedness to her fellow colony members. A relatedness estimate may deviate from the
expected (e.g. brood are not full-siblings). By identifying the factors responsible for the
relatedness, an insight into breeding systems and dispersal strategies may be achieved. These
questions have been the focus of social insect study. For example, colony members may be
distantly related when there are multiple queens contributing to the progeny pool (e.g.
Gadagkar et al 1993b) or when queens are multiply mated (e.g. Sundstrom & Ratnieks
1998). Alternatively, a high rate of nest joining by non-relatives may be detected since it
would cause the relatedness of close kin groups to be diluted. A relatedness estimate can
provide an insight into nesting strategies adopted. For example, a female may found a nest
alone or with a related or unrelated group of individuals; equally, relatedness estimates may
indicate whether a joining or usurpation strategy is commonly adopted. In short, estimates of
relatedness provide a blueprint of the underlying genetic structure of a species such that
brood maternity and paternity can be determined and the reproductive strategy adopted by
emerging adults can be disclosed. Estimating the relatedness of colony members using
genetic markers provides the information that could only otherwise be assembled through
many hard hours of intensive and laborious behavioural observations.

It is also important to consider events where relatedness and social behaviour are not
associated in the ‘predicted’ direction. For example, that unrelated individuals may adopt a
role as a non-reproductive worker or helper in a group of unrelated individuals is
inconsistent with kin selection theory (e.g. in social insects - Arathi et al 1997; and in
vertebrates - Stacey & Koenig 1990, Kokko & Johnstone 1999). Caution is required when
predicting a social system from relatedness estimates alone.

4.1.3 Relatedness in the Stenogastrinae

There has been only one study to date in which the genetic relatedness of Stenogastrines
have been examined. Strassmann et al (1994) estimated genetic relatedness in Liostenogaster
flavolineata and Parischnogaster alternata colonies. They found relatedness of L. flavolineata
female colony members to be significantly different from that of P. alternata colony members
(71, pavotineatay = 0-22 £ 0.1 VS. 7 siornarey = 0.56 £ 0.19: t-test, tg 4502, 3822 = 2-4, P < 0.05).
The relatedness for L. flavolineata females is the lowest recorded for a primitively eusocial
insect (Strassmann ef al 1994) and this suggested that the eusocial status of this species
should be reconsidered (see Section 1.2.3). The authors found that the behavioural data
available for these species correlated with their estimates of relatedness in that behavioural
factors contributing to a low relatedness of colony members were commonly found in
aggregations of L. flavolineata rather than P. alternata. For example, Samuel (1987) reported
that L. flavolineata females join nests of unrelated individuals, whereas Turillazzi (1986)
recorded little such behaviour among P. alternata females. Strassmann et al (1994) concluded
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that the high relatedness of P. alternata colonies was consistent with their level of eusociality
being more advanced than that of the less related L. flavolineata colonies. Nevertheless, their
view was that both species of Stenogastrinae exhibit a level of sociality so rudimentary that
they may scarcely be classified as eusocial at all. They liken sociality in this family of wasps
to that of communally breeding vertebrates (e.g. dwarf mongoose (Helogale parvula), Rood
1980).

4.2 Aims

There are two aims in this chapter. Firstly, I estimate the relatedness of female colony
members in three species of stenogastrine wasp. Secondly, I try to explain any significant
differences in relatedness between the three species. A high or low relatedness estimate may
be explained in terms of nesting behaviour and reproductive strategy. I compare these
attributes at the species level by examining the factors likely to influence relatedness of
colony members. The relatedness of colony members in L. vechtii colonies was not
significantly different from either those of L. flavolineata or P. alternata. A behavioural
difference between L. vechtii and either of the other two species cannot therefore be
explained in terms of relatedness. Hence L. vechtii are excluded from the following results
and analyses. The factors examined that may affect relatedness are as follows:

(1) The number of egg-layers in a colony who contribute to the female brood at any one
time. The more egg-layers there are, the lower the relatedness of the emerging adult
females to one another.

(2) The proportion of females who leave their natal nests and join nests of unrelated females.
The more movement of females between nests, the lower relatedness is expected to be.

(3) The degree to which females adopt vacant nests and whether they adopt the unrelated
brood of these nests. If relatedness of female nestmates is low, then a female gains little
indirect benefit from helping on a nest. Hence, a reproductive opportunity outside the
nest may be very attractive. Other factors may influence a female’s decision to adopt a
vacant nest: for instance, if the probability of successfully adopting and raising brood
alone is low, then females are less likely to be enticed from their natal nest. This, in turn,
preserves high nestmate relatedness.

4) Nest life-span and (5) nest founding behaviour. The life-span of a nest may be
determined by environmental pressures (e.g. flooding frequency) or predation (e.g. hornets
and spiders prey on brood of stenogastrine nests - pers. obs.). Where nests are short lived,
group members may have to re-found their nests regularly. They may rebuild as an entire
group, thus relatedness remains unaffected. Alternatively, they may refound singly, or with
unrelated females in which case relatedness of colony members will be lowered.
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4.3 Methods

4.3.1 Estimating Relatedness
e Field monitoring and sample collection

For each species relatedness was estimated at two different sites. Sites are described in
Chapter 2, Section 2.1 and monitoring periods and collection dates are listed in Table 2.1.
Methods for collecting female nestmates are described in Section 2.1.5.

Liostenogaster flavolineata were sampled at the Skew Site and the Gazebo Site (see Figure
2.1 and Table 2.1). All females were sampled from twenty-seven nests at the Skew Site and
two females from each of twelve nests were sampled at the Gazebo Site. Nests and
nestmates at the Skew Site were monitored for five weeks and subsequently collected in
1995 by J.P. Field and W.A. Foster. The Gazebo Site was monitored for ten weeks prior to
collection in 1996. Behavioural observations and census data conducted at both sites were
used in the analysis. Census data collected over twelve weeks of monitoring at the Fraser’s
Hill Site in 1998 was also used in the analysis.

Fifteen nests of Liostenogaster vechtii were collected at Fraser’s Hill Site in 1995 by J.P.
Field and W.A. Foster. These nests had not been monitored. Relatedness was estimated
using two females per nest. A further sixteen nests were monitored for six weeks and
subsequently collected from the Bridge Site in 1996. All females from each nest were used in
the relatedness estimate.

Eight nests of Parischnogaster alternata were collected at the Skew Site in 1995 by J.P. Field
and W.A. Foster. These nests had not been monitored. At least two females were sampled
per nest for the relatedness estimate. A further twelve nests were monitored to identify nest
membership for six weeks at the Bridge Site in 1996 before being collected. All females
from these twelve nests were used in the analysis. Behavioural and census data was
conducted over ten weeks at a population in Fraser’s Hill Site 2 in 1998.

e Genotyping adults

DNA was extracted from adult females (Protocol 1.2.1) and from the brood (Protocol 1.2.2,

1.2.3). Samples were amplified by a 32P labelled PCR (Protocol 1.3). L. flavolineata
samples were genotyped at three loci (Loci LF25, K18 and 13). P. alfernata samples were
genotyped at two loci (Loci K18 and P9) and L. vechtii at three loci (Loci Lvl, LF25 and
I3). Amplification conditions at the different loci and methods for gel running are described
in Chapter 3 (Table 3.7). Autoradiographs were scored blindly and independently by two
different scorers (see Appendix 2.2 for scoring methods).
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e Relatedness of nestmates

Relatedness was estimated using the Macintosh computer program, Relatedness 5.1 (K.F.
Goodnight & D. Queller, Rice University, 1996). Relatedness between individuals in a
group are calculated by pair-wise comparisons between each pair of individuals in the group
and then taking a mean. Colonies were weighted equally and so sample size refers to number
of colonies rather than individuals. Population-specific standard errors were calculated by
Jjackknifing across loci.

4.3.2 Identifying the factors associated with relatedness of female colony
mates.

Each of the points stipulated in the Aims (Section 4.2) are addressed below.

1) Number of egg-layers

Ovaries for 91 females of L. flavolineata from 16 nests from the Skew Site were examined
and the numbers of females with mature eggs (eggs larger than 1.25mm) were used to
calculate the proportion of egg-layers per colony. Similar methods have been employed for
this species by Samuel (1987), Field & Foster (1999).

The proportion of females per nest with developed ovaries in P. alternata has been examined
by Turillazzi (1986). He found the average length of a laid egg to be 1.351lmm (n=22,
5.d.=0.054). He considered females who had one or more eggs longer than 1.351mm as
‘potential egg-layers’. The number of potential egg-layers per colony was assessed for 49
colonies (144 females) of P. alternata using Turillazzi’s (1986) data set. I calculate the
proportion of females per nest who had mature eggs in their ovaries.

2) Movement between nests.

Females marked and observed on different nests were assumed to be ‘unrelated’ or at least
less related than they are to members of their own nest. The proportion of females who join
nests of unrelated females is examined. Colonies of L. flavolineata and P. alternata were
censused every other night for 12 weeks at the Fraser’s Hill Site 2, 1998. Marked
individuals were recorded as movers only if they had been seen on their natal nest after
marking and if they moved from natal to non-natal nests. A mover is a female seen on a non-
natal nest at the same time as a resident female for that nest who is not attacked. No
individual was recorded more than once on the same foreign nest: one individual swopping
back and forth several times between two nests over a period of time is counted as a single
move. The proportion of colonies that were joined by unrelated females is reported for each

species.
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3) Adoption of foreign nests and unrelated brood

An enticement experiment was carried out to determine how readily a female adopts a vacant
nest. Vacant nests can be created artificially in an aggregation by removing the residents from
a nest or adding a nest taken from another aggregation into the experimental population. The
proportion of vacant nests and unrelated brood that are adopted is examined. Enticement
experiments have been performed on colonies of L. flavolineata (Field et al 1998a). Here 1
describe a similar experiment on colonies of P. alternata.

The experiment was performed at the Fraser’s Hill Site 2 in 1998. In an aggregation of 141
nests, the resident females from two thirds of the nests were marked and extensively
monitored for three months (see Table 2.1). On 12/8/1998, thirteen small nests (group size
1-4 females) were collected from a site several miles from the experimental aggregation. The
nests were mounted on card and the brood were carefully mapped. The nests were then
glued randomly amongst the nests in the experimental aggregation. The residents were
removed from a further two nests within the experimental aggregation, providing additional
vacant nesting sites. Thus, a total of fifteen vacant nests were created in the experimental
aggregation. Females visiting these nests were recorded every hour, between 14.00-17.00
hours and then again after dark. The next day, two morning censuses (at 08.00hrs and
11.00hrs) and a night census were conducted and the brood were mapped. Thereafter, brood
were mapped regularly to identify the proportion of brood that were adopted and night
censuses were conducted every-other day for three weeks in order to identify adopting
females. Adopting females were defined as those who were present on the same nest for
most censuses conducted during the week before the experiment was terminated. Adopted

nests must also contain brood.
4) Nest turn-over

The life span of a nest may affect the average nestmate relatedness. In nests that are long-
lived, the accumulation of relatives sharing a nest over time may result in a high relatedness.
I compare the number of nests that failed in aggregations of the two species during the
monitoring period at Fraser’s Hill Site 2 in 1998 (both species were monitored during the

same period).

One hundred and forty-one P. alternata nests and 69 L. flavolineata nests were monitored
for 76 days at the Fraser’s Hill Site 1998. A nest was recorded as ‘failed’ when it had been
partly or completely destroyed or it had fallen off. Nest that were partially destroyed also had
no brood. The proportion of nests that failed over 76 days in each species was compared.
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5) Nest founding behaviour

If females refound nests in groups of relatives relatedness will remain high even in the face
of frequent nest failure. I describe a nest removal experiment to assess whether females

found new nests with related individuals.

P. altermata: Sixteen small nests (group sizes of 1-4 females) were selected from an
aggregation of over 300 nests at the Fraser’s Hill Site 2 in 1998. Residents and nests were
marked on 2/8/1998 and monitored for ten days to ensure all individuals were marked. On
12/8/1998, the sixteen nests were removed. Night censuses were conducted every fourth
night for two weeks in order to assess if previous resident nestmate females rebuild their
nests with their original nestmates.

L. flavolineata: Samuel (1987) conducted an identical removal experiment on two L.
flavolineata aggregations, each of 20 nests. In one aggregation, she found that all females
immediately re-nested in their original groups. In the second aggregation, all but two of
twenty-nine wasps disappeared when their nests were removed. However, the experiment
was conducted during a drought and so nest building material was likely to be in short
supply. For this reason, the results for P. alternata are compared with Samuel’s findings for
her first aggregation.

4.3.3 Statistics

All data are quoted as estimate + standard error unless otherwise stated. Comparisons
between species are tested using t-tests (indicated by 7, iscance tevel, (x-taited sest), ni, nzp) @0d Chi-

square tests (indicated by X*., ., on x d.f.). The D-Statistic which used the Fisher-Behren’s

distribution (indicated by D qniicance lever: a1, a2 fOr 8 = x°) is performed when the variance of

the two samples in the t-test are significantly different (F-ratio: F,

(d.f. numerator, d.f. denominator))'

4.4 Results

4.4.1 Intraspecific Relatedness Estimates

Results of relatedness estimates for each species at each site are displayed in Table 4.1.
There was no significant difference in relatedness between the sites within any of the three
species (all t-tests results are displayed in Table 4.1). Because of this, an average relatedness
estimate from the two sites is used for each species.

Significance tests on differences in relatedness between each species were performed. There
was no significant difference between nest-mate relatedness of L. flavolineata and L. vechtii
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(unequal variances: F s 55 =2.14; D g 4s. 30, 35 for 6 = 56°, D = 2.76, p>0.05). Likewise,

relatedness of L. vechtii and P. dlternata do not differ significantly (tq o5, 31, 20=1.68,
p>0.05). There was however, a significant difference between P. dlternata and L.
flavolineata nestmate relatedness (t, s, 30, 20=2-27, p<0.05).

The relatedness estimate obtained here for L. flavolineata nestmate females (r = 0.49£0.073)
was significantly different from Strassmann et al’s (1994) estimate (see Section 4.1.3) of
0.22£0.1 (n=22) for the same species ((tysq) 30, 35= 2.19, p<0.05). The estimate obtained
here for P. alternata female nestmates (r = 0.22+0.086) was not significantly different from
Strassmann et al’s (1994) estimate for this species (r = 0.5610.19 vs. r = 0.221+0.086 -

unequal variances: F,; o= 6.08; D s. 5, 1, for 6 = 67°, p >0.05).

4.4.2 Behavioural Results

1) Proportion of females with developed ovaries

Colonies of L. flavolineata have a significantly smaller proportion of females per nest with
developed ovaries than do P. alfernata colonies. If ovarian development provides a relative
measure of the number of reproductively active females, then there are likely to be more

females laying eggs in colonies of P. alternata than in colonies of L. flavolineata (x* ©1, 144) =

16.78 for 1 d.f; p < 0.001, See Table 4.2 for data).
2) Movements between nests

Only three of the sixty-nine (4%) L. flavolineata nests were joined by an unrelated female. In
significant contrast, forty-two of the 141 P. alternata nests were joined by unrelated females

(X . 141y = 18.46 for 1 d.£; p < 0.001).

3) Nest and brood adoption behaviour

Six of the fifteen (40%) vacant nest sites made available in the P. alfernata aggregation were
adopted (227 females in population). All six nests were adopted by two or more females.
Thirteen of the twenty (63%) enticement nests were adopted in the L. flavolineata
aggregation (253 females in population) and all of these nests were adopted by single
females. There was no significant difference in the proportion of vacant nests that were

adopted by females of the two species (X* 4 5, = 1.23 for 1 d.f.: p >0.05). However, the

group size of adopting females was significantly different between the two species, with L.
Sflavolineata females significantly more likely to adopt nests alone than P. alternata females

O 45,15 =17.5; p < 0.001).
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Table 4.1: Relatedness estimates for three species of stenogastrine wasp

Species Site 1 (1995)* | Relatedness* | Site 2 (1996)* | Relatedness + t-test between Total sample size Relatedness of

() s.e. () s.e. sites (t value) (n; +ny) both sites
L. flavolineata | 27 (141) 0.52 £ 0.053 12 (24) 0.45 £ 0.093 | p>0.05(1.07) 39 (165) 0.49 *+ 0.073
L. vechtii 15 (30) 0.46 £ 0.14 16 (71) 0.31 £ 0.081 | p>0.05(0.995) |31 (101) 0.385 + 0.08
P. alternata 8 (18) 0.338 £ 0.11 12 (34) 0.123 £ 0.11 | p>0.05(2.101) |20 (52) 0.22 + 0.086

* Numbers at sites indicate: Number of nests (number of females) used for estimate.
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31% of P. alternata nests in an aggregation of 141 nests failed at least once. Only 5.8% of 69

L. flavolineata nests failed. A significantly larger number of P. alternata nests failed during

the monitoring period (X* 4 141, = 9.12 for 1 d.f., p < 0.001).

5) Re-founding behaviour

L. flavolineata females only re-founded nests with females with whom they had previously

shared a nest (Samuel 1987). But in four of the sixteen P. alternata nests that were re-

founded, the cofoundresses were from different nests and likely to be of a relatedness less

than 0.22 (42 4o, 16 = 14.9 for 1 d.f : p < 0.001).

Table 4.2 Explaining relatedness differences in P. alternata and L. flavolineata through

behaviour
Variable L. flavolineata P. alternata Significance Test
(r=0.52 t+ 0.053) | (r=0.22 + 0.086) (all x? for 1 d.f.)
(proportion) (proportion)

1) Ovarian development
a) Proportion of females with| 26%%4.6(23/91) 51%%3.7 (74/144) X o1 144y = 16.78
mature eggs p<0.001
2) Movement between nests
a) % nests joined by non-natal 4% (3/69) 29.8% (42/141) X 9. 141 = 18.46
females p<0.001
3) Adoption of nests and
unrelated brood
a) % enticement nests permanently 65% (13/20) 40% (6/15) X* o0.15 = 1.23 p >0.05
adopted
b) % of nests adopted alone 85% (11/13) 0% (0/15) X 43,15 =17.5; p< 0.001

Nest founding behaviour
4) % nests that failed over 76 days 5.8% (4/69) 31% (43/141) X 9, 14n=9-12 p < 0.01
5) % nests re-founded by unrelated 0% (0/20) 25% (4/16) % 20,169 = 14.9

cofoundresses p<0.01

— — —
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The results can be summarized as:

1) There are likely to be more egg-layers in colonies of P. alternata than in L. flavolineata.
2) P. alternata females are more likely to move nests and joined nests of unrelated females.
3) There is no difference in the adoption rate of vacant nests between the two species.

4) P. alternata females found (and adopt) nests in groups and with unrelated females whereas
L. flavolineata females found nests singly or with their original nestmates, to whom they are
closely related.

4.5 Discussion

The results of the microsatellite analysis of relatedness for three species of Stenogastrine
wasps have been presented. Female colony members of L. flavolineata were found to be
significantly closer relatives than those of P. alternata colonies. The results were surprising
since previous evidence suggested the opposite (Strassmann ez al 1994, see Section 4.1.3).
This point is discussed in Section 4.5.1. The differences in relatedness of these two species
may be explained by their nesting behaviour and breeding systems. These points are
discussed in detail in Section 4.5.2.

4.5.1. Comparison with previous relatedness estimates
e Parischnogaster alternata

Strassmann et al (1994) estimated relatedness in twenty-two colonies of P. alternata. They
estimated female colony members to be related by 0.56 *+ 0.19 from two allozyme markers.
This is not significantly different from the relatedness estimate of 0.22 *+ 0.086 obtained for
the same species from the analysis in this chapter (see Section 4.4.1). The two samples were
each obtained from two sites: the microsatellite samples came from the Skew Site and the
Bridge Site, whilst the allozyme samples came from the Skew Site and a site adjacent to the
Gazebo (see Figure 2.1). Estimates obtained from each pairs of sites were not significantly
different from each other (see Table 4.1).

e Liostenogaster flavolineata

Strassmann et al (1994) used six allozyme markers to determine the average relatedness of
female colony mates in thirty-eight colonies of L. flavolineata from two sites. Their estimate
of 0.22 + 0.1 is significantly different from the estimate obtained in this study for the mean
of the two sites together, where r=0.4910.073, despite the large standard errors. The sample
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of Strassmann et al (1994) was obtained from the Skew Site and a site adjacent to the
Gazebo site, only five years previous to the samples collected for this analysis.

The different L. flavolineata relatedness estimates pose some interesting questions
concerning population fluctuations and the reliability of the methods commonly used in
estimating relatedness in social insects. The points to consider are:

a) Is the difference in relatedness attributable to the different types of markers used: do
microsatellites generally give different relatedness estimates than allozymes?

b) Is the difference attributable to different collection methods, such that non-colony
mates were collected in Strassmann et al’s (1994) sample, resulting in a lower
relatedness?

c) Has there been a real change in population genetic relatedness at these sites over five
years?

a) Microsatellites versus allozymes as markers of genetic relatedness

The value of a genetic marker depends on the amount of information it possesses.
Traditionally, allozyme markers were used to estimate relatedness in social insect colonies
because large numbers of these polymorphic markers can be found and easily used. They
have the disadvantage of a lower resolution than microsatellite markers due to their low level
of variation and so estimates carry large standard errors. Microsatellites are shown to be
more sensitive to changes in population breeding sizes and migration rates (Hughes &
Queller 1993, Choudhary et al 1993). 1 compare allozyme and microsatellite estimates of
relatedness for a range of eusocial insects in Table 4.3. In half of the samples, the
microsatellite relatedness estimate is significantly different from the allozyme estimate and
also in half of the samples, the variances differ significantly. It is important to note however,
that the allozyme estimates for the two Polistes species were obtained from samples of
autumn females (i.e. new reproductives). The microsatellite estimates for the same two
species were obtained in the spring from founding females. That these foundresses are more
closely related than the autumn females suggests that the foundresses are selecting to nest
with close relatives. There is no evidence that social wasps are capable of such kin
discrimination (Queller et al 1990). If the two Polistes estimates are removed from the
comparison, relatedness estimates from the two methods are only significantly different in
two species, one of which is Liostenogaster flavolineata.

A number of recent studies have compared relatedness estimates from allozyme and
microsatellite markers in the same population of an individual species. Seppa & Gertsch
(1996) analyzed the same individuals from two populations of Camponotus herculeanus with
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microsatellite and allozyme markers. They found no difference in the relatedness estimates
for the different populations, but found that microsatellites gave estimates with smaller
standard errors than allozymes, despite the smaller number of individuals sampled with
microsatellites. They conclude there is no reason to exclude allozyme markers from kinship
studies, but that analysis with microsatellites is less labour intensive since fewer loci and
smaller sample sizes are required. Similarly, Herbers & Mouser (1998) found no differences
in the relatedness estimates obtained from the two markers for a Myrmicine ant (Myrmica
pratensis), but that DNA markers gave estimates with significantly lower variances than
protein markers. They again conclude that microsatellites give far more accurate estimates of
relatedness with much smaller sample sizes. Vertebrate population studies have also shown
that mean estimates obtained from both markers are comparable. For example, Estoup et d
(1998) in their study on brown trout (Salmo trutta), show that rare alleles are more likely to
be picked up in a population through microsatellite analysis than through an allozyme
analysis. They conclude that a greater population differentiation can be detected using
microsatellites and that they are better tools for assigning individuals to populations than are

allozymes.

These comparisons of microsatellite and allozyme analyses were all carried out on
individuals from the same populations. They all agreed that the two markers can be used in
tandem when relatedness estimates are being compared, for example in inter-population
studies which involve collating data by different authors. But using the different markers,
comparisons of variances and heterogeneity between populations may produce less
meaningful results. The marker type should therefore be selected with careful consideration
when studying finer scale population differentiation. In terms of this study on genetic
structure in L. flavolineata colonies, the comparison of Strassmann et al’s (1994) allozyme
results and my microsatellite estimate for relatedness is valid. Hence, the difference in
relatedness estimates cannot be attributed to marker differences.

b) Collection procedures compared

Strassmann et al’s (1994) samples were collected from the Skew Site and a site adjacent to
the Gazebo in 1990. They detected no site differences in relatedness. My samples were
collected at the Skew Site in 1995 and from the Gazebo population in 1996. I detected no site
difference either. Thus, the differences in relatedness between Strassmann et al’s (1994)
sample and mine is unlikely to be due to site variation. It may, however, be due to
differences in the collection procedures exercised. During the day, many low ranking
females are absent from the nest (Samuel 1987). With this knowledge, the sample for
microsatellite analysis was collected before sunrise to ensure all female colony members
were present. Strassmann et al’s (1994) sample was collected in daylight and so the low
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Table 4.3 Allozyme and microsatellite estimates of relatedness: values and variances compared

Species relatedness| s.e. n Reference relatedness| s.e. | n Reference Differ | Differ in
from nests from nests in rel. | Variance
microsat. allozyme 1 §
Polistes bellicosus 0.67 0.04 | 18 |Field et al 1998b 0.338 0.148] 31 |Strassmann et al 1989 * *okok
Polistes annularis 0.62 0.08| 40 |Quelleretal 1997 0.306 0.075] 34 |Strassmann et al 1989 * ns
Liostenogaster 0.49 0.073] 39 |This study (Table 4.1) 0.22 0.1 38 |Strassmann ez al 1994 * ns
rflavolineata
Parischnogaster alternata 0.22 0.09| 20 |This study (Table 4.1) 0.56 0.19 | 22 {Strassmann et al 1994 ns *odk
Myrmica punctiventris 0.72 o 14 |Herbers & Mouser 1998 0.58 oo 33 |Banschbach & Herbers 1996| ns N
Formica pratensis 0.14 0.06 | 10 |Beyeetal 1998 0.66 0.13] 15 |[Pamilo et al 1994 * ns
Leptothorax acervorum 0.48 0.08 8 |Bourke et al 1997 0.26 0.09 | 22 |Bourke et al 1997 *k ns
Camponotus herculeanus 0.73 0.05| 10 |Seppa & Gertsch 1996 0.65 0.052| 45 |[Seppa & Gertsch 1996 ns *k

oo s.e. not published. Significance results taken from paper.
q T-tests were used only for samples where variances of the two samples were not significantly different. Where variances were different, D-statistic is used.
§ F-ratio used to test differences in variance

Significance level: * = p < 0.05; ** = p < 0.01; *** = p < 0.001
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ranking females who were away from the nest foraging, will have been missed. This
explains their smaller average colony size of 2.3+0.15 females per nest, whereas in this
microsatellite study there were 4.8+0.25 females per nest (D5,,,= 235, p<0.05). This
however, does not explain why Strassmann et al’s (1994) colonies were of lower
relatedness. The age-based queue exhibited by this species means that older females will be
on the nest during the day while younger ones forage (Samuel 1987, pers obs.). At night
both old and young females are present. That a lower relatedness is obtained among females
of similar ages (the older, high ranked females in Strassmann et al’s (1994) sample), is
counter-intuitive to this reasoning, because similarly aged females are likely to be sisters (see
Chapters 5 and 7 for details). Hence, collection methods cannot explain the difference in the
two relatedness estimates. A final point on sample collection is that the microsatellite and
allozyme samples were collected at the same time of year (August 1990 (Strassmann et d
1994) and August 1995/6 and September 1996 (this analysis)).

¢) Changes in population relatedness over time

The third explanation for the differences in the relatedness estimates is that a change in
relatedness at the population level has occurred at these sites. Because neither Strassmann et
al (1994) nor I detected relatedness differences between our respective two sites, inter-site
variation in relatedness is probably small. It appears unlikely that relatedness could have
changed in the few years between 1990 and 1995 (the two collection times) at the two sites.
A change in allele frequencies may be expected since L. flavolineata females have been
observed to move to nests in adjacent sites: 2/300 females were recorded on nests in sites
adjacent to their natal one over a period of three months (pers. obs. 1998). There is no
evidence of any severe environmental catastrophe which could be responsible for this change
in genetic structure: for example, the Skew Site has been monitored frequently since 1983
(C. Samuel: 1983 - 1987; J.E. Strassmann and co-workers 1990; J.P. Field and co-workers
1995 -1998) and many of the nests first studied in 1983 were still present and active in 1998
(pers. obs).

I conclude that firstly the different relatedness estimates for this species are unlikely to be due
to the different methods of genotyping individuals. Secondly, the difference cannot be
explained by the collection methods. I can only postulate that despite the lack of evidence for
population changes, there may been a real change in average population relatedness at the
site(s) between 1990 and 1995/6. This is surprising since any such environmental
catastrophe responsible for the change must have occurred at both of Strassmann’s collecting
sites or both the sites used in this study since relatedness was the same at both (see Table
4.1). The only other explanation could be that the relatedness differences are due to the 5%
error that is carried by Type I error. Indeed, at the 1% error margin (p = 0.001), there is no
significant difference between the two estimates (t, 15 55, = 2.19; 0.05>p<0.001).
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4.5.2 Explaining the relatedness differences between P. alternata and L.
flavolineata nestmates

L. flavolineata and P. alternata are thought to share a similar nesting biology (see references
and review in Chapter 1, Section 1.2.3). They nest in similar places, often sharing sites and
are commonly found in large aggregations (Turillazzi 1986, Samuel 1987). Over 300 nests
may be found at particularly good nesting sites of P. alternata (pers. obs., Turillazzi 1986)
and up to 100 nests in successful aggregations of L. flavolineata (Samuel 1987, Field et d
1998a, 1999). The colony sizes (i.e. number of resident females) themselves are
comparable, L. flavolineata colonies being slightly but not significantly larger than those of
P. alternata (Strassmann et al 1994, pers. obs. 1998). P. alternata differ from L. flavolineata
in that they found nests associatively (Turillazzi 1986) and no clear division of labour can be
discerned without very intensive behavioural observations (Coster-Longmann 1991, cited in
Strassmann et al 1994). Turillazzi (1986) found that P. alternata females do not move
between nests very commonly. Strassmann et al (1994) used this information to explain the
relatedness differences they found between the two species (see Table 4.3).

In this study, female nestmate relatedness in colonies of L. flavolineata was found to be
significantly different from that of P. alternata colonies. Four behavioural attributes were
targeted as potential causes of the differences in relatedness and three of these four factors
may contribute to the lower relatedness in P. alternata. They are discussed in Section (a)
below. In Section (b), the results are discussed further in terms of the differences in nest
adoption strategies. In the light of the observed behavioural and genetical differences, the
reproductive life cycles of the two species are compared in Section (c).

a) Factors contributing to the low relatedness in P. alterata and the high relatedness in L.

flavolineata

A larger proportion of P. alternata females per colony had developed ovaries than did
females of L. flavolineata colonies (Table 4.2). Ovarian development has frequently been
used to identify egg-layers (e.g. Queller et al 1992b, Strassmann et al 1994). The method
probably over-estimates the number of active egg-layers since not all females with developed
ovaries are necessarily laying eggs (see Chapter 7). However, this relative comparison
between P. alternata and L. flavolineata females suggests that there are more egg-layers in P.
alternata colonies than in L. flavolineata colonies. This would lead to female brood in a
single generation comprising more sibships in P. alternata than they do in L. flavolineata and
subsequently, the relatedness among the emerging P. alternata adult females would be lower.

The second factor that may be contributing to the low relatedness in P. alternata was the high
frequency of nest joining observed in this species. Leaving the natal nest and joining a group
of unrelated females may be a more common strategy for P. alternata females than for L.
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flavolineata females at the sites examined. Whilst a high relatedness is therefore maintained
within the family members of L. flavolineata colonies, family groups are readily split up in
colonies of P. alternata. It is important, however, to note that frequency of nest joining may
vary between sites: only 3 out of 200 females left their original nest and joined another group
over 12 weeks in this study (Fraser’s Hill Site 2 - 1998). However, Field et al (1999)
detected a higher rate of joiners in the Gazebo aggregation of 83 when 13 females moved to a
different nest over a period of 10 weeks in 1996; during the same monitoring period, only 3
females joined nests at the Skew site (30 nests).

P. alternata females were sometimes observed to found nests with females from different
nests (25% of re-founded nests - Table 4.2) whereas L. flavolineata females always found
nests on their own (Samuel 1987). Also when L. flavolineata nests are destroyed, females
only re-found nests with previous nest-mates (Samuel 1987; i.e. they re-found with females
to whom they are on average related by 0.491+0.073). Some P. alternata females refound
with their original nestmates to whom they are only related by 0.221+0.086; others co-found
nests with non-nestmate females to whom they are presumably related by less than
0.2210.086. Thus, differences in nest founding behaviour may contribute to maintaining a
high relatedness in L. flavolineata colonies.

The results presented in Section 4.4.2(4) suggested that the nest turn-over rate in the
aggregation of P. alternata nests was significantly higher than the turn-over rate in
aggregations of L. flavolineata. The frequent re-founding of nests by P. alternata may
contribute to their low relatedness because nest re-founding often takes place with females
from other nests to whom they are likely unrelated.

In summary, relatedness amongst females of P. alternata colonies may be lower than that of
L. flavolineata colonies because there are more egg-layers per colony and because females
join and found nests with unrelated females more frequently in colonies of P. alternata.

b) Identifying the factors constraining nest adoption in the two species

It was expected that independent nesting opportunities would be more readily accepted where
nestmate relatedness was lowest. This is because little indirect benefit is gained from raising
the progeny of a distantly related female. However, no difference was observed in the
adoption habits of the two species (Table 4.2, test 3a). Thus, factors other than indirect
benefits must be constraining independent nesting.

Field et al (1998a) suggested the low survivorship of lone females may be the constraining
factor for L. flavolineata females: only 10% of lone L. flavolineata females are expected to
survive long enough for their brood to reach adulthood. In P. alternata colonies, none of the
females who nested alone were observed to survive or remain alone on their nests for longer
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than three weeks (Fraser’s Hill Site 2 (1998), 141 nests observed for 10 weeks). Thus, 0%
of lone P. alternata females are likely to rear brood to adulthood. This suggests that though
the survivorship of single females in both species is likely to be low, the relative
survivorship of single female L. flavolineata nests might be higher than that of single female
P. altemata nests. The differences in adoption strategies of the two species supports this
idea: P. alternata females only adopted nests in groups of two or more females, whereas only
15% of L. flavolineata females adopted in groups, and furthermore, one of these ‘group’
adoptions was formed by a female on the enticement nests emerging at the time of adoption.
A similar result was obtained from a repeat of the experiment at the Fraser’s Hill Site 2 in
1998, during the same period as the P. alternata experiment was conducted: two out of
twelve nests were adopted by more than one female.

In conclusion, the survivorship of lone females is likely to be a factor limiting the success of
independent nesting in the two species: both species suffer a high mortality rate from nesting
alone and hence success rate is low, though L. flavolineata females are probably more

successful than P. alternata females.
c¢) Comparison of Reproductive Life-cycle in Colonies of P. alternata and L. flavolineata

Taking the conclusions of the above discussions (Sections (a) and (b)), I tentatively
summarize how the reproductive life-cycle of the two species may differ.

In L. flavolineata colonies where nests and nestmates are long-lived, delayed reproduction
through queuing as a hopeful reproductive is a viable strategy (see Section (b) above and
also see Chapter 7 for more detailed analysis and discussion). Figure 4.1 shows how the
high relatedness amongst colony members may be maintained. A female in a group can
choose to leave her natal group and nest alone where she has a 10% chance of success (Table
4.2, test 3a, 3b). Alternatively she may stay and help raise the offspring of a female to whom
she is related by 0.4910.073. Therefore, by staying she gains high indirect reproductive
benefits whilst she waits in the age-determined queue to inherit the position of dominance
(Samuel 1987). If her nest fails (Table 4.2, test 4), then she will refound with her nestmates
(Table 4.2, test 5), to whom she is highly related (r =0.4910.086). Thus, high relatedness is
maintained even in the face of nest destruction and hence the benefits of an indirect

reproductive strategy remain high.

P. alternata colonies (nests and nestmates) are more ephemeral than L. flavolineata colonies
since nest turn-over is high (Table 4.2, test 4). When a nest fails, females have the option of
re-nesting with nestmates to whom they are related by 0.221+0.086 or to co-found with
females from other nests, to whom relatedness is likely to be less than 0.22. Alternatively,
they may join a nest of unrelated females (Table 4.2, test 5 and test 2a). Nesting solitarily is
not an option because of the low success rate (Table 4.2, test 3b). Thus, relatedness of
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female nestmates is unlikely to ever be high unless females are able to select their closest
relatives to re-nest with. There is no evidence of such discrimination in social wasps (Queller
et al (1990). Hence, a low relatedness is maintained. The reproductive life cycle that results
from this ecology is illustrated in Figure 4.2. When relatedness is low, there is little point
investing in the progeny of distant relatives. Thus, each female attempts to become an egg-
layer and gain direct reproduction. Around 50% of females per colony have mature eggs and
may therefore be laying eggs (Table 4.2, test 1a). The remaining 50% of females do not have
developed ovaries and thus stay in the group gaining no direct benefit and very little indirect
benefit. These females must remain in the group because survivorship from independent
nesting is probably very low (Table 4.2, test 3b). In the meantime they might search for
alternative reproductive opportunities such as on neighbouring nests. Such a strategy must
be reasonably successful because a high proportion of nests were observed to be joined by
females who had previously been resident on other nests (Table 4.2, test 2b). A low
relatedness is further perpetuated by joining a group females to whom the joiner is related by
less than 0.2240.086.

Conclusions

The key factor responsible for maintaining the lower relatedness in colonies of P. alternata,
may be the response of females to nest loss. Nest life-span is shorter in P. alternata than in
L. flavolineata and individuals join nests or co-found with females from different nests. This
results in the payoffs from indirect reproduction being low. The only successful reproductive
strategy in such a short-lived nest of distantly related individuals may therefore be to have
multiple egg-layers (as suggested by ovarian development (Table 4.2, test 1a)). In turn, this
maintains a low relatedness between female colony members in the second generation. In the
same way, a high relatedness is maintained in colonies of L. flavolineata by the high indirect
benefits of helping. Heinze (1995) suggested a similar idea of self-perpetuating factors in
regard to the level of reproductive skew and relatedness in Leptothoracine ants. He deduced
that if there are few egg-layers in a colony then a high colony relatedness is likely to be
maintained and likewise if there are many egg-layers, relatedness in resulting offspring
(future nestmates) will always be low.

The differences in the relatedness of these two species have important implications on their
relative levels of eusociality. These data suggest that there are fewer egg-layers in colonies of
high related L. flavolineata females than amongst colonies of the more distantly related P.
alternata females. According to Wilson’s (1971) definition of eusociality, an unequal
division of reproductive labour between colony members is associated with advanced
eusociality. The suggestion that reproduction is more equitably portioned in colonies of P.
alternata than in L. flavolineata is contrary to Strassmann et al’s (1994) inference that L.
Sflavolineata colonies exhibit only incipient eusociality.
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4.6 Summary

Relatedness of L. flavolineata female nestmates was estimated to be 0.49+0.073 and that
for L. vechtii was 0.3910.08. P. dalternata female nestmates were significantly less
closely related than L. flavolineata, relatedness being 0.22+0.086. The relatedness of L.
flavolineata female nestmates was significantly different from that of an allozyme
estimate published by Strassmann et al (1994). Only a change in relatedness at the
population level, or Type 1 error margin could explain the difference.

The differences in the nesting behaviour of L. flavolineata and P. alternata females are
consistent with the significant differences in relatedness observed between colony mates
of these species. P. alternata females display nesting strategies that serve to reduce the
relatedness of colony mates in that they are more likely to co-found nests with unrelated
females or to join existing nests of unrelated individuals than is a female of L.
flavolineata. Hence, a high relatedness may be maintained amongst colonies of L.
flavolineata and a low relatedness perpetuates in colonies of P. alternata.
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Genetic Structure of Liostenogaster flavolineata

Colonies

5.1 Introduction

The fundamental value of studying the genetic structure of a species was explained in
Chapter 4 (see Section 4.1). This chapter elaborates on some of the results and discussions
of Chapter 4: with additional relatedness data it provides a detailed examination of the genetic

structure of L. flavolineata colonies.

Relatedness estimates for adult female nestmates provide enough information for inferences
to be made over the nesting biology and reproductive strategies adopted (see discussion in
previous chapter - Section 4.5.2). By estimating the relatedness of the brood, a more
accurate picture of the reproductive strategies and mating system of that species can be
obtained. The more information available on relatedness between differently aged individuals
within a colony (i.e. adults and brood), the more complete the understanding of a species’
genetic structure will be. For example, if the relatedness of female progeny is less than 0.75,
then one can assume that either the reproductive female is multiply mated or that more than
one reproductive is contributing to the progeny pool. Estimates of relatedness for brood and
adults from a range of eusocial insects have been used by previous authors to identify
different reproductive strategies. For example, Hastings et al (1998) used estimates of
worker and queen relatedness to demonstrate single mating and suppression of worker egg-
laying by mutual policing within colonies of the epiponine wasp, Brachygastra mellifica.
Similarly, Evans (1998) used the relatedness of female progeny to identify monogyny within
colonies of the ant Myrmica tahoensis. Information on relatedness can also enhance our
understanding of social behaviour at the species-level. For example, if a non-reproductive
female is closely related to her female nestmates (i.e. sister or daughter to the reproductives)
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then she may be remaining in the group as a helper because of the high indirect genetic
benefits.

In this chapter, relatedness estimates are obtained for the adults and brood from thirteen
colonies of Liostenogaster flavolineata. From these results, colony genetic structure is
discussed and hence the reproductive strategies adopted by females are examined. The social
system deduced from these microsatellite results is compared with the system proposed by
Strassmann et al ‘s (1994) from their estimate of relatedness obtained with allozyme markers
in the same species (see Section 4.1.3).

5.2. Aims

The specific aims of this study are best portrayed as a list of questions to be answered.
1) Reproduction:

How many females contribute to the female and male progeny pool at any one time?
How long is the reproductive period of a female?
How much benefit from indirect reproduction do helpers accrue?

2) Dispersal:

Do newly emerged females leave their natal nests to reproduce?
Do males disperse?
3) Mating system:

How many males do L. flavolineata females mate with?

5.3 Methods

The methods are divided into two sections. In Section 5.3.1 the methods used to determine
the mating frequency of females are explained. In Section 5.3.2, the methods for estimating

relatedness in adults and brood are described.

5.3.1 Determining Mating Frequency of Liostenogaster flavolineata

Methods used for the analysis of sibgroups in this and subsequent chapters share the
underlying assumption that females are singly mated. Amplification of the sperm stored in a
female’s spermatheca should provide an adequate estimate of the mating frequency of
females. However, because of technical problems in reliable amplification of sperm and
because this is such an impoftant assumption, a manipulation experiment was carried out to
clarify the mating frequency of L. flavolineata females.
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Mating Frequency Field Manipulation Experiment

e Rationale

Between 10% and 48% of L. flavolineata nests monitored at four different sites had a single
female resident (Field er al 1998a, Samuel 1987). If a female is singly mated and has
produced all the brood on her nest, the brood genotypes in single female nests should only
consist of a maximum of three alleles at each locus with one of the alleles at each locus being
common to all brood (the paternal allele). The experiment thus involves a field manipulation
experiment and subsequent laboratory DNA analysis of collected females and brood.

o Methods

Sixteen single female nests were selected from two separate bridges (Site 40/26 and 52-nest
Site) at the Fraser’s Hill Site 1998 (see Figure 2.1). Nine females from Site 40/26 and seven
from the 52-nest Site were marked on 27/7/98. The brood found in the cells of these nests
were carefully mapped (see Section 2.1.2, Figure 2.2). On 7/8/98, eggs were removed from
these nests. Where nests contained large larvae and/or pupae, all eggs were removed (n = 9);
where brood consisted entirely of eggs, all but two of these eggs were removed (n = 6). The
reason for not removing all the brood was to ensure the nest was not deserted by the resident
female. Nests were subsequently monitored every other night to detect any changes in
resident females. Brood were mapped every five days. Resident females are likely to replace
the removed eggs: any new egg laid is presumed to be the offspring of this resident female,
provided there was no change in nest membership. Nests and resident females were collected
as soon as they had four or more new eggs. All nests were collected between 28/8/98 -
10/9/98.

In the event of either a change in resident female or the addition of a joiner, the nest was re-
mapped so that any new eggs (i.e. possibly laid by the new female) could be identifed:
joining females were removed and frozen for DNA analysis. Where possible, nests with no
joining females and no change of female resident were used in the analysis.

Of the sixteen experimental nests at the two sites (Site 40/26 and 52-nest Site), only six were
collected. Three experimental nests were successfully collected from Site 40/26 site. Of the
remaining six, three were taken over by Parischnogaster alternata, a stenogastrine nesting in
the same area. Another two nests fell off the undersides of the bridges; the resident female
disappeared from the final nest and it remained vacant. At the 52-nest Site only three
experimental nests were collected due to too few brood being replaced in the other nests. To
make up the sample size, five unmanipulated single female nests that had been closely
monitored at the 52-nest Site during the same period were collected. These five nests had
seen no change of female resident during the experimental period and so it was unlikely that
these eggs were the offspring of another uncollected female. They differed from the
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experimental nests in that no brood had been removed. They had, however, been mapped
regularly and so only eggs that appeared in cells that were empty prior to the experiment
were genotyped.

DNA from all resident females and replacement eggs for the collected nests were extracted
and amplified at each locus by PCR. Products were run on polyacrylamide gels in family
groups such that female and brood genotypes could be compared.

5.3.2 Field monitoring, collection and genotyping of samples

All samples in this analysis were obtained from the Skew Site (see Figure 2.1). Nests and
nestmates were monitored for six weeks and then collected by J.P. Field and W.A. Foster
(methods described in Section 2.1.2). Population-level relatedness of adult female nestmates
was compared with the estimate obtained for the Gazebo Site in Chapter 4 (see Table 4.1).
Only two females, both non-dominants, were analyzed from each nest at the Gazebo Site and
so nest-by-nest standard errors were high; this is why the analysis in the rest of this chapter

concerns samples from the Skew Site only.

DNA was extracted from the adults (all 141 females, 12 males) of twenty-seven nests
(Protocol 1.2.1 also see Section 4.3.1) and from 322 individual brood from thirteen of these
nests (Protocol 2.3.2, 2.3.3). The thirteen nests selected for brood analysis were nests 6, 9,
12, 14, 29, 30, 35, 47, 51, 91, 92, 112 and 119. They were chosen on the basis of four

criteria.

1) They were multi-female nests (i.e. >1 female resident/nest)

2) Each nest contained a brood across a broad age range

3) Over 70% of the adult females had been collected and were available for genotyping

4) The nests had not been taken over by a foreign female during the six week monitoring
period (i.e. the brood in the nest were likely to be the brood of the resident females).

All samples were genotyped at three microsatellite loci (Locus LF25, K18 and I3) by 32P
labelled PCR (Protocol 1.3). Adult females from the Skew Site were genotyped
independently twice at each locus, to examine error rates in genotyping. Amplification
conditions at the three different loci and methods for gel running are described in Chapter 3
(Table 3.7). Autoradiographs were scored blindly and independently by two different
scorers (see Appendix 2.2 for scoring methods).

Relatedness was estimated between different groups of individuals within nests by paired
relatedness tests (Relatedness 5.1 - Goodnight & Queller 1997). This provides more
information than analysis of mean population estimates because it enables differences to be
detected within nests of females, who maybe either all smaller or larger than the population
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average. Brood were classed in terms of age (as in Section 2.1.2). Female adults were
classed by their position in the dominance hierarchy and this was determined from the
relative time each colony member spent on her nest. The female who spent the most time on
the nest was the highest ranked female colony member (Samuel 1987, Field & Foster 1999).
She was also the reproductive dominant (see Chapter 7 for analysis). The second ranked
female was the female who spent the next longest time on her nest after the dominant, and
the lower ranks were determined in the same way (Field & Foster 1999). Subordinates were
identified as the non-reproductives and dominants as the egg-layers.

e Statistics

All relatedness estimates are quoted as means * standard error (s.e.) unless otherwise stated.
The significance of different relatedness estimates are tested using t-tests. The results are
displayed as ¢ Where variances are unequal (F-ratio test results

statistic with Fisher Behren’s distribution are

(significance level (x-tailed test), nl, n2) *
displayed as F

n  (numerator, n(denominator))’ D-

performed. Results are displayed as D for tan @ = x. In each case, n/ and

(significance level, n1, n2)?
n2 are the sample sizes of nests for sample 1 and sample 2 respectively. Inbreeding
coefficients (F) are quoted * standard errors (s.e.) and tested for significant deviations from

Zero using t-tests.

5.4 Results

This section is divided into two parts. The first section (Section 5.4.1) examines mating
frequency in L. flavolineata. The second part (Section 5.4.2) examines colony level genetic

structure of L. flavolineata colonies.

5.4.1 Mating frequency

In Section 5.4.1.1 and Table 5.1, the results for the sperm amplification are presented. In
Section 5.4.1.2 the results of the mating frequency manipulation experiment are examined.

5.4.1.1 Amplifying sperm (see Table 5.1)

Sperm was successfully amplified from the spermathecae of 10 out of the 21 inseminated
females from six nests at between one and three loci (22 successful amplifications). Sperm
from five females (three nests) was successfully amplified at all three loci; sperm from
another two females was amplified at two loci and from the remaining three spermathecae,
sperm was amplified at only one locus.
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Genotypes of brood and adults are displayed in Appendix 4.2. The paternal genotype is
predicted from these sibgroups and compared with the sperm genotype amplified from
nestmate female spermathecae. The results are displayed in Table 5.1. Sperm and adult
genotypes for one female from each of four nests matched the genotypes from each brood
sibship of their respective nests. Sperm amplified from the female who appeared to be the
dominant on Nest 6, only matched at one out of three loci. However, census data indicated
that the female who spent the most time on the nest was not collected. It is likely, therefore
that this female was the true dominant from this nest, and so the sperm of the collected
female would not be expected to match to paternal allele in the brood (see Chapter 7).

There is a strong suggestion of double mating in 11 of the 22 successful amplifications, by
the presence of two clear bands in addition to the maternal alleles. Interestingly, of the two
sperm alleles at each locus, only one was represented in the brood, indicating that if the
mothers really had mated twice then sperm is being used non-randomly (see nest 30, female
52 and nest 92, female 92: both at loci Lf25 and K18).

Table 5.1: Sperm genotyped by molecular analysis compared with predicted paternal
genotype from brood.

The numbers indicate the size of the amplification product. “Paternal allele” is the predicted paternal genotype
identified from brood sibgroups; “Sperm amplified” lists the molecular data obtained from sperm

amplification; BOLD genotypes indicate a match between sperm genotype and paternal allele predicted from
sibgroups

Nest | Wasp Lf25 13 K18
insem- Sperm Paternal | Sperm Paternal Sperm Paternal
inated amplifliel allele _:anlified allele amplified allele

6 1 125 125 137/139 151 179 131
9 none - 181 - 135 - 129
12 19,20 - 123 or 125 - 143 - 131
14 27 125 125 135 135 - 123 or 140
29 - 125 - 145 - 123 or 140
29 48 - 195 - 151 121/131 128
30 51 141 125 141/151 147 121/127 108
52 121/151 125 - 147 108/159 108
53 207 125 151 147 159 108
54 130/135 125 - 147 - 108
35 63,64 - 189 & 195 - 139&145 - 113 &121
47 98 - 125 or 129 - 141 - 121
51 107 - 149 - 133 142 142
108 - 149 - 133 - 142
91 | 133 127 — 123 126
92 139 125/161 125 153 153 102/117 117
141 - 125 - 153 - 117
112 150 - 233 - 131 - 114
151 - 233 - 131 - 114
119 160 - ? - 139 - 134
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5.4.1.2 Mating Frequency Experiment: Molecular results

DNA from resident females and from between two and five eggs per nest was amplified at
each locus. A maximum of three alleles at each locus (two of which matched the only adult
female) were detected in the eleven nests. Interestingly, these data suggest females of L.
flavolineata are singly mated. Alleles of one egg in one nest matched the genotypes of neither
resident female nor her natal ‘siblings’. It appears egg-dumping must have occurred whilst
the resident female was away from the nest foraging.

5.4.2 Colony Level Genetic Structure

5.4.2.1 Relatedness of Adult Colony Members

a) Females

Relatedness estimates for 141 adult females from twenty-seven nests were calculated for the
Skew Site. Nest by nest relatedness estimates for these females and how they differ from
expected relatedness values of 0.75 (full-sisters), 0.5 (mother-daughters associations and
combination of sisters, daughters and cousins) are summarized in Table 5.2. Relatedness of
colony-mates for twenty-four females from thirteen nests were obtained from the Gazebo
Site (see Section 4.3.1). Average estimates for both sites are summarized in Table 5.3.

e Population Averages: Average female nestmate relatedness from the twenty-seven nests at
the Skew Site was 0.52 £ 0.053, and for the thirteen Gazebo nests, relatedness was 0.45 +
0.09 (see Table 4.1 & 5.3). There was no significant difference in relatedness between the
two sites (tg o5 27,13 = 1.07, p>0.1). Average relatedness for female colony mates at the
population level for each site was significantly different from zero (t-test for significant
differences from r = 0: ; Skew Site ty 5,7, =11.6, p<0.001; Gazebo Site t 4503 =3,
p<0.001). Female colony mates were on average not likely to be sisters at either site (t-test
for significant differences from r = 0.75: Skew Site tg s, 2, = 4.68 p<0.001; Gazebo
toosas = 3-33 p<0.005).

e Colony Level Averages: All female colony members had been successfully genotyped in
89% of the nests from the Skew Site. Sixty-six percent of these females were successfully
typed at all three loci, 24% were typed at two loci and 10% were typed at only one locus.
Relatedness of colony members was normally distributed: relatedness distributions for the
Skew Site nests are displayed in Figure 5.1. In twenty-one of the twenty-seven nests,
relatedness of female colony-members were significantly greater than zero (for significance
levels of deviations from r = 0; see Table 5.2). The six nests where relatedness did not differ
significantly from zero, had six of the seven largest standard errors over all twenty-seven
nests. However, these six nests did not have particularly low sample sizes of genotyped
females (mean = 4.2+1.19 is not significantly different from the mean of 27 nests
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were to each other (Paired relatedness test: p = 0.441£0.0004, n=10 nests). But, high ranked
subordinates (Rank 2 and Rank 3) were more likely to be sisters to the dominant than low
ranked subordinates (Rank 5 and Rank 7) (see Table 5.3). Figure 5.2 illustrates how
relatedness of subordinates to the dominant diminishes with rank (r = 0.96 (n= 4), p <
0.05).

In the light of these findings, the relatedness estimate for the Gazebo population may be
inaccurate as the two females sampled from each nest were non-dominants. To examine this
possibility, two non-dominant females were randomly selected from each of the Skew Site
nests. The average relatedness of these females (0.58+0.093) was not significantly different
from the relatedness of all female nestmates given in Table 5.3 (542727 = 0.71, p >
0.05). Therefore, the Gazebo results are acceptable.

Table 5.2: Relatedness of adult female colony-mates from 27 nests at the Skew Site.

p values are given for significant differences from a relatedness of 0.75 (full-sisters) and 0.5 (mother-daughter
associations or combination of sisters, cousins and daughters). Nests are listed in order of increasing
relatedness.

Nest Relatedness No. of [ Standard error | p value for difference
number (r) females (s.e) from targets

(27 nests) 0 0.5 0.75
115 -0.144 2 1.181 ns ns ns
33 0.023 4 0.362 ns ns ns
11 0.123 3 0.243 ns ns ns
7 0.142 3 0.898 ns ns ns
43 0.234 4 0.082 * * *3
23 0.256 3 0.502 ns ns ns
35 0.296 4 0.046 kK * Aokok
47 0.344 10 0.285 ns ns ns
6 0.400 4 0.110 ok ok ns ns
30 0.403 7 0.093 ok ok ns ok
12 0.448 6 0.094 *kk ns Aok
53 0.454 5 0.233 * ns ns
80 0.482 6 0.032 ok ok ns ok
19 0.491 6 0.127 * kK ns ns
119 0.510 4 0.159 ok ok ns ns
14 0.544 8 0.156 * ok ok ns ns
91 0.584 7 0.144 *k ok ns ns
51 0.618 6 0.168 Hkok ns ns
55 0.636 3 0.152 *okok ns ns
36 0.638 8 0.046 ook * *
9 0.687 8 0.103 *kok ns ns
92 0.728 6 0.227 Hak ns ns
29 0.746 3 0.204 *ook ns ns
48 0.750 5 0.170 *kk ns ns
44 0.818 7 0.382 Fkk ns ns
56 1.000 2 0.000 Hkok ns ns
112 1.000 3 0.000 *¥** | ns ns
Average 0.520 5.071+0.41 0.053 * %k 3k ns * ok ok

ns = p > 0.05 (not signif-icant), * p<0.05, ** p <0.01, *** p < 0.001
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5.4.2.2 Brood nestmate relatedness

Average relatedness estimates for a total of 322 eggs, larvae and pupae from thirteen nests at
the Skew Site are summarized in Table 5.3. Nest-by-nest relatedness estimates are displayed
in Appendix 3.1.

e Female Brood: Sixty-six percent of all brood were female. Average relatedness of females
of all ages from eggs to pupae within nests was 0.65 + 0.042 (n=13). Female progeny are
not significantly inbred (Deviation from F=0: F = 0.005510.02, t s, 13 = 0.275, p>0.05).
Female brood were not likely to all be sisters (Deviation from r = 0.75: t, s, 13=2.4,
p<0.05). However, within each age group relatedness estimates suggested that female brood
within a particular age cohort were likely to be sisters (relatedness of eggs: r=0.72+0.039,
(n=13 nests, 85 brood); large larvae: r=0.55+0.04, (n=9 nests, 27 brood) and pupae:
r=0.63£0.049 (n=5 nests, 13 brood). t-tests for deviations from 0.75: (tqgs,= 0.77
(n=13), 1.5 (n=9), 2.4 (n=5) respectively, p>0.05 in each case). This suggests that a single
adult female is contributing to the female brood at any one time and that the number of
reproductives does not change over time. Analysis with Kinship 1.5b4 (Goodnight &
Queller 1997) provides further support for this possibility and this is discussed in more detail
in Chapter 7.

® Male Brood: Within colony relatedness for all male brood was 0.47 * 0.04 (n=12). Male
brood of all ages within a nest were likely to be brothers, (t-test for significant deviation
from r = 0.5: t 450, 12=0.75, p>0.05). This suggested that male brood were produced by a
single female and that the average reproductive period for females producing males is longer
than the developmental period for a male brood. However, it is important to note that the
older brood constitute less than 15% of the entire male broods and so the high relatedness of
males (r = 0.4710.04) may be largely due to the relatedness of male eggs (r = 0.5210.047).
Even still, all male eggs within a nest are likely to be brothers (t-test for significant deviation
from 1 = 0.5: t 52, 12 = 0.42, p> 0.05).

The relatedness of female eggs to the male eggs within nests was 0.28 + 0.042 (n=12). Male
brood of similar age cohort are therefore likely to be siblings of the female brood who share
their nest (t-test for deviation from sister-brother relatedness, r = 0.25: t ) 1= 1.9, p >
0.05).

5.4.2.3 Relatedness between adults and broods

o Female adults vs. female brood: Adult females were on average related to all their natal
female brood (r = 0.510.049, n =13. Deviation from r = 0: t-test: t; ;)15 =10.3 p < 0.001).
There was no significant difference in the degree to which subordinates are related to all their
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natal female brood (r (subordinate - female brood) = 0.510.056) and that of dominants to all
female brood (r (dominant - female brood) = 0.45+0.033) (unequal s, F,; ;= 4.14, p <

0.05; D ;3,13 = 0.74, for 6 = 1.1°, p> 0.05).

The relatedness of adult females to female eggs was 0.49 £ 0.054 (n=13). More
informatively, dominants were related to their natal female eggs by 0.53 £ 0.0526, whereas
subordinates were related to natal female eggs by 0.39 £ 0.075. Neither one of these
estimates was significantly different from 0.5, suggesting that both dominants and
subordinates were probably the mothers of these female eggs (tgse) 13= 0-57 and 1.17
respectively; p > 0.05). Since the relatedness amongst female eggs suggested there was only
one egg-layer at any one time (see Section 5.4.1.2 above), then both the subordinates and
dominants could not have been producing female eggs simultaneously. From these data it
was not possible to identify the mother of the eggs. Thus, it was not possible to conclusively
determine which females were egg-laying from these data (see discussion in Section 5.5.1).

e Female adults to male brood: Dominants were significantly more closely related to their
natal male eggs (r = 0.47 £ 0.033, n=9) than were the subordinates (r = 0.22 + 0.062,n=9)
(to.0s2)99=3-56, p<0.05). This is consistent with the results in Section 5.4.2.2 where it was
suggested that only one female was laying the male eggs and therefore implies that the

behavioural dominant is the mother of the male eggs.

86



e 5 - Genetic Structure of Liostenogaster flavolineata colonies

Table 5.3: Relatedness Estimates for Adults and Brood with p values for significance tests of

comparisons with target values of 0.75 (full-sisters), 0.5 (mother-offspring and

brothers) 0.25 (sister-brother) and 0 (unrelated).

Notional Notional mean {standard| n Target | p value
actor recipient r error |[(nests) r (t-test)
Adult nestmates
Adult females (Gazebo) JAdult females (Gazebo) | 0.45 | 0.093 12 0.75 HoAk
Adult females (Skew Adult females (Skew 0.52 | 0.053 27 0.75 *E*
Adult males Adult males _ 0.19 | 0.188 3 0 ns
|Females Males 0.21 0.093 7 0.25 ns
Dominant Subordinates 0.40 | 0.060 10 0.5 ns
Subordinates Subordinates 0.51 0.059 8 0.75 *ok
Rank 2 Dominant 0.66 0.123 7 0.75 ns
[Rank 3 Dominant 0.62 | 0.094 11 0.75 ns
Rank 5 Dominant 0.4 0.07 3 0.75 *
Rank 7 Dominant 0.36 0.048 6 0.75 *oAk*
[Adults Brood
Female adults all female brood 0.50 | 0.049 13 0.5 ns
Dominants all female brood 0.45 | 0.033 10 0.5 ns
Subordinates all female brood 0.50 | 0.056 10 0.5 ns
Female adults female eggs 0.49 0.054 13 0.5 ns
Dominants female eggs 0.53 0.053 10 0.5 ns
Subordinates female eggs 0.39 | 0.075 10 0.5 ns
Female adults all male brood 0.26 | 0.064 13 0.5 *k
Dominants male eggs 0.47 | 0.033 9 0.5 ns
Subordinates male eggs 0.22 0.062 9 0.5 i
Female Brood
All female brood All female brood 0.65 0.042 13 0.75 *
Female eggs (e + L1)  JFemale eggs (e + L1) 0.72 0.039 13 0.75 ns
Female larvae (L2 + L3) [Female larvae (12 + 1.3)] 0.55 0.04 9 0.75 ns
Female pupae (P) Female pupae (P) 0.63 0.049 5 0.75 ns
\Male Brood _
All male brood All male brood 0.47 0.040 12 0.5 ns
Male eggs Male egas 0.52 0.047 12 0.5 ns
Female Brood Male Brood
Female eggs [Male eggs 0.28 0.042 12 0.25 ns

ns = p > 0.05 (not significant), * p<0.05, ** p < 0.01, *** p < 0.001
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5.5 Discussion:

Genetic Structure of L. flavolineata colonies

In Section 5.5.1, I discuss the genetic structure of L. flavolineata colonies as deduced from
the microsatellite data presented in this chapter. In Section 5.5.2, I review the previous
accounts of colony genetic structure in this species, which were based on the allozyme
relatedness estimates of Strassmann et al (1994) and on the extensive and intensive
behavioural observations carried out by Samuel (1987). Finally, I compare the social
structure of L. flavolineata as derived from the microsatellite, allozyme and behavioural
analysis.

5.5.1 Genetic Structure of L. flavolineata colonies as deduced from
microsatellite analysis

a) Mating Frequency

Problems in sperm amplification from hymenopteran spermathecac have previously been
noted (e.g. Gertsch & Fjerdingstad 1997) and this study proved to be no exception. The .
results from the two methods of determining mating frequency in L. flavolineata were
contradictory (see Section 5.4.1). Whilst the sperm amplification results implied females
were doubly mated, single mating was clearly demonstrated from the mating frequency
experiment. The double banding pattern obtained in 50% of sperm amplifications can be
explained as follows. 100% of sperm samples were contaminated with maternal DNA. This
was known from the presence of maternal allele bands in each sperm PCR product (see
Table 5.1 and Appendix 4.2). Since spermatheca walls are non-cellular, contamination must
have occurred from cellular tissue attached to the spermatheca wall. The contamination,
together with the secondary stutter banding around PCR products, made distinguishing the
sperm allele from the female’s alleles very difficult. Some samples had very clear bands
aside from maternal alleles, but consistently only one of these was represented in the brood.
Since the field experiment provided no evidence against single mating, the banding pattern
may be attributed to an artifact of the double PCR amplification process (see methods in
Section 2.2.2). Given that the same paternal allele was found in all daughters of all ages, the
only other explanation is that females are multiply mated but use sperm from only one of
their mates, which seems unlikely (see Chapter 7 for kinship analysis).
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b) Colony Structure

L. flavolineata females nest in small groups of an average of 5.07 + 0.41 females per nest
(see Table 5.2). Female colony mates are outbred and closely related (r = 0.52 £ 0.053) such
that group members may be sisters, mother, daughters and cousins (Section 5.4.2). Adult
group members often constitute up to four sibgroups (Section 5.4.2 and Chapter 7). These
findings suggest that the dominant was not generally the mother of all the subordinates
because otherwise relatedness would be higher than as estimated. Thus, subordinates were
not necessarily helping raise highly related sisters of relatedness 0.75. The long
uninterrupted breeding season of this tropical species (Section 1.2.3, Samuel 1987) means
that rarely are all adult female nestmates full sisters: adult female nestmates therefore display
overlapping generations, as epitomized by eusocial societies (Wilson 1971, Michener 1974).

Behavioural rank can be determined from the relative time females spend on their nests (see
Section 2.1.2). Females that are close in behavioural rank are more closely related than
females that are distantly ranked and they are more likely to share a sibgroup. These data
support the idea of an age-based dominance hierarchy as proposed for this species by
Samuel (1987). She suggested that when the dominant female dies, the next highest ranking
female takes over the dominant position. Thus, females close in rank must be similarly aged:
the data support this in that closely ranked females were more likely to be sisters than
distantly ranked females. Thus, groups of sisters raise cohorts of brood who are likely to be
the offspring of a single female. An emerging female remains on her natal nest as a low
ranking forager, helping raise the offspring of a single relative who is two or three
generations older than herself. As a low ranked female gets older, she is likely to help raise
more and more closely related brood because it becomes increasingly likely that the dominant
is her sister. Hence, her payoff from indirect reproduction increases as she advances up the
dominance hierarchy (see Figure 5.2).

Too few adult males were available for any detailed discussion of relatedness (n (nests) = 3)
(Section 5.4.2.1(b)). However, adult males and females are probably siblings. This means
that some male offspring must remain on their natal nests. This is in keeping with
behavioural observations (Samuel 1987, Turillazzi 1990).

¢) Female Production

The relatedness estimates for female brood suggest that a single female is laying the eggs in
each nest (Section 5.4.2.3). An examination of the finer genetic structure of these brood
show that similarly aged brood share the same mother: only one female is likely to be
reproducing at any one time. These results suggest that the reproductive period of the single
egg-layer is long, extending beyond the average brood development time (i.e. longer than
104 days (Samuel 1987). This is apparent because eggs and adults occasionally shared a
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sibgroup. From these data is not possible to identify the egg-layer in the colonies, because
on average, dominants and subordinates are similarly related to the female eggs (r = 0.53 £
0.053 and 0.39 % 0.075 respectively - see Table 5.3). But if there is only one egg-layer
(Section 5.4.2.3) why are both dominants and subordinates equally related to the female
brood? Because of the long reproductive period of a dominant, a sibship within a nest often
consists of brood of all ages, from eggs to pupae. The oldest brood in a sibship are the
newly emerged adult females. These newly emerged adults will therefore be sisters to the
remaining brood and are related by 0.75. These newly emerged females are included as
subordinates in the relatedness analysis. This explains the high average relatedness of female
brood to subordinates because some of the subordinates are related to the female brood by
0.75, whereas a mother (the dominant) is related to her female offspring by only 0.5.

d) Male Production

The relatedness data also suggest that there is a single female contributing to the production
of males (Section 5.4.2). Unlike the relatedness data for the female brood, there is strong
evidence here that the dominant female is the mother of these males. This was deduced from
the significant difference between the relatedness of the dominant and the subordinates to the
male eggs (r = 0.47 £ 0.033 and 0.22 + 0.062 respectively) (Table 5.3). It is because of the
low relatedness of sisters to brothers (r = 0.25) that the long brood development period does
not affect this comparison in the way it did the female brood and hence the mother can be
identified. The mother of the male eggs is likely to be the mother of the female eggs also.
Further evidence for this maternity assignment lies in the relatedness of female eggs to male
eggs, which is not significantly different from 0.25, in other words, female and male eggs
may be siblings.

The most important point from this analysis is the evidence of a reproductive division of
labour within a colony, such that there is a single reproductive female and the remaining
group members provide the facultative worker force. Field & Foster (1999) demonstrated the
absence of a truly sterile worker caste in this species by showing that low ranking ‘workers’
can develop their ovaries to a reproductively mature state if given the opportunity. Such
division of reproductive labour has been observed in other primitively eusocial insects (e.g.
Field et al 1998b).

5.5.2 The eusocial status of L. flavolineata

The relatedness data from the microsatellite analysis discussed in Section 5.5.1 suggest that
L. flavolineata females, who are probably normally singly mated, live in groups where a
high degree of intra-nest relatedness is maintained. Their societies exhibit a strict dominance
hierarchy which results in a clear division of reproductive labour. The male and female brood
are likely to be the offspring of the same single female in a nest and this female is identified
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as probably being the behavioural dominant; the remaining colony members act as non-
reproductive helpers, raising non-offspring brood. Because of the long brood development
period and the long reproductive period of a dominant, generations of adults are likely to
overlap. Thus, this species satisfies all the criteria defining a truly eusocial organism
(Michener 1974). However, given that there is no morphological caste (Samuel 1987, see
Chapter 7) and that the worker caste is temporary (Samuel 1987, Field et al 1999, see also
Chapter 7) and capable of reproduction (Field & Foster 1999), that this species must be
classed as primitively eusocial, along with the other primitively eusocial wasps, such as
Polistes (West-Eberhard 1969, Reeve 1991).

However, the genetic structure of L. flavolineata colonies suggested by the microsatellite
results presented here is contradicted by the conclusions of the only other study of genetic
structure in this species (Strassmann et al 1994). Based on a sample of 188 females from
forty-two colonies of L. flavolineata analysis with six allozyme markers suggested that
female nestmates were related by 0.22+0.1. They attributed the low relatedness estimate to
the fact that females frequently move to new nests and thus dilute the high relatedness of
family groups by joining non-relatives. The authors conclude that L. flavolineata colonies
exhibit a very primitive level of eusociality. This is because with such a low genetic
relatedness to the egg-layer, little indirect genetic benefit can be achieved in helping raise
unrelated brood. Thus, they suggest that the reproductive strategy of these females must be
to achieve direct reproduction by inheriting a dominant position on a female’s natal nests or
on a non-natal nest which she joins.

I argue that behavioural observations on colonies of L. flavolineata and the relatedness
estimates obtained from the microsatellite analysis suggest that the degree of eusociality is
not as primitive as suggested by Strassmann et al (1994). For example, a clear-cut
dominance hierarchy and a sharp division of reproductive labour have been observed by
Samuel (1987) and others (Field et al 1998a, pers obs). Perhaps the most important
difference between the two estimates lies in the consequences of indirect fitness: a colony
member relatedness of 0.221+0.1 suggests that very little indirect fitness can be achieved
from helping, whilst the indirect fitness accrued by helping females of relatedness
0.5310.052 reproduce would be much higher. High indirect benefits of helping, unequal
division of reproductive labour and a clear-cut dominance hierarchy are all characteristics of a
eusocial society. The social system suggested by relatedness estimates obtained from
microsatellite analysis (Section 5.5.1) agrees with the eusocial system suggested by these
behavioural observations and so imply that L. flavolineata colonies are not “on the edge of
euéociality” as Strassmann et al (1994) suggested.

Two contrasting social systems for L flavolineata colonies have been outlined from

relatedness estimates derived from two different molecular markers. I conclude that when
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molecular markers are used to assess the social system of a species, care should be taken to
obtain accurate relatedness estimates. Also, where possible, any proposed social system
should be analyzed in tandem with behavioural observation data.

5.6 Summary

Based on estimates of genetic relatedness, I have presented evidence of a social system in
Liostenogaster flavolineata contrary to that suggested by previous workers. I found
relatedness of female nestmates to be high and that brood relatedness data indicate a sharp
division of reproductive labour, whereby one female per colony is likely to be producing
both the male and female brood at any one time. I discuss how the high relatedness of female
nestmates may make helping a ‘profitable’ alternative reproductive strategy for subordinates.
In conclusion, this study supports Hamilton’s (1964) kin selection theory for the
maintenance of eusociality: thus, the high relatedness of potential reproductives may indeed
turn the wheel of eusocial evolution.
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Reproductive Skew

6.1 Introducing Skew

When genetically heterogeneous animals live together in a group a conflict arises over how
resources are divided and some animals may gain resources at the expense of others. The
outcome of conflict and cooperation may result in resources being disproportionately divided
or skewed between group members or they may be equitably shared amongst all. The most
pertinent conflict concerns who reproduces in a group. Societies where reproduction is
unequally divided are found amongst both the vertebrates and the invertebrates. The most
extreme skew of reproduction is observed in advanced eusocial societies, where a single
female monopolizes reproduction and the remaining group members are sterile workers (e.g.
the eusocial mammals such as the naked mole rat; advanced eusocial insect societies such as
the common wasp, Vespula vulgaris). Less skewed reproduction may be found in more
primitively eusocial groups, where no sterile caste exists. Thus, the position of the
reproductive evolutionary equilibrium depends on the species and social system.

It is becoming increasingly apparent that the inter- and intraspecific variation in skew
amongst eusocial insect societies is great (Reeve 1991) and that many such societies do not
conform to the stereotype of inflexible queen-worker strategies. This means that reproductive
conflicts in social insects may be more complex than previously perceived. Kin selection
theory may explain extreme division of reproductive labour (Hamilton 1964, Maynard-Smith
1964), but relatedness may not be solely responsible for observed levels of reproductive
skew. Alexander (1974) was the first to suggest that the reproductive opportunities open to
individuals outside the group may be influential also. The effect of relatedness and
reproductive opportunities outside the group can be applied to Hamilton’s rule: it predicts
altruistic behaviour will occur when, rb > ¢, where r is relatedness of group members
(Hamilton’s (1964) kin selection component), b is the benefit gained from the subordinate’s
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help (increased productivity) and c, the cost to the subordinate in helping (i.e. the
reproductive opportunities lost by helping rather than breeding). Thus, relatedness will
devalue the inclusive fitness gains (rb) whilst the direct fitness sacrificed by adopting a
helping strategy will determine c.

The degree of reproductive partitioning can be described quantitatively using an index of
reproductive skew which varies between zero and one: an index of one describes a society in
which one dominant individual completely monopolizes reproduction and other group
members act as helpers. A skew of zero indicates reproduction is equally shared between all
individuals in the group. A skew index can be applied to the production of both male and
female progeny.

6.2 Reproductive Skew: A Synthesis

6.2.1 The Incentives Model (Vehrencamp 1983, Reeve 1991, Reeve & Ratnieks
1993)

e Model Rationale

The pioneering scholar of reproductive skew was Sandra Vehrencamp (1983a, 1983b). She
first modelled the degree of fitness-biasing within groups by a game theory approach.
Dominant individuals are selected to secure as many resources as possible, thus maximizing
their inclusive fitness at the expense of the subordinates. In turn, subordinates are selected to
maximize their own reproduction, leaving the group if they can do better elsewhere.
Grouping will only occur if per capita fitness in a group is greater than that of solitary
nesting. Vehrencamp proposed that the degree of skew a dominant can impose on her
subordinates depends on three factors:

1) the degree of relatedness between dominant and subordinate
2) ecological constraints on solitary founding by subordinate
3) the productivity advantage of living in a group as opposed to living alone.

A dominant can impose a high skew (unequal reproductive partitioning) when relatedness of
group members is high because the indirect benefits of helping are high. High skew may
also prevail when the success rate of a subordinate breeding alone is low because of high
ecological constraints, or when group productivity is greater than solitary breeding.

Reeve (1991) reiterated Vehrencamp’s model of reproductive skew in his review of social
biology in the primitively eusocial Polistes wasps. He coined the term ‘staying incentive’ to
describe the reproduction a dominant offers to her subordinate in order to retain her in the
group as a helper. Such an incentive is conceded only if the presence of the helper serves to
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augment the inclusive fitness of the dominant. Reeve and Ratnieks (1993) extended the
model by exploring how fighting ability affects the predictions of genetic relatedness,
ecological constraints on solitary nesting and productivity advantages of group living. Their
model was restricted to two-females. They also introduced the assumption that differences in
the dominance of two queens depends on relative fighting ability. The probability that a
subordinate would win an escalated fight to the death against the dominant affects the amount
of reproduction that is yielded. When the probability of a subordinate winning an escalated
fight is high, the maximum imposable skew is low because the dominant must offer a large
‘peace incentive’ to retain the helper peacefully.

e Assumptions of the Incentives Model

The Incentives Model predicts the maximum skew a dominant can impose on her
subordinates given certain genetically, morphologically and ecologically determined factors.
The assumptions outlined originally by Vehrencamp (1983a & b) and adopted by Reeve
(1991) and Reeve & Ratnieks (1993) are as follows:

1) The dominant has complete control over subordinate reproduction and she can manipulate
it as she chooses.

2) There is only one dominant and she skews the reproduction of all subordinates (if group

size > 2) by the same amount.

3) There is no cost to the dominant in skewing a subordinates’ reproduction, and group
productivity is independent of who the breeders and foragers are: one unit of reproduction
usurped from the subordinate is accrued as one unit gained by the dominant.

4) A subordinate can nest independently. Subordinates will not accept a fitness in a skewed
group which is lower than that she would achieve from nesting alone.

The dominant has control over who stays in the group and how much direct reproduction
they achieve. She is able to recruit and evict subordinates by imposing different levels of
skew. She will impose the maximum skew possible, without causing helpers to leave.
Helpers will leave when a higher fitness benefit is achieved from nesting alone. Subordinates
may also join other groups but their role and the skew imposed in the new group is assumed
to be the same as it was in the group they left.

e Predictions of the Incentives Model

The four predictions and how they affect the staying and peace incentives are summarized in
Table 6.1. The predictions are deduced from simple algebra: they incorporate four variables:
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r Relatedness of group members

x Expected success from independent nesting (the inverse of ecological
constraints). x is effected by the probability of successful dispersal and by the
productivity of single-female nests

k Ratio of total group productivity (with subordinate) to the productivity of  solitary
nesting

f Probability that a subordinate would win a lethal fight with the dominant, ~ without
being severely injured.

Table 6.1: Predictions of Reeve & Ratnieks’ (1993) extended Incentives Model for

Reproductive Skew
Variable Incentive
Staying Peace
1) Increasing genetic relatedness of Decrease Decrease
group members
2) Increasing ecological constraints Decrease Decrease
on independent nesting
3) Increasing fighting ability of - Increase
subordinate
4) Increasing group productivity Decrease Decrease

When the algebraic parameters are substituted into Hamilton’s rule, rb > ¢ (see Section 6.1),
r(k-1) > x is obtained. This equation is used to explain the effects of the parameters on skew.

Prediction 1: Relatedness

If the dominant and subordinate are close relatives (i.e. r is high), then the indirect benefits
of helping (r(k-1)) may outweigh the costs (x) and so little staying incentive is offered.
Thus, a high skew is expected when the relatedness of subordinate to dominant is high.

Prediction 2: Ecological constraints

When a subordinate has little chance of success by nesting independently (i.e. x is low), she
may gain maximum inclusive fitness by staying and helping raise relatives of relatedness, r.
If a subordinate has a good chance of successful independent reproduction, she is unlikely to
remain as a helper in a group unless she is offered a reproductive staying incentive. Thus,
when x is low, little reproductive incentive is needed to entice a subordinate to stay even if
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relatedness is low. When x is high, the amount of staying incentive yielded by the dominant
depends on the productivity of group versus solitary nesting.

Prediction 3: Productivity

There are two points to consider here. Firstly, when the productivity of nesting in a group is
much greater than from solitary nesting, skew will be high (i.e. x < k-1). This factor
contributes to the ecological constraints factor, x, and depends on the survivorship of
solitary nesters. The second point concerns the productivity benefit of having an extra group
member. The model predicts that skew will be high when productivity advantage is high.
This is because a given fraction of reproduction will be worth more to the subordinate in
absolute terms.

Prediction 4: Fighting ability.

Even if a subordinate receives a staying incentive, she may try to kill the dominant to attain
exclusive reproductive control, especially if expected success from independent nesting (x) is
very low. To prevent lethal fighting by the subordinate, the dominant may yield a peace
incentive. The magnitude of this depends on the fighting ability (f) of the subordinate relative
to the dominant, such that an incentive is offered if f > x / (1-r). If x is large (i.e. x > k-I)
then no staying incentive is required, but if the ratio of group to solitary productivity is high,
then a dominant should offer a peace incentive (i.e. f > r(k-1)/(1-r)). This is because a
subordinate who has little chance of independent nesting has much to gain by fighting for
dominance. Thus, a high skew is expected when the fighting ability of a subordinate is
relatively low.

Reeve & Ratnieks (1993) predict that a complete skew will only occur when ecological
constraints are high and when subordinates are of relatively low fighting ability. It is
important to emphasize the independence of the model parameters: for example complete
skew can occur when either ecological constraints are high or when relative subordinate
fighting ability is very low.

6.2.2 Incomplete Control Model (Reeve, Emlen & Keller 1998)

e Model Rationale

Reeve, Emlen & Keller (1998) present a model with a different set of assumptions which
result in some contrasting predictions. The key difference in this model is the assumption
that a dominant cannot control a subordinate’s reproduction. Instead she must decide how
much effort to invest in maximizing her skew through physical aggression. Likewise, the
subordinate must decide how much effort to expend in increasing her own portion of
reproduction. Any reproductive sharing that results is simply a reflection of a dominant’s
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inability to monopolize reproduction. The resulting physical conflict will incur a cost on
colony productivity and so restrict the optimal skew preferred by the dominant. Thus, the
model is best described as a ‘tug-of-war’ between group members where skew is determined
by the stable level of effort expended by each individual. In using the same four parameters
as the Incentives Model, the Incomplete Control Model provides us with some contrasting
predictions. These result in the overall conclusion that when dominants have incomplete
control they will never enjoy a share of reproduction as large as they would under the
Incentives model because a certain amount of effort is always invested in maintaining the

skew.

e The Assumptions

1) The dominant does not have complete control over subordinate reproduction

2) Dominants and subordinates compete directly to increase their share of reproduction.

3) The cost of skewing reproduction reduces total group reproductive output. For all
parties, a portion of their resources are invested in the tug-of-war determining the

skew.

Reeve et al (1998) present two models of incomplete control. The subordinate inefficiency
model assumes dominance is determined by a difference in resource conversion efficiency,
such that subordinates (by definition) are less efficient (e.g. fighting ability is lower). The
restricted access model assumes equal efficiencies (fighting abilities) of all group members,
but that dominants have an initial advantage over subordinates in prior resource
accumulation. For example, if dominance were determined by order of arrival at the nest (or
by age), then resource access for late arrivals (subordinates) is restricted by the first-comers
(dominant).

e The Predictions

I discuss the predictions of the Incomplete Control models in terms of how they contrast

with Incentive model predictions.

Prediction 1: Relatedness

The model predicts that skew either remains constant or decreases as relatedness between
group members increases. In assuming that there is always a cost in ‘skewing’ reproduction,
effort expended by both the dominant and/or subordinate will result in decreased total group
output. The subordinate inefficiency model shows that any change in relatedness will result
in a change in the efforts exerted by both the dominant and the subordinate and that such
efforts will change in the same direction and to similar extents. Thus, skew remains virtually
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insensitive to relatedness. In the restricted access model, skew decreases as relatedness
increases. Both participants will exert less effort (i.e. aggression) in securing resources
when they are close relatives because each gains high indirect fitness through the other’s
reproduction. In other words, the relative difference in the genetic value of an offspring to
the value of a close relative’s progeny is less.

The relatedness predictions of the Incomplete Control models therefore contrast with those of

the Incentives model, where skew is predicted to increase with increasing relatedness.

Prediction 2: Ecological Constraints

In the Incentives skew model, the dominant offers a minimum staying incentive of a
magnitude dependent on the probability of successful independent nesting. Under the
Incomplete Control models, subordinates always receive a share of reproduction that is not
directly influenced by ecological constraints (x). This is because a subordinate’s reproductive
share always exceeds that of the staying incentive since she will leave before the staying

incentive reaches a minimum level.

Prediction 3: Fighting ability

With little or no effect of relatedness or ecological constraints on reproductive sharing, skew
is affected primarily by the efforts of individuals, in which case fighting ability must play a
key role. By definition, skew in the subordinate inefficiency model is determined by how
inefficiently the subordinate converts resources relative to the dominant. Any effort a
subordinate expends in enhancing her share of reproduction is devalued by an efficiency
factor which, by definition of being subordinate, is less than one. This is a reflection of her
lower fighting ability relative to the dominant. If fighting ability of group members is equal
(as assumed by the restricted access model), then it can have no effect on skew. Hence, the
incomplete control model makes two opposing predictions concerning skew and relative
fighting ability.

6.2.3 Concluding the synthesis of the models

In conclusion, the two models outlined in Section 6.2.1 and 6.2.2. identify parameters that
may influence how reproduction is partitioned between group members. The key difference
between the two models is the assumption of dominant control: the Incentives model (Reeve
& Ratnieks 1993) assumes the dominant individual has complete control over subordinate
reproduction, whereas the Incomplete Control model (Reeve et al 1998) does not make this
assumption. The different predictions and assumptions of the two models are summarized in
Table 6.2 and 6.3.
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Table 6.2: Predictions of the Skew Models Compared

Level of skew expected when:

Condition Incentives Model Incomplete Control
Model
(Reeve & Ratnieks 1993) (Reeve et al 1998)
1) High genetic relatedness of group high skew No effect on skew
members or low skew
2) High ecological constraints on high skew No effect on skew
independent nesting
3) High ratio group: solitary high skew *
production
4) High fighting ability of subordinate low skew No effect on skew
or low skew

* = not discussed, but assumption of model is that group living is advantageous

Table 6.3: Assumptions of the Skew Models Compared

Incentives Model
(Reeve & Ratnieks 1993)

Incomplete Control Model
(Reeve et al 1998)

1) Group fitness > solitary fitness

1) Group fitness > solitary fitness

2) Complete dominant control

2) Incomplete dominant control

3) No cost to dominant in skewing

3) Cost to dominant in skewing

4) Only alternative to helping is nesting
independently

4) Only alternative to helping is nesting
independently
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¢ 6 - Reproductive Skew Models

6.3 A Review of the Alternative Skew Models and their
Application to Studies in Insect Societies

The interest in models of reproductive skew had stimulated concern over the universal
application of the models across social taxa, from invertebrates to vertebrates (Reeve &
Keller 1994, Clutton-Brock 1998, Reeve et al 1998). For example, there is evidence of
subordinate reproduction in the partial reproductive suppression of the Dwarf mongoose
(Helogale parvula - Creel & Waser 1991, Keane et al 1994) and cooperatively breeding birds
such as the Arabian babblers (Turdoides squamiceps - Lundy et al 1998). Thus there is good
reason to apply models of reproductive skew to social vertebrates systems as well as insect
societies. Authors have recently begun to address these issues by relaxing and adapting the
assumptions of the original skew model. This has led to a proliferation of models written
with a more taxon-specific approach.

It has long been realized that an asymmetry in relatedness between individuals may influence
reproductive choice and hence the level of reproductive skew (Emlen 1996). Reeve & Keller
(1992) discussed this in respect to the asymmetries created by matrifilial societies as opposed
to sib-group societies. They used these differences in relatedness to assess the applicability
of the Incentives model to both hymenopteran and vertebrate systems. Their results
suggested that the association of high skew with high relatedness was universal in

vertebrates and invertebrates.

More recent models relax the assumption that dominants have full control over subordinate
reproduction. Reeve et al (1998) and Cant (1998) both suggest models holding similar
assumptions but with in different predictions: the predictions of Cant’s (1998) model agree
with those of the Incentives Model (Reeve & Ratnieks 1993), whereas the model of Reeve et
al (1998) oppose them (see above review). Cant (1998) also makes no assumption that
productivity in associations is greater than that of solitary breeding, i.e. subordinates are not
assumed to help. The effect of no helping is reflected in his assumption that offspring fitness
decreases with brood size. Some cooperatively breeding birds are observed to contribute as
helpers (e.g. long-tailed tits (Aegithalos caudatus) - Hatchwell & Russell 1996). But
generally, Cant’s (1998) model is more applicable to social vertebrate systems where is it not
clear whether subordinates help, rather than social insect societies where subordinates are
mature individuals (young relatives or unrelated joiners) that are observed to actively help
(Keeping 1992, Gadagkar et al 1993a, Field et al 1998b).

Another explanation for skew under incomplete dominant control is offered by Johnstone &
Cant (1998). Their model shows how a low skew can be maintained by the occurrence of
infanticide. Although infanticide is common in social insects (e.g.oophagy was observed at a
high rate in Ropalidia rufoplagiata (Sinah et al 1993)) and brood are cheap to produce, this
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