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Abstract
A polymorphism suggestive of a division of labour has recently been observed in
colonies of some species of parasitic trematodes. In these colonies there are two distinct
castes: one which reproduces and one which is unable to reproduce and provides benefits to
the colony in some other way. This recently uncovered trait has been reported from a number
of closely related trematode species. It has been hypothesised, based on caste member
behaviour as well as parallels with the division of labour in social insects, that the division of
labour in trematodes is an evolutionary response to competitive interactions, and that the role
of the non-reproductive caste is to defend the colony against co-infecting trematodes.
The aim of this thesis was to further understand this division of labour in
Philophthalmus sp. colonies within the first intermediate snail host, Zeacumantus
subcarinatus. I aimed to determine fitness benefits gained by colonies that invest in nonreproductive caste members as well as conditions under which colony organisation and
division of labour changes. This was done using a range of manipulative and observational
experiments in vitro and in vivo. Manipulative and observational in vivo experiments were
used to quantify the number of individuals in each caste under varying conditions (host stress,
inter or intra specific competition, and different geographic locations). Using parallels to the
social insect literature, it is predicted that colony demographic traits (such as colony size or
the ratio of individuals in each caste) are adaptive and will be optimised to varying
environmental conditions. Therefore, information can be gained by observing conditions
under which caste ratios are different.
Fitness benefits provided by non-reproductive caste members were investigated using
manipulative experiments and an in vitro culture system was designed specifically for this
study. The method was designed to culture multiple marine trematode species long-term
outside of their host. It provides a standardised in vitro culture method for all marine
trematode research. It allowed me to quantify colony fitness after manipulating the presence
and absence of caste members as well as other co-infecting trematode species. Results of
these experiments suggest there is a fitness benefit of non-reproductive caste members to
their colony, however, these benefits are not necessarily gained through a competitive
advantage over co-infecting trematode colonies. Colonies with a high proportion of nonreproductive individuals were more reproductively successful regardless of the presence of
competition.
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Results also indicate that demographic traits such as colony size and the ratio of
individuals in each caste are adaptive to environmental conditions: demographic traits of
geographically separate colonies vary as expected based on overall trematode infection
prevalence in each locality. There are more non-reproductive individuals in areas of high
trematode prevalence, where there is a higher likelihood of intra- and interspecific
competition, compared to areas of low trematode prevalence. It would be advantageous for
colonies in areas of high trematode prevalence to have relatively more non-reproductive
individuals if the role of that caste is defensive, as hypothesised. These traits also appear to be
adaptive in colonies kept in laboratory conditions long-term, however, results from field
collected snails indicate that colonies may not be able to quickly adapt to environmental
conditions in the field. The experiments in this thesis were the first attempts to understand the
recently discovered division of labour in a parasitic trematode species, and provide the first
explanation of the division of labour in the phylum Platyhelminthes.
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1.1 Division of labour
Division of labour is the breakdown of work into specialised tasks allocated to various
individuals or parts of individuals in order to increase work efficiency (Simpson, 2012). It is
seen in many species that form colonies, most famously in the social and eusocial insects. In
some cases, the task of reproduction is allocated to some individuals and not others in a
colony (reproductive divisions of labour). While this type of division of labour may increase
colony efficiency, the presence of non-reproductive workers (including soldiers, nurses, etc.)
is an evolutionary anomaly. In fact, in the first edition of his Origin of Species, Darwin
acknowledged that non-reproductive insect workers posed a “special difficulty” to his theory
of natural selection (Ratnieks et al., 2011). The special difficulty boils down to a two part
question: How can natural selection favour the evolution of a caste of sterile workers, and
how can natural selection produce morphologically distinct worker castes if they themselves
cannot produce offspring? (Darwin, 1859).
Those questions were originally answered by Hamilton’s theory of inclusive fitness,
which is an extension of natural selection theory that includes indirect fitness benefits a nonreproducing individual might gain by helping a highly related individual to reproduce
(Hamilton, 1964). In this theory, worker behaviour is favored when brs > cro where b is the
increase in the number of siblings, c the reduction in offspring incurred due to performing
worker behaviour, and rs and ro are relatedness of the helping individual to siblings and
offspring, respectively (Hamilton, 1964).
The theory of inclusive fitness explains situations where worker behaviour would be
favoured, but it does not explain how it originated. Recently, there has been a challenge to
inclusive fitness theory (Nowak et al., 2010): “Inclusive fitness theory is neither useful nor
necessary to explain the evolution of eusociality or other phenomena. It is time for the field
of social evolution to move beyond the limitations of inclusive fitness theory” (Nowak et al.,
2011). This assertive statement sparked a lot of controversy (Rousset and Lion, 2011), but
also has led to some interesting and creative work to look past the “limitations of inclusive
fitness theory”.
More recent models indicate that strong relatedness among colony members is not
necessary for a division of labour to evolve, and that the evolution of worker behaviour
depends more on the cost of task switching for each individual (Nowak et al., 2010; Duarte et
al., 2012; Goldsby et al., 2012; Rueffler et al., 2012). One popular model is the Fixed
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Threshold Model or the Fixed Response Threshold Model (Bonabeau et al., 1996; Duarte et
al., 2012). An analogy to household chores provides a simple summary of this model: each
individual in the household has a different standard of cleanliness (or ‘threshold’). Therefore,
when the level of cleanliness drops below the threshold for one individual, this individual
will complete the chore. Once the chore is completed, the stimulus to other individuals to
complete that chore is removed. The individual who dislikes overflowing trash the most will
be the only one to take out the trash (and thus become specialised in this task). Furthermore,
in a well functioning household, chores are split among all the individuals. The individual
who is specialised to take out the trash will not be responsible for doing other chores and will
become increasingly inept at performing those tasks (via trade-offs) (Duarte et al., 2012).
Social colony organisation and divisions of labour have been studied extensively in
the social insects, specifically the honey bee (Apis mellifera) and many ant species (Wilson,
1971) and much of the theory and empirical discoveries of social evolution have used social
insect systems as their foundation. For this reason, I have used parallels with theories and
examples from social insects throughout this thesis to explain and understand the recently
observed division of labour in parasitic trematode colonies. One such theory central to the
study of social colony organisation in the social insects is the theory of optimal caste ratios.
Oster and Wilson (1978) predicted that with highly specialised castes, variation in ratios of
caste members will be linked to overall ergonomic efficiency, and thus colony success.
Therefore, optimal ratios should vary and be adaptive for any given conditions (Oster and
Wilson, 1978). For example, a relative increase in soldier individuals is expected when a
colony is attacked by a competing colony or a similar increase in foraging individuals is
expected when a large food source is discovered nearby. Assuming the caste ratio phenotype
is a compromise between phenotypic plasticity and genetic determinism, this leads to two
predictions: (1) the caste ratio of single colonies should be plastic (within a given range) and
should respond to changing environments, and (2) colonies from different populations or
areas separated by disrupted gene flow may exhibit different caste ratio phenotypes due to
evolutionary divergence. In this thesis, these predictions were tested using trematode colonies
with a recently discovered division of labour. Below I first provide an overview of trematode
biology, before addressing more specifically the division of labour in some trematode taxa.

1.2 Trematodes
Trematoda is a class in the phylum Platyhelminthes which consists of two subclasses:
Digenea and Aspidogastrea, the vast majority of species being in the subclass Digenea
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(Gibson et al., 2002). Digeneans have complex life-cycles which involve one or two
intermediate hosts (commonly invertebrates or small ectothermic vertebrates) and one
definitive host (commonly a vertebrate) (Gibson et al., 2002). Most life-cycle traits are shared
among the trematodes, but some are species specific. Generally, adult worms live in the
definitive host. Here, sexual reproduction occurs and eggs are released into the environment
via the host’s faeces, urine, or some alternative route. The first intermediate host can be
infected in one of two ways (depending on species): the egg is either ingested by the first
intermediate host and a miracidium (see Glossary) hatches inside the host, or the miracidium
hatches in the environment and swims to infect the first intermediate host (usually a
gastropod) by direct penetration. Once inside the snail first intermediate host, the miracidium
migrates to the gonad where it matures into either a redia or sporocyst. The redia or sporocyst
asexually reproduce, filling the space allocated to the snail gonad with a colony of clonal
individuals, thereby causing snail castration. Free swimming cercariae develop within the
rediae or sporocysts. They emerge from the snail to encyst in or on the second intermediate
host. Here they develop into metacercariae and await ingestion by the adult definitive host.
Once inside the definitive host, they migrate to a chosen site of infection (usually the
digestive system, though many taxa are specialised for other organs) and mature to adult
worms (Kearn, 1998; Galaktionov and Dobrovolskij, 2003).
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Glossary of terms
Miracidium The first juvenile stage of the trematode life-cycle which hatches from the egg
and infects the first intermediate host.
Redia An asexual life-cycle stage which forms a clonal colony in the first intermediate host.
In some trematode species, there exist two redial castes: the large, reproducing caste and the
small, non-reproducing caste.
Sporocyst Similar to redia (some trematode species have rediae, others instead have the
morphologically distinct sporocysts), sporocysts also form asexual clonal colonies in the
first intermediate host.
Cercaria The free swimming life-cycle stage which develops within either the rediae or
sporocysts and leaves the first intermediate host to encyst in or on the second intermediate
host.
Metacercaria The final life-cycle stage before transmission to the definitive host,
consisting of an encysted cercaria that has lost its tail.
First intermediate host The host (generally a gastropod) where rediae or sporocysts
develop and produce cercariae.
Second intermediate host The host in which the cercariae encyst and become developing
metacercariae.
Definitive host The host in which trematodes mature to the adult stage, sexual reproduction
occurs, and eggs are released to complete the life-cycle.
Heterospecific Of a different species.
Conspecific Of the same species.

1.3 Trematodes with a division of labour
A division of labour has been documented in five species of marine trematodes from
three different geographical areas: Philophthalmus sp. from New Zealand; Philophthalmid sp.
I, Philophthalmid sp. II, and Acanthoparyphium sp. from Japan; and Himasthla sp. B from
the Pacific coast of the United States (referred to as Echinoparyphium sp. in the literature until
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2000) (Hechinger et al., 2011; Leung and Poulin, 2011b; Miura, 2012). It has been observed,

though without rigorous confirmation, in at least seven more species: Cloacitrema
michiganensis, Parorchis acanthus, Himasthla rhigedana, Parorchis sp., a species in the
family Philophthalmidae infecting the snail Batillaria attramentaria, Acanthoparyphium sp.
infecting Zeacumantus subcarinatus, and a species in the family Philophthalmidae infecting
Austrolittorina antipodum or A. cincta (Hechinger et al. 2011; Leung and Poulin 2011; M.
Lloyd, personal observation, K. O’Dwyer, personal communication). All of these species fall
into two closely related families: Philophthalmidae or Echinostomatidae. Phylogenetic
distribution is limited by families which produce rediae (as opposed to sporocysts), and
potentially limited by presence or absence of the selective pressure which selects for
maintaining a non-reproductive caste.
Trematodes have complex life-cycles which require transmission from one or more
intermediate hosts to a definitive host before sexual maturity is reached. Typically,
trematodes form a clonal colony through asexual reproduction in the first intermediate host
(usually a gastropod) (Galaktionov and Dobrovolskij, 2003). In other words, the entire colony
is derived from a single infection of the snail by a miracidium, and all colony members are
genetically identical. This colony is made up of rediae or sporocysts (depending on the
species) which are asexually reproducing juveniles, as well as cercariae, the free swimming
juvenile stages which develop within the rediae or sporocysts (Galaktionov and Dobrovolskij,
2003). In colonies of species with a division of labor, there exist two distinct redial morphs: a
large, reproducing morph and a small, non-reproducing morph (henceforth simply referred to
as large or small rediae) (Fig. 1.1). Morphological and behavioural differences between the
two morphs indicate that the small morph appears specialised for defense against co-infecting
colonies (either of the same or different trematode species) trying to establish within the same
host, similar to the organisation of many social insect colonies (Hechinger et al., 2011).
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Figure 1.1 Small and large Philophthalmus sp. rediae in vitro
Differences
ifferences between the small and large rediae in Himasthla sp. B. include (1)
differences in body size (small rediae are 0.52
0.52-3.8%
3.8% the volume of large rediae), shape (small
rediae have collars and more pronounced posterior appendages), and relative mouthpart size
(mouthparts are the same size in both sma
small
ll and large rediae despite the large difference in
body size); (2) differences in activity rate (small rediae are more active than large); (3) small
rediae attack heterospecific and conspecific rediae; (4) small rediae do not have germinal
balls (early stage
age embryos); and (5) small rediae are located more often in the mantle region
of the snail where a new infection would initially invade (Hechinger et al.,, 2011).
2011)
Small and large rediae in Philophthalmus sp. colonies differ in similar ways: a distinct
size difference (small rediae are <1x106µm3 while large rediae are between 1-30x10
30x106µm3),
reproductive ability (small rediae lack germinal balls while mature large rediae contain 10-20
10
germinal balls or cercariae,
riae, depending on their stage of development), and activity rate (small
rediae are more active) (Martorelli et al., 2008; Leung and Poulin, 2011b).. According to
cytochrome oxidase subunit 1 (CO1) sequence analysis, small and large rediae undoubtedly
belong to the same species (Leung and Poulin, 2011b)
2011b). Small rediae of both Himasthla sp. B
and Philophthalmus sp. have been observed attacking and feeding on heterospecific
sporocysts and cercariae (Hechinger et al., 2011; Leung and Poulin, 2011b),, though this
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aggressive behaviour is much more common among small rediae of Himasthla sp. B. (R.
Hechinger, personal communication).
Since a division of labour has to date only been reported in species from two
trematode families, i.e. Philophthalmidae and Echinostomatidae, it is interesting to consider
what evolutionary sequence may have lead to the evolution of polymorphic rediae in these
taxa from the ancestral condition of monomorphic rediae seen in other trematodes. One
possible evolutionary trajectory is that in the ancestral state, all colony members were capable
of both reproduction and defense. Since there is a trade-off between reproduction and defense
(Kamiya and Poulin, 2013b) it is not unlikely that some individuals would spend more energy
on reproduction and some individuals more energy on defense (behavioural plasticity and a
non-reproductive division of labour). Eventually, a reproductive division of labour could
evolve when this behavioural plasticity is removed if fitness increases of reproductive
individuals gained by not defending would overcompensate for fitness lost by some
individuals not reproducing (Kamiya and Poulin, 2012). Another possibility is that a loose
ontogenetic division of labour gradually evolved in the situation seen at present. Thus, if
young rediae assume a mostly defensive role before they grow into reproductive rediae,
perhaps selection favoured the loss of the reproductive phase in a proportion of individuals,
assigning them a permanent non-reproductive role. The reason why either of these
evolutionary pathways may have been favoured might be strong competition, as discussed in
the next section.
1.3.1 Competition as a selective pressure
When a snail host is infected by more than one colony, each of which is capable of
multiplying to occupy 15 to 30% of the total volume within the host shell (Hechinger et al.,
2009), strong competition for space and food is extremely likely (Sousa, 1992; Lafferty et al.,
1994; Poulin, 2001). Drawing on parallels from the social insect literature where it is often
the case that the role of the non-reproducing caste members is to defend the colony against
hetero- or conspecific competing colonies (Cruz, 1986; Wong and Lee, 2010), I can expect
competitive interactions to be a selective pressure in the evolution of a division of labour in
trematodes.
Interspecific competitive interactions between trematode species pairs are speciesspecific and not equal throughout all life-cycle stages (i.e. competitive pressure may be high
in the first intermediate host and insignificant in the second intermediate host) (Poulin, 2001).
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For example, the interaction between Himasthla sp. B and its most common competitor,
Euhaplorchis californiensis, is potentially stronger than the interaction between
Philophthalmus sp. and its most common competitor, Maritrema novaezealandensis (Lafferty
et al., 1994; Keeney et al., 2008a). Among other approaches, species interactions between
trematodes in the first intermediate host have been tested indirectly in the past by comparing
the frequency of observed double species infections with those expected from a null model
assuming random assemblages, where a lower-than-expected frequency would indicate a
likely negative competitive interaction between a species pair leading to the exclusion of one
by the other from any individual snail (Sousa, 1993).
The majority of first intermediate snail hosts collected for the experiments in this
thesis were collected from Lower Portobello Bay, Otago Harbour, South Island (45°52’ S,
170°42’ E). At this site, M. novaezealandensis infect 50-80% of snails and Philophthalmus
sp. from 3-13% of snails, with double infections by both species occurring in up to an
additional 11% of snails (Keeney et al., 2008a; Bates et al., 2011a). Species interactions
between M. novaezealandensis and Philophthalmus sp. within their snail host have been
indirectly assessed as described above, with no competition detected; in other words,
frequencies of double species infections were not significantly different from those expected
by chance given the prevalence of each species (Keeney et al., 2008a). In addition, the
number of Philophthalmus sp. rediae per colony was not different between snails either coinfected or not by M. novaezealandensis (Keeney et al., 2008a). Furthermore, double
infections are long lasting. Neither species was eliminated from field collected, double
infected snails over three years in laboratory conditions (M. Lloyd, personal observation).
Despite all this observational evidence, competition between Philophthalmus sp. and M.
novaezealandensis is hypothesised to exist if Philophthalmus sp. maintains a nonreproductive caste for the purpose of a competitive advantage over M. novaezealandensis.
One snail host individual can also be infected by multiple colonies of one species,
resulting in an intraspecific competitive interaction (Minchella et al., 1995; Dabo et al., 1997;
Sire et al., 1999; Theron et al., 2004; Rauch et al., 2005; Keeney et al., 2007). In this case,
the host is filled with multiple genetically distinct, but visually indistinguishable colonies
and, therefore, genetic tools are required to identify these mixed genotype colonies. The
incidence of mixed genotype colonies can be roughly predicted using species prevalence
information (Louhi et al., 2013). Since the prevalence of Philophthalmus sp. is relatively high
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from Lower Portobello Bay (up to 13%), mixed genotype infections (and thus intraspecific
competition) are expected to be moderately common. Taken together, competition (either
intraspecific, interspecific, or the combination of the two) is predicted to be a selective force
in the evolution of a division of labour in this system.
In contrast to the competition facing Philophthalmus sp. colonies, competition for
space in the California horn snail is likely to be much stronger. Nine trematode species infect
the California horn snail as the first intermediate host, including Himasthla sp. B. Total
infection rates of all nine species range from 42-83% (Lafferty et al., 1994). While the
infection prevalence of trematodes in the California horn snail may not be higher than the
New Zealand mudsnail, the competitive ability of the trematode species infecting the former
appears to be much stronger than those infecting the later (R. Hechinger, personal
communication). Extensive work has been done on this system and there is an established
dominance hierarchy for all nine trematode species where dominant species outcompete and
remove subordinate species from snail hosts (Kuris et al., 1990). In contrast, double species
infections of the New Zealand mudsnail are long lasting and neither species is eliminated (M.
Lloyd, personal observation). Furthermore, observational evidence of negative competitive
interactions between species pairs in the California horn snail is strong: in a survey of 500
snails, only 7 were infected by two species (Lafferty et al., 1994). Competition is predicted to
account for the loss of 16.1% of Himasthla sp. B infections (referred to as Echinoparyphium
sp.) (Lafferty et al., 1994). Therefore, it would be advantageous for Himasthla sp. B to have a
strong mechanism to prevent co-infection by other species.

1.4 Trematodes in Zeacumantus subcarinatus
The common New Zealand mudsnail, Zeacumantus subcarinatus (Prosobranchia,
Batillaridae), is the first intermediate host to six described trematode species: M.
novaezealandensis (Microphallidae), Philophthalmus sp. (Philophthalmidae),
Acanthoparyphium sp. (Echinostomatidae), Galactosomum sp. (Heterophyidae), Renicola sp.
(Renicolidae), and a further unnamed species in the family Microphallidae (Martorelli et al.,
2004; Martorelli et al., 2006; Martorelli et al., 2008). Macro-algae make up 80-90% of the
snails diet, specifically a species of sea lettuce, Ulva lactuca (McClatchie, 1979).
Zeacumantus subcarinatus is found along the Eastern coast of the South Island of New
Zealand, from Bluff to Whanganui Inlet, as well as throughout most of the North Island
(Keeney et al., in press). Zeacumantus subcarinatus lack a planktonic stage, i.e. developing
juveniles hatch directly from eggs. Infection of Z. subcarinatus by trematodes causes
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castration but not mortality (Fredensborg et al., 2005), and this has caused snails from
heavily parasitized populations to adapt by reaching their age of reproduction earlier than
individuals from populations not exposed to frequent infections (Fredensborg and Poulin,
2006).
1.4.1 Philophthalmus sp.
The organisation and division of labour within Philophthalmus sp. colonies in their
first intermediate host is the central focus of this thesis. Philophthalmus sp. cercariae were
first observed in New Zealand in Z. subcarinatus snails in Wellington (Howell, 1965). A
description was not completed until 2008 by Martorelli et al.. Based on morphology, the
Philophthalmus sp. found in New Zealand is most likely Philophthalmus burrili also found in
Australia (Howell and Bearup, 1967; Martorelli et al., 2008).
Eggs (0.11-0.12x0.06 mm) of Philophthalmus sp. contain well developed miracidia
with eyespots (Howell and Bearup, 1967), which hatch from the eggs upon release into water
or saline (West, 1961). The miracidium (0.10x0.05 mm) swims for four to six hours in search
of a snail at which time it partially enters the snail tissue and releases a mother redia into the
lymph of the host (West, 1961; Nollen, 1995). The mother redia asexually produces daughter
rediae which are found in the digestive gland and gonad of the host (Martorelli et al., 2008).
The two daughter redial morphs are most distinct in their size difference. Small rediae are
0.40-0.48mm long by 0.06-0.08mm wide, while large, reproducing rediae are 1.50-1.70mm
long by 0.25-0.36mm wide (Martorelli et al., 2008). Small rediae have an elongated digestive
sac (0.25-0.35mm), large pharynx (0.05mm long by 0.04-0.05mm wide), do not produce
cercariae, and lack germinal masses (Martorelli et al., 2008; Leung and Poulin, 2011b). Fully
developed large rediae contain 10-20 fully developed cercariae and have a smaller pharynx
and digestive sac relative to body size (pharynx 0.05-0.06mm long by 0.050mm wide,
digestive sac 0.30-0.50mm long) (Martorelli et al., 2008) (Fig. 1.2). Rediae anchor
themselves to host tissue by posterior or lateral appendages which secrete a sticky substance
(West, 1961) (Fig. 3.5).
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Figure 1.2 Anatomy of small and large rediae,
rediae scale = 0.1mm.
Cercariae (body 0.60x0.18mm, tail 0.30x0.04mm) exit the rediae through the birth
pore which is directly posterior to the pharynx (Howell and Bearup, 1967).. Cercariae are
active but not directional swimmers (Howell and Bearup, 1967).. Unlike most trematodes,
Philophthalmus sp. cercariae do not encyst in the tissue of a second intermediate host, but on
its outside surfaces. While cercariae will form cysts on any hard substrate, they show a
preference for the shells of various species of snails (Neal and Poulin, 2012).. A flask
flask-shaped
cyst forms around the body of an encysting cercaria and the tail is dropped (Howell and
Bearup, 1967).. The enclosed metacercaria awaits ingestion by the adult definitive host. The
definitive host of Philophthalmus sp. is not known, but it is expected to be, based on choice
of encystment sites (gastropod shells), either the black
black-billed gull, Larus dominicanus
dominicanus, the
red-billed gull, Larus novaehollandiae scopulinus
scopulinus, or an oystercatcher, either Haematopus
ostralegus or H. unicolor (Neal and Poulin, 2012).
2012). Once ingested, metacercariae excyst
immediately in the mouth of the bird (unlike most trematodes which excyst in the stomach of
the definitive host). Developing worms migrate to the orbit where they develop into adults
(West, 1961). Adults
lts are hermaphrodites and most likely reproduce sexually by outcrossing,
subsequently releasing their eggs in the tears of the host (Nollen, 1995) (Fig. 1.3).
1.3
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Figure 1.3 Philophthalmus sp. life
life-cycle.
1.4.2 Other trematodes in Z. subcarinatus
Theree are six described trematode species which infect Z. subcarinatus as their first
intermediate host, the four most common being M. novaezealandensis, Philophthalmus sp.,
Acanthoparyphium sp., and Galactosomum sp.
Prevalence of infection is generally high in mudflats across New Zealand (Keeney et
al., 2009).. In a host with multiple infecting trematode species at high infection rates,
interspecific and intraspecific competition is expected to be common (Poulin, 2001),
2001) and
competitive interactions involving Philophthalmus sp. are also a focus of this thesis (see
Chapter Three, Four, and Six). The interspecific competitive interaction between
Philophthalmus sp. and M. novaezealandensis was chosen only because M.
novaezealandensis is most common and snails infected with both species can be found
naturally (double infections occur in up to 11% of snails). The full life-cycle of M.
novaezealandensis is known. Eggs containing miracidia are ingested by the snail, with each
miracidium giving
iving rise to a colony of sporocysts; there is no redial stage in this species.
While the rediae and cercariae of Philophthalmus sp. are visible
ble by the naked eye, M.
novaezealandensis sporocysts (170
(170-250µm long by 80-130µm
130µm wide ) and cercaraie (body 75-

Chapter One General introduction

14

94µm long by 29-36µm wide; tail 70-96µm long by 8-15µm wide) are dramatically smaller
(Martorelli et al., 2004). Also unlike rediae, sporocysts are not mobile and do not have
mouthparts.

1.5 The natural study system
1.5.1 Zeacumantus subcarnatus
Philophthalmus sp. colonies with a division of labour occur in the first intermediate
snail host, Zeacumantus subcarinatus (Batillariidae). Zeacumantus subcarinatus is a small (820mm) mudsnail endemic to New Zealand (Andrews et al., 2010). Zeacumantus subcarinatus
is found along the Eastern coast of the South Island of New Zealand, as well as throughout
the North Island (Keeney et al., in press). It has been introduced to areas of New South
Wales, Australia where it outcompetes native mudsnails (Andrews et al., 2010). The
preferred habitat is tide pools along the upper shore, but it is not restricted by that habitat
(Andrews et al., 2010).
1.5.2 Lower Portobello Bay
The majority of snails collected for the experiments in this thesis were collected from
the intertidal mudflat in Lower Portobello Bay, Otago Harbour, South Island, New Zealand
(45°52’ S, 170°42’ E). Lower Portobello Bay is an intertidal mudflat 20 km from Dunedin. It
is approximately 440m x 200m. The upper tidal level is patchily covered with eelgrass
(Zostera novazealandica) and sea lettuce (Ulva lactuca). There are shallow, rocky tidal pools
along the upper tidal level and an even mudflat along the lower tidal level. This site was
chosen for multiple reasons. First, snails in Lower Portobello Bay have the highest infection
prevalences of any mudflat in Otago Harbour (Fredensborg and Poulin, 2006). These
prevalences are: M. novaezealandensis up to 80%, Philophthalmus sp. up to 13%,
Acanthoparyphium sp. up to 3%, and Galactosomum sp. up to 1%. Second, the density of
snail hosts is high in Lower Portobello Bay: 161.3 snails per 0.5m2 (Studer and Poulin, 2012).
Finally, many previous studies have focused on this area, providing much of the necessary
background information.
While this thesis focuses mainly on trematodes in Z. subcarinatus, two trematode
species infecting two different snail host species were used in Chapter Two. These were also
collected from Lower Portobello Bay. They were Curtuteria australis (Echinostomatidae)
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which infects the whelk Cominella glandiformis (Buccinidae) and an undescribed trematode
species in the family Opecoelidae which infects the topshell Diloma subrostrata (Trochidae).

1.6 Objectives
While social insects are no longer considered to be a “special difficulty” to Darwin’s
theory of natural selection; divisions of labour, functional specialization, and sociality
continue to fascinate evolutionary biologists. The two questions Darwin asked remain
unanswered: how did multiple, specialised castes initially evolve from a single one, and
subsequently how did non-reproducing castes adapt given that they themselves cannot pass
genes to the next generation? Most of the work aimed at answering these questions has
focused on eusocial or social insects which often have highly evolved functional
specialisation and complicated caste organisation. However, recent work has focused on the
evolution of functional specialization in more simple systems such as the functional
specialization within an individual as opposed to a colony (i.e. the evolution of specialised
enzymes after gene duplication and the evolution of specialised cell types) (Rueffler et al.,
2012).
The division of labour in juvenile trematode colonies has only recently been observed.
Trematodes provide a simple model in which to study the evolution of division of labour
within a colony. Relatedness of colony members is always 100% as they are products of
asexual reproduction and the caste structure is greatly simplified as compared to some social
insects. Based on parallels with social insect colonies, the function of the division of labour in
trematodes is expected to allow a specialised caste to play a defensive role against competing
colonies (Hechinger et al., 2011; Leung and Poulin, 2011b). However, this prediction is
based solely on morphological and behavioural descriptions.
The aim of this thesis was to understand the recently observed division of labour in
trematodes using the marine trematode, Philophthalmus sp. through an experimental
framework. This was done using a combination of in vitro and in vivo experiments
investigating responses in colony fitness or organisation to different environmental
conditions. First, an in vitro method was designed to allow experimental manipulation of
colonies outside of the host. This allowed for the quantification of the reproductive fitness of
colonies of large rediae with and without the small rediae, and with and without interspecific
competing colonies. Second, a long term in vivo experiment was used to determine the
effects of host condition and interpecific competition on caste organisation and reproductive
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fitness. Third, a large scale observational study was used to determine changes in caste
organisation in relation to geographic location, as a test of the influence of local conditions on
caste ratios. And last, microsatellite markers were designed and used to identify snails
harbouring multiple genotypes of Philophthalmus sp., and to measure the effect of
intraspecific competition on colony organisation and fitness. By determining how the system
changed in response to various environmental conditions, I aimed to further understand the
function and mechanisms underpinning the division of labour in Philophthalmus sp.
The thesis had the following specific objectives:
1. To design and optimise an in vitro culture method for marine trematode rediae and
sporocysts (Chapter Two).
2. To quantify the effect of interspecific competition on reproductive output of
Philophthalmus sp. and M. novaezealandensis in vivo (Chapter Three).
3. Using the in vitro culture method, to quantify the benefits provided by the small
rediae to Philophthlamus sp. colonies with and without competition by M.
novaezealandensis (Chapter Three).
4. To investigate how Philophthalmus sp. colonies respond to host stress in vivo by
quantifying reductions in reproductive output and changes in caste ratio in response to
competition and host starvation (Chapter Four).
5. To design Philophthalmus sp. specific microsatellite primers (Chapter Five).
6. To identify occurrences of intraspecific competition, and quantify the effect of
intraspecific competition on colony organisation and fitness (Chapter Six).
7. To quantify differences in colony organisation among geographically distinct
populations and relate these differences to local conditions (Chapter Seven).

1.7 Structure of the thesis
Chapters Two, Three, Four, Six, and Seven have been written as manuscripts to be submitted
to peer-reviewed journals; as a consequence, there may be some repetition between them. I
am the first author on all of these papers, which indicates that I have carried out the research,
collected and analyzed data, and written the text with technical advice and constructive
criticism from my co-author and those I acknowledge.
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Table 1.1 Structure of the thesis
Chapter

Content

One

General Introduction

Two

In vitro culture of marine trematodes from their snail first intermediate host.
Published as: Lloyd, M. and Poulin, R. 2011. Experimental Parasitology, 129,
101-106.

Three

Fitness benefits of a division of labour in parasitic trematode colonies with and
without competition. Published as: Lloyd, M. and Poulin, R. 2012. International
Journal for Parasitology, 42, 939 - 946

Four

Reproduction and caste ratios under stress in trematode colonies with a division
of labour. In press in Parasitology.

Five

Microsatellite markers for the marine trematode Philophthalmus sp.

Six

The prevalence and effect of intraspecific competition in trematode colonies with
a division of labour

Seven

Geographic variation in caste ratio of trematode colonies with a division of
labour

Eight

General Conclusion
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Chapter Two
In vitro culture of marine trematodes from their snail first
intermediate host
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Abstract
The ability to culture parasites outside their host (i.e. in vitro) is essential for several
aspects of parasitological research. Here, a culture medium for marine trematode colonies
was optimised using Philophthalmus sp. rediae from the intermediate snail host,
Zeacumantus subcarinatus. The medium was optimised by sequentially testing the suitability
of different levels of osmolality, different commercially available media, and different
concentrations of supplemented chicken serum, while controlling for genetic variation among
cultures. Philophthalmus sp. rediae survived up to 56 days in cultures of the best tested
medium, remaining active and continuously shedding cercariae. The broader suitability of the
culture medium was tested using five other trematode species from different families (using
either the same or other marine snails as first intermediate hosts): Galactosomum sp.,
Acanthoparyphium sp., Maritrema novaezealandensis, Curtuteria australis, and an
undescribed species of the family Opecoelidae. Survivorship of rediae and sporocysts from
these species ranged from eight days to 42 days. The culture procedures developed here can
therefore be used in the future as a system under which to culture marine trematode colonies
for experimental studies.
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2.1 Introduction
In ecological parasitology research, the ability to culture juvenile trematodes
(sporocysts or rediae, depending on the species) in vitro is essential to answer questions about
the complex life-cycle of trematodes, the life-history strategies of the juveniles in the
intermediate host, and possible interspecific and intraspecific interactions in cases of multiple
infections. The great advantage of in vitro methods is that, at least in principle, trematode
colonies in culture can be exposed to a range of altered experimental conditions that cannot
be manipulated for colonies within snails.
Previous attempts at in vitro culturing of trematodes from their first intermediate host
have met with varying levels of success and focused mainly on species which infect
freshwater gastropods: miracidia, sporocysts, and cercariae of Schistosoma mansoni and S.
japonicum from Biomphalaria glabrata (Coustau et al., 1997; Ivanchenko et al., 1999);
rediae and cercariae of Fasciola hepatica from Lymnaea truncatula (Pullin, 1973; Augot et
al., 1997); rediae and cercariae of Echinostoma caproni from Biomphalaria glabrata (Loker
et al., 1999); miracidia and sporocysts of Trichobilharzia ocellata from Lymnaea stagnalis
(Mellink and van den Bovenkamp, 1985), among others. Only one study focused on a marine
species from the first intermediate host: rediae of Himasthla elongata from Littorina littorea
(Gorbushin and Shaposhnikova, 2002). Two other studies developed culture protocols for
life-cycle stages in second intermediate marine hosts (metacercariae through to egg
production): Maritrema novazealandensis (Fredensborg and Poulin, 2005a) and Microphallus
turgidus (Pung et al., 2009). There is, therefore, comparatively little information available on
marine trematodes; because of fundamental physiological differences, culture methods
developed for freshwater species cannot simply be used for marine cultures.
Each of these previous studies focused on only one trematode species. While the
culture method and media are roughly similar across studies, a general and standardised
system for culturing trematode colonies is lacking. The goal of the present study was to
optimise a culture method using large and small rediae of the marine trematode
Philophthalmus sp. from its intermediate snail host, the mud snail Zeacumantus subcarinatus
(Batillariidae). The broader viability of the method was then tested by using it to culture three
other trematode species from different families which all use the same intermediate host
(rediae of Galactosomum sp., rediae of Acanthoparyphium sp., and sporocysts of M.
novaezealandensis) as well as two other trematode species from two very different gastropod
hosts: rediae of Curtuteria australis from the whelk Cominella glandiformis (Buccinidae) and
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rediae of an undescribed trematode species in the family Opecoelidae from the topshell
Diloma subrostrata (Trochidae). In total, six trematode species from five families were tested
with the same culture protocol, providing a robust test of a general system under which
marine trematode colonies can be cultured in the future.

2.2 Materials and Methods
2.2.1 Snail collection, screening, and care
Zeacumantus subcarinatus mud snails, D. subrostrata topshells, and C. glandiformis
whelks were collected from Lower Portobello Bay, Otago Harbour, South Island, New
Zealand (45°52’ S, 170°42’ E). Mud snails were collected in June-July 2010 (snails used for
a particular experiment were taken from the same collection date), whelks were collected in
February 2011, and topshells were collected in April 2011. Zeacumantus subcarinatus snails
were screened for infection by Philophthalmus sp. (Philophthalmidae), Galactosomum sp.
(Heterophyidae), Acanthoparyphium sp. (Echinostomatiadae), or M. novaezealandensis
(Microphallidae) by incubating individuals overnight at 26°C in wells of a 12-well culture
plate filled with natural sea water (~950mOsm/kg H2O). Individuals that shed cercariae were
kept in plastic containers (17cm x 17cm) filled with natural, aerated sea water, 2 mm sand,
and sea lettuce, Ulva lactuca. Containers were cleaned, and water changed weekly.
Cominella glandiformis whelks and D. subrostrata topshells were kept in larger containers
(35cm x 17cm) under the same conditions. Screening the whelks and topshells for infection
by C. australis (Echinostomatidae) and an undescribed trematode in the family Opecoelidae,
respectively, by incubation as described above proved unreliable. Therefore, infected whelks
and topshells could only be identified by dissecting rediae out of the snail tissue.
2.2 Optimising Media
Philophthalmus sp. rediae isolation, media preparation, and culture procedure
In order to avoid contamination, infected mud snails were wiped with 95% ethanol
and soaked in artificially prepared sea water, ASW (1.56 g Instant Ocean/50ml autoclaved
water) + 100µg/ml gentamicin (Sigma G1914) before dissection. Snail tissue was removed
from the shell, placed in a sterile Petri dish, and soaked in ASW + 100µg/ml gentamicin.
Uninfected snail tissue was discarded from the dish as this tissue contains bacteria. Rediae
were removed from the snail tissue with forceps and isolated by gently swirling the water.
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They were transferred through three subsequent washes of ASW + 100µg/ml gentamicin by
pipetting.
Generally, the media described below were prepared by adding commercially
available media powder to a mix of ASW and autoclaved water in 50ml conical tubes,
supplemented with 2% penicillin-streptomycin-neomycin antibiotic solution (Sigma P4083),
and kept at 4°C. At the time of culturing, the medium was supplemented with chicken serum
(Invitrogen) and an additional 2% penicillin-streptomycin-neomycin solution (4% total
concentration in culture). It was then filter sterilised through a 32 mm 0.2µm syringe filter.
In a laminar flow hood, ~10 large and small rediae/well were cultured in 12-well culture
plates containing 1 ml medium. Medium was changed every three to four days, also in the
laminar flow hood. Culture plates were kept in the dark at room temperature.
Parameters tested
Success of redial cultures of the same species dissected out of different snails is
highly variable (Gorbushin and Shaposhnikova, 2002). For this reason, rediae were dissected
out of an infected snail and allocated equally across treatments of each experiment, i.e. each
treatment within a given experiment included two culture wells of rediae from each snail
used. Three or four snails were used per experiment. Due to limitations in the number of
rediae in each infected snail, parameters had to be optimised separately. This basic set of
procedures applied to all tests described below
Preliminary culture experiments started with the recipe reported from the only
previous study aimed at culturing marine rediae: 800 mg Leibovitz-15 (L-15) powder, 20 ml
distilled water, 80 ml sterile sea water, 1% penicillin-streptomycin-neomycin solution; ~780
mOsm/kg H2O; pH 7.8 (Gorbushin and Shaposhnikova, 2002). Previous studies in which
juvenile trematodes were cultured all used variations of this general medium with respect to
osmolality, type and concentration of commercially available media, supplementation of
BME vitamins and amino acids, and supplementation of a food source. In the present study,
the following parameters were optimised individually and sequentially: 1. osmolality (four
levels), 2. concentration of chicken serum as a food source (three levels), 3. three
commercially available media at half strength, 4. the same three commercially available
media at full strength, and 5. full and half strength L-15 media supplemented with BME
vitamins and amino acids (see Table 2.1). Also tested separately was the commercially
unavailable Medium F, which was chosen because of its success in allowing cultures of S.
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mansoni sporocysts to proliferate indefinitely (Voge and Seidel, 1972; Stibbs et al., 1979;
Ivanchenko et al., 1999). The recipe for Medium F is given in Appendix One.
Table 2.1 Summary of the design and number of infected snails used in each experiment
No.
Snails

Parameters held
constant

Osmolality (mOsm/kg 180a, 774.5, 975.5, 1175.5
H2O)

4

L-15, 20% serum

Serum Concentration

0% v/v, 20% v/v, 50% v/v

3

L-15, ~962mOsm/kg
H2 O

Media half strength

L-15, NCTC-135, medium 199

3

~930 mOsm/kg H2O,
20% serum

Media full strength

L-15a, NCTC-135a, medium
199a

3

~900 mOsm/kg H2O,
20% serum

L-15 ½ and full
strength

½ L-15, full L-15, ½ L15+BME vitamins and amino
acids, full L-15 +BME vitamins
and amino acids.

3

~900 mOsm/kg H2O,
20% serum

Parameter tested

a

Treatments

Indicates treatments where cultures were not successful enough to produce cysts and were

thus excluded from the statistical analysis
Osmolalities used in previously described media ranged from 135 mOsm/kg H2O for
freshwater trematodes (Mellink and van den Bovenkamp, 1985) to 780 mOsm/kg H2O for
marine trematodes (Gorbushin and Shaposhnikova, 2002). In the present study, four
osmolalities were tested, measurements taken with an osmometer (VAPRO volume pressure
osmometer model 5520). The osmolality of medium prepared with 400mg L-15 powder in
50ml autoclaved water was 180 mOsm/kg H2O and was the lowest osmolality tested. This
osmolality is similar to that used in cultures of freshwater trematodes and served to test if
trematodes of marine hosts require a culture medium which is different from freshwater
trematodes. Higher osmolalities were tested by altering the ratio of ASW to autoclaved
water: 774.5 mOsm/kg H2O (3:2 ASW: autoclaved water), 975.5 mOsm/kg H2O (4:1 ASW:
autoclaved water), and 1175.5 mOsm/kg H2O (all ASW). Osmolalities higher than the
previously reported media were used because the osmolality of water from the Otago
Harbour is higher than the osmolality of previously reported media. It should be noted that
osmolality was the first parameter to be optimised and the final concentration of penicillin-
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streptomycin-neomycin solution was only 2%. Cultures became quickly contaminated,
therefore, in subsequent experiments the final concentration was increased to 4%.
Previous studies have supplemented cultures with a variety of trematode food sources
including human, horse, rabbit, duck, and fetal calf serum (Mellink and van den Bovenkamp,
1985); tissue from other species of trematodes (Basch and DiConza, 1975); or snail
hemolympth and tissues (Mellink and van den Bovenkamp, 1985). The basic recipe on which
I based my preliminary experiments did not include a food supplement; surviving rediae
simply fed on dead neighboring rediae (Gorbushin and Shaposhnikova, 2002). In a
preliminary experiment, I tested cultures either without food supplements, with 20%v/v
chicken serum, or with snail tissue. Only the rediae cultured with chicken serum survived
beyond 7 days. In subsequent experiments, different concentrations of chicken serum were
compared (0%v/v, 20%v/v, and 50%v/v).
Various commercially available media bases have been used in previous studies, most
commonly Leibovitz-15 (powder with L-glutamine, Sigma L4386), medium 199 (powder
with L-glutamine, Sigma M5017), and NCTC-135 (powder with L-glutamine, Sigma N3262)
at either half or full strength (Pullin, 1973; Fredensborg and Poulin, 2005a; Park et al., 2006).
In the present study, three tests of media bases were conducted to allow several comparisons:
1. commercially available L-15, medium 199, and NCTC-135 at half strength (it should be
noted that L-15 was used at slightly above half strength in accordance with a previous study
(Gorbushin and Shaposhnikova, 2002) while the other media were used at half the
manufacturer’s recommended strength), 2. these same three media at full strength, 3. full
strength L-15, half strength L-15, full strength L-15 supplemented with BME vitamins
(Sigma B6891) and BME amino acids (Sigma B6766), and half strength L-15 supplemented
with BME vitamins and amino acids.
Medium F was prepared according to the recipe available in Appendix One (obtained
from C. Bayne, Oregon State University), supplemented with 2% penicillin-streptomycinneomycin, and kept at 4°C. It was used in culture in a 1:1 ratio with half strength L-15 at 954
mOsm/kg H2O and supplemented with an additional 2% penicillin-streptomycin-neomycin
solution (4% total concentration in culture) and 20% chicken serum.
2.2.3 Culturing other species
Sporocysts and rediae of other trematode species infecting Z. subcarinatus (M.
novaezealandensis, Galactosomum sp., and Acanthroparyphium sp.) were dissected, washed,
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and prepared for culture in the same way as Philophthalmus sp. rediae. Identification of
infection in the whelk by C. australis and the topshell by an undescribed opecoelid species
was achieved during dissection. All whelks and topshells were wiped with 95% ethanol and
soaked in ASW+100µg/ml gentamicin. Once rediae were isolated, they were washed and
prepared for culture as above. Rediae or sporocysts were cultured in what proved to be the
best medium for Philophthalmus sp., i.e. L-15 media (~900 mOsm/kg H2O) supplemented
with 20%v/v chicken serum and 4% penicillin-streptomycin-neomycin antibiotic solution
(final concentration).
2.2.4 Data Analysis
For all experiments and species, survivorship of rediae was scored based on whether
or not a redia moved within 30 seconds of observation. In the case of M. novaezealandensis,
sporocyst survival was confirmed when live cercariae continued to be released. In the case of
Philophthalmus sp. rediae, survivorship was generally equal across all treatments, i.e. all
rediae in the cultures survived until the cultures were terminated due to contamination.
Therefore, the numbers of encysted metacercariae per well were counted as a measure of
culture success since Philophthalmus sp. cercariae, after leaving a redia, encyst on the well
bottoms as metacercariae that accumulate over time. Each day, the cumulative number of
encysed metacercariae was counted and standardised by dividing it by the number of rediae
in the culture on day zero. For each experiment involving Philophthalmus sp., significant
differences between treatments were tested using a repeated measures ANOVA in the
statistics program SPSS, where time (day) was the within-subjects variable and snail identity
and treatment were between-subjects variables. Sphericity was tested using Mauchly’s test.
When sphericity could not be assumed, the Greenhouse-Geisser correction was used. These
analyses included only data from the first several days of each experiment, since after that the
cysts which appeared in the first days started to deteriorate.

2.3 Results
Overall, Philophthalmus sp. large and small rediae survived in culture under almost
all conditions (except for one or two rediae per culture in some cases) until the culture
became contaminated with bacteria or fungus. Large rediae shed cercariae which in turn
encysted as metacercariae. Growth and development of rediae was observed: immature or
underdeveloped large rediae (marked by not having any visible cercariae formed within the
body at time of dissection from the snail) developed cercariae in culture which were in turn
shed from the redia. Occasionally daughter small rediae were released from large rediae,
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however, not frequently. Small rediae survived equally as well but did not develop or produce
any cercariae. Cultures reliably survived 30 to 40 days and the longest surviving cultures
lasted 56 days.
2.3.1 Osmolality
The test aimed at optimising the level of osmolality was the first experiment and only
used 2% penicillin-streptomycin-neomycin solution. Cultures became contaminated after
only nine days. Therefore, the final concentration of penicillin-streptomycin-neomycin
solution was increased to 4% (2% when mixing culture medium and an additional 2% when
preparing the culture) in subsequent experiments.
Rediae in cultures with an osmolality similar to a freshwater system (180.0mOsm/kg
H2O) died within a few hours of culturing, indicating marine trematodes require a different
culture medium than freshwater trematodes. Furthermore, encysted metacercariae were not
produced throughout the experiment. Survivorship of rediae in cultures in the range 774.51175.5 mOsm/kg H2O was equal over the nine days during which the cultures remained free
of contamination. Numbers of encysted metacercariae/redia were not significantly different
across treatments (Fig. 2.1). However, numbers of encysted metacercariae/redia were
significantly different between cultures of rediae dissected from different snails (Table 2.2),
as was expected.

Average encysted
metacercariae/redia

3
2.5
2
774.5

1.5

975.5

1

1175.5
0.5
0
1

2

3
Days

7

9

Figure 2.1 Mean (± SE) cumulative number of encysted metacercariae per redia of
Philophthalmus sp. over time in cultures held at different osmolalities (774.5, 975.5, or
1175.5 mOsm/kg H2O).
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Table 2.2 Effect of osmolality (774.5, 975.5, or 1175.5 mOsm/kg H2O) and snail identity on
metacercarial cyst production of Philophthalmus sp. cultures. Results of a repeated measures
ANOVA (with multivariate and within subjects results).
Factor

df

Mean squares

F

p

Snail

3

11.930

7.030

.006

Treatment

2

1.906

1.123

.357

Snail*Treatment

6

1.519

0.895

.528

Error

12

1.697

Time

1.194

21.743

78.260

<0.0001

Time*Snail

3.581

1.484

5.342

0.009

Time*Treatment

2.387

0.913

3.286

0.060

Error

14.325 0.278

Between subjects

Within subjects

2.3.2 Chicken serum
Rediae in cultures supplemented with 0% chicken serum did not produce any
encysted metacercariae and slowly died throughout the experiment. Rediae in cultures
supplemented with 50% chicken serum survived throughout the experiment but only one
encysted metacercaria was produced across the six cultures (~10 rediae per culture). Rediae
in cultures with 20% chicken serum produced a significantly higher number of encysted
metacercariae per redia than rediae in the other two treatments (Fig. 2.2). Differences in
numbers of encysted metacercariae/redia between cultures from different snails were also
significant, as was the interaction between treatment and snail (Table 2.3). The interaction
effect was seen because only one encysed metacercaria from one culture was observed
throughout the duration of the experiment.
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Figure 2.2 Mean (± SE) cumulative number of encysted metacercariae per redia of
Philophthalmus sp. over time in cultures supplemented with different levels of chicken serum
(0, 20 or 50%).
Table 2.3 Effect of varying chicken serum concentrations (0%, 20%, or 50%) and snail
identity on metacercarial cyst production of Philophthalmus sp. rediae in culture. Results of a
repeated measures ANOVA (with multivariate and within subjects results).
Factor

df

Mean squares

F

p

Snail

2

2.369

21.826

<0.0001

Treatment

2

8.907

82.066

<0.0001

Snail*Treatment

4

2.651

24.426

<0.0001

Error

9

0.109

Time

1.598

0.408

16.546

<0.0001

Time*Snail

3.197

0.108

4.385

0.020

Time*Treatment

3.197

0.408

16.546

<0.0001

Error

14.386

0.025

Between subjects

Within subjects
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2.3.3 Media Base
When culture success was compared between three commercially available media at
half strength, rediae in L-15 remained healthy and highly mobile throughout the experiment
(27 days). Those in NCTC-135 and medium 199 remained alive but were less mobile and
their tegument started to deteriorate. However, survivorship of rediae was roughly equal
across all treatments. When comparing mean encysted metacercariae/redia among media,
cultures in L-15 medium produced the most encysted metacercariae (Fig. 2.3). Numbers of
encysted metacercariae/redia were significantly different between cultures of rediae dissected
from different snails (Table 2.4).

Average encysted metacercariae/redia

3.5
3
2.5
2
L-15
1.5

NCTC 135
199
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0.5
0
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3

4

7
Days

8

9

11

14

Figure 2.3 Mean (± SE) cumulative number encysted metacercariae per redia of
Philophthalmus sp. over time in cultures held in different commercial media (L-15, NCTC135, medium 199).
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Table 2.4 Effect of media (L-15, NCTC-135, medium 199) and snail identity on
metacercarial cyst production of Philophthalmus sp. rediae in culture. Results of a repeated
measures ANOVA (with multivariate and within subjects results).
Factor

df

Mean squares

F

p

Snail

2

63.468

114.510

<0.0001

Treatment

2

11.029

19.898

<0.0001

Snail*Treatment

4

1.750

3.157

0.070

Error

9

0.554

Time

2.516

9.919

100.987

<0.0001

Time*Snail

5.033

0.798

8.128

<0.0001

Time*Treatment

5.033

0.390

3.976

0.010

Error

22.647 0.098

Between subjects

Within subjects

2.3.4 Concentration of Media
Rediae in preliminary tests of full strength media (L-15, NCTC, and medium 199)
survived well only in L-15 full strength medium. Cultures in both NCTC and medium 199
became very easily contaminated and died, thus encysted metacercariae were not counted for
statistical analysis. In the final test, comparing full and half strength L-15 with or without
BME amino acids and vitamins, rediae survived equally well and numbers of encysted
metacercariae/redia were not significantly different across all treatments (Fig. 2.4). Again,
numbers of encysted metacercariae/redia were significantly different between cultures of
rediae originating from different snails (Table 2.5).
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Average encysted metacercariae/redia
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1
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0.6

L full
L full s

0.4
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Figure 2.4 Mean (± SE) cumulative number encysted metacercariae per redia of
Philophthalmus sp. over time in cultures held in different media: L ½ indicates L-15 at half
strength; L ½ s indicates L-15 at half strength supplemented with 1X BME vitamins and 1X
BME amino acids; L full indicates L-15 at full strength; L full s indicates L-15 at full strength
supplemented with BME vitamins and amino acids.
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Table 2.5 Effect of the concentration and supplementation of media (L-15 at half strength, L15 at half strength supplemented with 1X BME vitamins and 1X BME amino acids, L-15 at
full strength, and L-15 at full strength supplemented with 1X BME vitamins and 1X BME
amino acids) and snail identity on metacercarial cyst production of Philophthalmus sp. rediae
in culture. Results of the repeated measures ANOVA (with multivariate and within subjects
results).
Factor

df

Mean squares

F

p

Snail

2

9.271

11.364 0.002

Treatment

3

0.418

0.512

0.682

Snail*Treatment

6

1.208

1.480

0.265

Error

12

0.816

Time

1.764

6.724

44.000 <0.0001

Time*Snail

3.528

1.166

7.630

0.001

Time*Treatment

5.293

0.072

0.472

0.802

Error

21.1712 0.153

Between
subjects

Within subjects

Also tested was the commercially unavailable Medium F because of its success in
allowing cultures of S. mansoni sporocysts to proliferate indefinitely (Voge and Seidel,
1972). Rediae in Medium F cultures shed cercariae which encysted as metacercariae,
however, daughter rediae were not reliably produced. Nevertheless, rediae in these cultures
had the longest survivorship of all cultures throughout the various experiments (up to 56
days).
2.3.5 Within subjects Effects
Time and the interaction between time and snail identity were significant in all
experiments (Tables 2.2-2.5). The interaction between time and treatment is significant in all
experiments except the tests of osmolality and concentration of media (Tables 2.2, 2.5). The
significant effect of time is the mere product of the accumulation of cysts in each well over
the number of days the culture remained healthy; numbers could only increase over time.
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Furthermore, the significance of the interactions between time and both snail identity and
treatment was expected because in the first few days of the experiment, all wells uniformly
had only a few encysted metacercariae and differences between wells in terms of numbers of
encysted metacercariae only arose as the experiment unfolded. These interactions were
weaker in the experiment comparing concentrations of media because the differences
between treatments were so slight.
2.3.6 Culturing other species
Sporocysts of M. novaezealandensis and rediae of Acanthoparyphium survived for 42
and 29 days, respectively, in L-15 medium (~900mOsm/kg H2O) supplemented with 20%
serum and 4% penicillin-streptomycin-neomycin antibiotic solution (final concentration).
Rediae of Galactosomum sp., C. australis, and the undescribed species of Opecoelidae
survived for 8, 14, and 16 days, respectively, in the same culture medium. In an unsuccessful
attempt to keep the rediae alive longer, the medium was supplemented with 50%v/v chicken
serum and BME vitamins and amino acids in separate trials, with no detectable impact on
survival.

2.4 Discussion
In the present study, a culture medium for the in-vitro study of marine trematode
rediae and sporocysts was developed by sequentially testing the suitability of different
components of the medium. It was shown suitable for six trematode species belonging to five
different families, and originating from snails representing three different families, indicating
the potential use of the method for other marine trematode species.
Under sterile conditions, it is possible to easily and reliably culture Philophthalmus
sp. rediae, Acanthoparyphium sp. rediae, and M. novaezealandensis sporocysts for up to 30
days using the following basic steps. First, 400 mg L-15 powder and 1.56 g instant ocean
must be combined in 50 ml autoclaved water to achieve an osmolality of ~900mOsm/kg H2O.
Second, the medium must be supplemented with 2% penicillin-streptomycin-neomycin to
limit the risk of fungal and bacterial infection. Third, the medium must be kept at 4°C until
used in culture. Fourth, when culturing, fresh 2% pen-strep-neo (4% total concentration in
culture wells) and 20% chicken serum must be added anew. Fifth, the medium must be filter
sterilised through a 32 mm 0.2µm syringe filter. Finally, in a laminar flow hood, the medium
in wells must be replaced with freshly prepared and filtered medium every three to four days.
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Rediae of Philophthalmus sp. remained healthy and mobile and shed cercariae which
encysted as metacercariae for weeks in culture. In addition, immature or underdeveloped
rediae developed to also shed cercariae. However, the number of rediae in an individual
culture would only occasionally increase by one or two, but not consistently.
The longest surviving culture of Philophthalmus sp. rediae was 56 days in medium
F/L-15, 954 mOsm/kg H2O, supplemented with 20% chicken serum and a final concentration
of 4% pen-strep-neo, where all rediae in the culture survived. This longevity compares
favourably to that achieved by other trematode species in other studies that used a different
medium (Augot et al., 1997; Ivanchenko et al., 1999; Loker et al., 1999). The procedures
outlined here should be used for any proposed experiment that requires a very long culture
period. However, preparing medium F is complicated and it is possible to use a simpler
medium for shorter experiments.
As avoiding contamination is the greatest challenge in long term culturing
experiments, careful sterile techniques will increase the longevity of cultures. When
dissecting rediae from snails, it is essential to clean the snails with 95% ethanol and soak
them in ASW+100µg/ml gentamicin. After cracking open the shells, uninfected snail tissue
should be discarded immediately. Preliminary tests indicated that it is crucial to wash rediae
three times in ASW+ 100µg/ml gentamicin by transferring individual redia with ~7µl water
to a sterile Petri dish. Rediae should then be transferred to culture dishes containing 1 ml
culture media in a laminar flow hood, with the media changed every three to four days also
under the laminar flow hood. All the above must be done using only sterilised equipment.
Of the other species tested, M. novaezealandensis and Acanthoparyphium sp. survived
longest in culture (42 and 29 days respectively). Rediae of Galactosomum sp. and C.
australis, and the undescribed Opecoelidae survived for only 8, 14, and 16 days, respectively.
It was predicted that trematode species infecting Z. subcarinatus would survive longer in the
culture medium optimised for Philophthalmus sp. than those infecting other snail hosts, since
it had been developed to suit a species sharing the same within-host living conditions, their
microhabitat being the snail gonad. However, that was not the case. Perhaps the species with
lower survivorship require something not provided in the medium for long term survival,
growth, and development. Nevertheless, all species tested survived in culture much longer
than they would otherwise being kept in only ASW, which would be the saline concentration
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encountered within the snail as marine and littoral gastropods are isosmotic (Avens and
Sleigh, 1965).
Of these species, M. novaezealandensis and the Opecoelidae shed normal looking
cercariae. Galactosomum sp., C. australis, and Acanthoparyphium sp. shed underdeveloped
cercariae (bodies and tails). Unlike Philophthalmus sp., the species subsequently tested all
require a second intermediate host for cercariae to encyst. Therefore, numbers of cysts could
not be counted in the cultures as a measure of fitness. Overall, though, because of its
suitability for a range of phylogenetically unrelated trematode species, using a range of
unrelated snail first intermediate hosts, the culture medium developed and tested in this study
will provide a useful tool for experimental studies of trematode biology requiring the longterm in-vitro investigation of live rediae or sporocysts.
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Chapter Three
Fitness benefits of a division of labour in parasitic
trematode colonies with and without competition
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Abstract
A reproductive division of labour has recently been discovered within polyembryonic
colonies of some species of parasitic trematodes infecting snail hosts. In these colonies, one
morph expands the colony through asexual reproduction while the other morph never
reproduces. As in other polyembryonic species using a division of labour (parasitoid wasps,
one species of sea anemone), the non-reproducing morph appears specialised for defense
against competing colonies. In this study, I first assessed competition between
Philophthalmus sp. (which possesses reproducing and non-reproducing morphs) and the most
common co-infecting species, Maritrema novaezealandensis, by quantifying colony success
within snail hosts. Colonies of either species that did not compete within their host were more
successful (i.e. produced more transmission stages) than colonies that were competing in a
shared host. Second, I cultured both species in vitro, alone or together, to study the
interaction more closely and to measure any advantage obtained by the colony from the nonreproducing morphs. This was done by manipulating the presence and abundance of M.
novaezealandensis as well as the presence of the non-reproducing ‘defensive’ morph.
Philophthalmus sp. colonies with both reproducing and non-reproducing morphs but without
M. novaezealandensis were most successful. This implies the non-reproducing individuals
provide a fitness benefit to Philophthalmus sp. colonies even in the absence of competition,
though the nature of this advantage remains unclear.
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3.1 Introduction
Division of labour, or the functional specialisation of individuals or parts of
individuals, is widespread across extant taxa, having been observed in 2793 genera from 10
phyla (Simpson, 2012). Defined loosely, a division of labour can refer to functional
differences excluding reproduction (e.g., care of young, defense, feeding); defined more
strictly, divisions of labour encompass reproduction, such that not all members reproduce.
Though less widespread, reproductive divisions of labour are nevertheless known from 209
genera (Simpson, 2012). Furthermore, and often associated with reproductive divisions of
labour, there can exist multiple morphotypes within a species (for example, in bees, nonreproducing workers and the reproducing queen are distinct morphs). Polymorphism is seen
in 658 genera across 5 phyla, and the combination of polymorphism and a reproductive
division of labour is known for 164 genera (i.e., 1 reproducing morph and ≥1 nonreproducing types). However, the benefits of a reproductive division of labour remains
unstudied for the majority of polymorphic genera (Simpson, 2012). Across these taxa, there
exists a wide diversity of strategies to increase colony size: parthenogenesis (aphids),
arrhenotokous parthenogenesis (bees and ants), both dioecious and hermaphroditic sexual
reproduction (some bryozoans), and polyembryony (parasitoid wasps, one order of
bryozoans) (Blackman, 1979; Seeley, 1995; Craig et al., 1997; Brusca and Brusca, 2003).
Recently, some species of parasitic trematodes have been added to the list of taxa showing
both polymorphism and polyembryony (Hechinger et al., 2011; Leung and Poulin, 2011b;
Miura, 2012). The relatedness of colony members depends on the strategy used for
multiplication: only individuals within polyembryonic colonies are 100% related to each
other.
Polyembryony, where one egg develops into multiple, genetically identical embryos
(but genetically distinct from the parents), is seen occasionally in all animal taxa (e.g.,
production of twins). Obligate polyembryony, which occurs in every reproductive event, is
relatively rare and seen in fewer taxa: some flatworms (including parasitic trematodes), one
order of bryozoan, parasitoid wasps, some hydrozoans and echinoderms, armadillos, and one
species of sea anemone (Francis, 1973; Craig et al., 1997). Furthermore, obligate
polyembryony resulting in a colony of genetically identical individuals that also display
polymorphism is even more rare (to the best of my knowledge, this includes some parasitoid
wasps, one order of bryozoans, one species of sea anemone, and two known species of
parasitic trematodes) (Francis, 1976; Craig et al., 1997; Hechinger et al., 2011; Leung and
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Poulin, 2011b; Simpson, 2012). In these cases, there exists a division of labour between
reproducing and non-reproducing morphs within a colony where members are genetically
identical to each other and genetically distinct from the previous generation. In well studied
cases (parasitoid wasps and sea anemones), the non-reproducing morph is specialised for
defense against competing heterospecifics or conspecifics (Francis, 1976; Cruz, 1981, 1986).
In these cases of clonal colonies, where all individuals are 100% related to each other, fitness
of the colony is equal to the sum of the fitness of all individuals. Therefore, non-reproducing
individuals benefit from the reproduction of their clonal colony mates, and the evolution of
division of labour can be favoured under a wider range of conditions.
Recently, division of labour has been documented within some polyembryonic
trematode colonies in the first intermediate host. This was first seen in Himasthla sp. B and
Philophthalmus sp. (Hechinger et al., 2011; Leung and Poulin, 2011b). In these colonies,
large asexually reproducing rediae exist alongside developmentally and morphologically
distinct small, non-reproducing rediae. In Philophthalmus sp., COI (cytochrome oxidase
subunit 1) sequencing has confirmed that large and small rediae are of the same species
(Leung and Poulin, 2011b). Furthermore, over 41 days within an in vitro culture system, the
small rediae do not grow or develop into large ones, while in parallel cultures,
underdeveloped large rediae develop normally to asexual reproduction (M. Lloyd, personal
observation). In Himasthla sp. B, morphological differences (small rediae, while much
smaller in body size, have muscular pharynxes equal in size to those of the large reidae)
suggest that small rediae are specialised for defense against co-infecting trematode species
within the host where competition for resources of space and food is intense (Hechinger et
al., 2011). In Philophthalmus sp., small rediae have been seen destroying competing
heterospecific trematode individuals (Leung and Poulin, 2011b). However, this division of
labour has only recently been observed and its benefits to the colony may also involve nondefensive functions such as nutrient exchanges, since small and large rediae are often in
physical contact (M. Lloyd, personal observation), or protection against microbial infection,
as is seen in several social insect colonies (Turnbull et al., 2012).
The likelihood of co-occurring with a competing colony, and the intensity of the
resulting competition, are possibly the main selective forces acting on the evolution of
division of labour in trematode colonies. The juveniles of most trematodes (rediae or
sporocysts, depending on species) infect molluscs (usually gastropods) as the first host in
their complex lifecycle, and each snail can be host to multiple trematode species. When a
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snail host is infected by more than one colony, each of which is capable of multiplying to
occupy 15 to 30% of the volume within the host shell (Hechinger et al., 2009), competition
for space and food is expected (Sousa, 1992; Poulin, 2001). Species interactions between
trematodes in their first intermediate host have been tested indirectly by comparing the
frequency of observed double species infections to those expected from a null model
assuming random assemblages, where a lower-than-expected frequency would indicate
competition (Sousa, 1993; Kuris and Lafferty, 1994; Keeney et al., 2008a). Evidence of
competition can also be obtained from observations of changes in parasite niche within the
host in cases of double infection (Leung and Poulin, 2011a), or from comparisons of snapshot counts of individuals between doubly- and singly-infected snails (Hendrickson and
Curtis, 2002; Lagrue et al., 2007; Keeney et al., 2008a). Direct evidence has been gained
from observations of trematode pairs sharing a snail in which an obviously dominant species
attacks and eats the juveniles of the co-infecting species (Lie et al., 1965). Competitive
interactions that occur in the snail host should have lasting effects throughout the rest of the
parasite’s complex lifecycle (Fredensborg and Poulin, 2005b). Ultimately, the impact of
competition within the snail host should be measured by its effect on the output of infective
stages (cercariae) produced for transmission to the next host.
Philophthalmus sp. infects the common New Zealand mudsnail, Zeacumantus
subcarinatus, as do the juveniles of another trematode, Maritrema novaezealandensis
(Martorelli et al., 2004). Infection prevalences of each species vary seasonally. In my study
site, M. novaezealandensis infect 50-80% of snails and Philophthalmus sp. from 3 to 13% of
snails, with double infections by both species occurring in up to 11% of snails (Keeney et al.,
2008a; Bates et al., 2011a). In a previous study, species interactions between M.
novaezealandensis and Philophthalmus sp. within their snail host have been indirectly
assessed, with no competition detected (frequencies of double species infections were not
significantly different from the null model and the number of Philophthalmus sp. rediae was
not lower in the presence of M. novaezealandensis; Keeney et al. 2008). However,
competitive interactions between M. novaezealandensis and Philophthalmus sp. require
further study because of the recent discovery of a division of labour in Philophthalmus sp.
colonies where a distinct, non-reproducing redial morph appears specialised for defense in
competitive interactions.
Our study is one of the very first to quantify the fitness effects of polymorphism,
through a division of labour, in an obligately polyembryonic species; it also provides the first
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experimental test of fitness benefits accruing from division of labour in a parasitic organism.
Its aims were to, first, investigate competitive interactions between M. novaezealandensis and
Philophthalmus sp. in their snail host; and second, quantify the advantage to the
Philophthalmus sp. colony of producing the small, non-reproducing morph. This was done by
(1) quantifying colony success in snails with single-species and double-species infections,
and (2) quantifying colony success of Philophthalmus sp. colonies consisting of large,
asexually reproducing rediae cultured in vitro with or without the small, non-reproducing
rediae as well as exposed to varying amounts of co-infecting M. novaezealandensis. My
design allowed us to distinguish between a purely defensive role for the small rediae and a
non-defensive role yielding benefits to the colony even without competition.

3.2 Methods
3.2.1 Study Stystem
Trematodes have complex life-cycles involving at least two hosts. Transmission must
occur to specific host species at specific life stages. Sexual reproduction and release of eggs
occurs only when the parasite reaches its vertebrate definitive host. Juvenille stages asexually
reproduce in a first intermediate host, usually a snail, almost filling the snail shell with rediae
or sporocysts as well as cercariae, the free-swimming infective life-cycle stages that leave the
snail to encyst in or on a second intermediate host and await ingestion by the definitive host.
In the latter, development to adulthood occurs, as well as sexual reproduction and the release
of eggs (Galaktionov and Dobrovolskij, 2003).
The New Zealand mudsnail, Z. subcarinatus, is the first intermediate host of multiple
trematode species including Philophthalmus sp. (rediae only within the first intermediate
host) and M. novaezealandensis (sporocysts only within the first intermediate host)
(Martorelli et al., 2008). Maritrema novaezealandensis cercariae leave the snail to encyst in
one of several suitable crustaceans serving as second intermediate hosts (Martorelli et al.,
2004). Cercariae of Philophthalmus sp. leave the snail and encyst on the shells of various
species of gastropods (Neal and Poulin, 2012). Here they await ingestion by the definitive
host within which they will migrate to their site of infection: the intestine of a gull in the case
of M. novaezealandensis (Martorelli et al., 2004) and the gull’s orbit in the case of
Philophthalmus sp. (Howell, 1965). Cercariae of Philophthalmus sp. readily encyst on
artificial substrates, such as plastic surfaces (Lei and Poulin, 2011), such that their
accumulation in experimental cultures is easily monitored.
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3.2.2 Competition within naturally infected snails
Snail collection, screening and maintenance
Zeacumantus subcarinatus snails were collected from Lower Portobello Bay, Otago
Harbour, South Island, New Zealand (45°52’ S, 170°42’ E) in December 2010 and February
2011. They were screened for infection so that they could be distinguished as infected by
either Philophthalmus sp. only, M. novaezealandensis only, or both species. This was
achieved by forcing cercarial release by incubating individuals overnight at 26°C in wells of a
12-well culture plate filled with natural sea water. Ten snails of each desired infection type
were numbered and color coded according to infection (with cyanoacrylate glue and
numbered plastic tags from Bee Works, Orillia, ON, Canada). Snails in each group ranged
between 12.0 mm and 17.9 mm in shell lengths, with shell sizes matched among the three
groups. They were kept in plastic containers (17 x 17cm) for up to two months prior to the
experiment; each container was filled with natural, aerated sea water, 2 mm sand, and ample
sea lettuce, Ulva lactuca. Containers were cleaned, and water changed once weekly.
Counting Philophthalmus sp. cercariae
Colony success within each snail was measured by counting the number of released
cercariae. To quantify the cercarial output of Philophthalmus sp., snails were kept in wells of
6-well culture plates filled with natural sea water and a small piece of sea lettuce. Before the
start of the experiment, snails were allocated to wells and incubated at 26°C overnight to rid
them of any cercariae and standardise their prior cercarial load to zero. On Day 0 of the
experiment, the snails were transferred to clean wells. On Day 1, and every three to four days
thereafter, Philophthalmus sp. cercariae and encysted metacercariae were counted in the well
and on the sea lettuce. Philophthalmus sp. does not infect a second intermediate host, as do
most other trematodes, and the number of cercariae exiting the snail and encysting on
substrates is the best available measure of colony success. To ensure the environment was
suitably aerated and clean, on the days cercariae in the wells were counted, water was
changed, wells were cleaned, and a fresh piece of sea lettuce was added. For most of the
experiment, the 6-well plates were kept at room temperature and under ambient light.
Counting M. novaezealandensis cercariae
Unlike Philophthalmus sp., M. novaezealandensis infects a second intermediate host,
therefore, its cercariae did not encyst in the wells. Furthermore, snails infected with M.
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novaezealandensis release accumulated cercariae in distinct pulses separated by periods of
little or no output (Studer et al., 2010). In the laboratory, this can be induced by incubation at
26°C and under bright light. Every two weeks, all snails in the experiment were forced to
shed M. novaezealandensis cercariae by incubation overnight; snails harbouring only
Philophthalmus sp. were also exposed to this incubation. Cercariae of M. novaezealandensis
were counted only on days following an incubation period.
Data analysis
Significant differences in numbers of cercariae (free-swimming cercariae and
encysted metacercariae combined) of Philophthalmus sp. and in cercariae of M.
novaezealandensis between snails of different infection types were tested using a repeated
measures ANOVA in the statistics program SPSS. Time (day) was the within-subjects
variable and infection type was the between-subjects variable. Sphericity was tested using
Mauchly’s test. When sphericity could not be assumed, the Greenhouse-Geisser correction
was used.
3.3.3 In vitro culture experiment
Zeacumantus subcarinatus snails were collected from the same site as mentioned
above in February 2011 or June 2011. They were screened for single species infections by
Philophthalmus sp. or M. novaezealandensis by forcing cercarial release by incubation (see
above). Infected snails were kept in the laboratory up to three months, under the same
conditions as snails from the previous experiment.
Culturing
Philophthalmus sp. rediae and M. novaezealandensis sporocysts were dissected out of
separate, singly-infected snails. They were cultured in vitro using a culture system previously
tested for both species (Lloyd and Poulin, 2011; Chapter Two) . Briefly, the culture medium
consists of 400 mg L-15 powder, 1.56 g Instant Ocean powder, and 1 ml penicillinstreptomycin-neomyacin solution in 50 ml autoclaved water (more details in Lloyd and
Poulin, 2011; Chapter Two). Dissected rediae and sporocysts were separated into eight
different treatments in individual wells of a 12-well plate (Fig. 3.1). Rediae from each
infected snail were pooled in one Petri dish before being randomly assigned to a treatment.
Importantly, Philophthalmus sp. rediae from the same snail were used for one replicate of
each treatment, creating a blocked design in which any effect of genetic variation among
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colonies was neutralised. It is possible that the individual snails harboured not one, but two or
three genetically distinct Philophthalmus sp. colonies, each issued from a different egg.
However, this was unlikely to be a problem for two reasons. First, a preliminary analysis of
Philophthalmus sp. infections in snails from my study site using microsatellite markers also
indicated that single-clone infections were numerically much more common than multi-clone
infections (Chapter Six). Second, even if a snail harbours two or three clones, the random
allocation of sets of individual rediae from the same snail to different treatments ensured
homogenization of genotypes across treatments.
The treatments were designed to allow for the measurement of the separate and
combined effects of the presence of small non-reproductive rediae and heterospecific
competitors on Philophthalmus sp. colony success. They were: 1.) ten large Philophthalmus
sp. rediae and ten small rediae, 2.) ten large Philophthalmus sp. rediae, ten small rediae and
about ten M. novaezealandensis sporocysts (sporocysts are very difficult to separate without
breaking the tegument, thus counts were approximate), 3.) ten large Philophthalmus sp.
rediae, ten small rediae and about fifty M. novaezealandensis sporocysts, 4.) ten large
Philophthalmus sp. rediae, 5.) ten large Philophthalmus sp. rediae and about ten M.
novaezealandensis sporocysts, 6.) ten large Philophthalmus sp. rediae and about fifty M.
novaezealandensis sporocysts, 7.) ten M. novaezealandensis sporocysts, and 8.) fifty M.
novaezealandensis sporocysts (Fig. 3.1). Although the total number of individual rediae and
sporocysts is not constant across treatments, this ‘additive design’ is ideally suited to evaluate
the effects of competitors or helpers (small rediae) on the performance of the ‘focal’ large
rediae (Inouye, 2001). Sporocysts and rediae dissected out of their respective host snails
contributed to all treatments within one plate (one of each of the above listed treatment per
plate), thus each pair of snails acted as one genetically homogeneous replicate, allowing for
robust comparisons between treatments. In total there were thirteen replicates, i.e. thirteen
initial Philophthalmus sp. colonies split into smaller experimental cultures. Cultures were
always started on a Monday and the medium was changed every Friday and Monday
thereafter.
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Figure 3.1 Design of the in vitro experimental culture of Philophthalmus sp. and M.
novaezealandensis colonies. For one set of replicates, as illustrated here, all Philophthalmus
sp. rediae came from the same snail, and all M. novaezealandensis sporocysts came from the
same snail. The number of each type of rediae or sporocysts per replicate well (circle) on a
culture plate is indicated for each of the 8 treatments. The approximate sizes of the different
types of rediae or sporocysts are shown in relation to each other, and all are an order of
magnitude smaller than the well.
To measure Philophthalmus sp. colony success, I counted encysted metacercariae
every weekday (Monday-Friday) for up to 30 days after the culture was started. Cultures
were kept in the dark at room temperature except for the time taken to record data and change
culture media. Counted cysts were removed from the cultures by pipetting to ensure they
were not recounted in subsequent days. Maritrema novaezealandensis sporocysts were scored
to be alive if they continued to release cercariae. Initially, I predicted Philophthalmus sp.
rediae might kill and eat M. novaezealandensis sporocysts; therefore, cultures with only M.
novaezealandensis sporocysts served as a control to compare the health of sporocysts cocultured with Philophthalmus sp. rediae.
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Data analysis
Counts of encysted Philophthalmus sp. metacercariae per well per day were recorded
and compared between treatments. To achieve this, a generalised linear mixed model GLMM
was performed in R version 2.14.0 (R Development Core Team, 2011a) using the package
glmmADMB (Skaug and Fournier, 2008). Main factors included presence or absence of
small Philophthalmus sp. rediae, number of M. novaezealandensis (0 sporocysts, ~10
sporocysts, or ~50 sporocysts), and the interaction between the two. Random factors included
the plate number representing the snail identity from which the rediae and sporocysts were
dissected (one Philophthalmus sp. infected snail contributed all the rediae across treatments
of one plate and one M. novaezealandensis infected snail contributed all the sporocysts to that
plate) and well position nested within plate (to account for the repeated measures of each
culture on each day). Data were greatly zero inflated and over dispersed (i.e., many cysts
were counted in cultures on a few days, but few or zero cysts were seen on most days). To
reduce the number of zeros in the data, daily counts were pooled across three consecutive
days, and these three-days counts were used in the models. Counts were pooled across three
days (as opposed to two or four, for example) because, generally, three days was the
minimum number of days for metacercariae to be seen in culture. Furthermore, I compared
models incorporating negative binomial and Poisson error structures as well as zero inflation.
The model with a negative binomial error structure and without zero inflation was chosen as
the best fit model based on the lowest AIC value (Akaike Information Criterion).

3.3 Results
3.3.1 Competition within naturally infected snails
Of the ten snails with both infections (M. novaezealandensis and Philophthalmus sp.)
and the ten with only M. novaezealandensis infections, nine of each survived to day 70. Of
the ten snails with only Philophthalmus sp. infections, six survived to day 70. All snails with
both infections continued to shed cercariae of both species (i.e., neither species was excluded
from the host over 70 days). All snails with only one infection continued to shed only
cercariae of that species type in which they had been categorised initially. Furthermore, at the
end of the experiment, snails were dissected and I were able to confirm that all had been
correctly classified as strictly singly- or doubly-infected.
Counts of Philophthalmus sp. cercariae (free-swimming and encysted metacercariae
combined) from snails infected with both species were significantly lower than from snails
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with only Philophthalmus sp. (Fig. 3.2, Table 3.1). Similarly, snails harbouring both
infections shed significantly fewer M. novaezealandensis cercariae than snails harbouring
only M. novaezealandensis (Fig. 3.3, Table 3.2). Mean counts of cercariae shed following
incubation events from Philophthalmus sp. infected snails decreased over the length of the
experiment (Fig. 3.2). This could be because cercarial release decreased as the snail
approached death (Karvonen et al., 2004). Infection by either Philophthalmus sp., M.
novaezealandensis, or both has not been proven to shorten the life of the snails. However,
these snails were perhaps kept in less than ideal conditions (small wells limited space and
water), therefore some mortality was expected.
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Figure 3.2 Mean (± SE) number of Philophthalmus sp. cercariae (free-swimming and encysted metacercariae) released daily by snails with
single vs. double infections. Asterisks indicate days after incubation (coinciding with days on which cercariae from M. novaezealandensis were
counted).
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Table 3.1 Competition within naturally infected snails: results of a repeated measures
ANOVA comparing Philophthalmus sp. cercarial output of snails infected only with
Philophthalmus sp. vs. snails infected with both Philophthalmus sp. and M.
novaezealandensis.
Factor

df

Mean squares

F

p

Infection

1

40833.600

6.355

0.026

Error

13

6425.682

Time

2.909

147117.460

9.088

<0.0001

Time*Infection

2.909

36807.608

2.274

0.097

Error

37.820 16188.902

Between Subjects

Within Subjects
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Figure 3.3 Mean (± SE) number of M. novaezealandensis cercariae released daily by snails
with single vs. double infections.
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Table 3.2 Competition within naturally infected snails: results of a repeated measures
ANOVA comparing M. novaezealandensis cercarial output of snails infected only with M.
novaezealandensis vs. snails infected with both Philophthalmus sp. and M.
novaezealandensis.
Factor

df

Mean squares

F

p

Infection

1

325597.601

19.652 <0.0001

Error

16

16568.353

Time

3.068

60077.560

5.481

0.002

Time*Infection

3.068

32306.101

2.948

0.041

Error

49.090 10960.493

Between Subjects

Within Subjects

3.3.2 In vitro culture experiment
The longest surviving cultures remained free of contamination for 37 days. The
majority of cultures were terminated at 25 or 28 days due to bacterial or fungal
contamination. If a culture did not survive to the 37th day it was not because the rediae or
sporocysts died, but because the culture became contaminated. Colonies tended to produce
large numbers of cercariae/cysts in the first days after initiation (up to 43 in the first 3 days)
followed by fewer on subsequent days (generally 0-5) but continued to produce
cercariae/cysts throughout the experimental culture period. Colonies which included both
small and large Philophthalmus sp. rediae and excluded M. novaezealandensis sporocysts
were most successful, producing the highest number of accumulated encysted metacercariae
over the culture period (Fig. 3.4). According to the GLMM, significant factors included the
presence of small Philophthalmus sp. rediae and the interaction between the presence of
small Philophthalmus sp. rediae and the presence of 10 M. novaezealandensis sporocysts
(Table 3.3).
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Figure 3.4 Cumulative number of Philophthalmus sp. encysted metacercariae in culture over time. P denotes Philophthalmus sp., M denotes M.
novaezealandensis. Cultures with both large and small Philopthalmus sp. rediae are indicated with a solid line, cultures without small rediae are
indicated with a dashed line. Standard errors are not shown to improve clarity.
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Table 3.3 Results of a generalised linear mixed model evaluating the impact of the presence
of small, non-reproducing rediae and/or the presence of M. novaezealandensis sporocysts on
the cercarial output of Philophthalmus sp. colonies in experimental in vitro cultures
Factor

Estimate

Standard Error

Z value p

Intercept

1.200

0.190

6.32

<0.0001

Presence of small rediae

0.415

0.160

2.59

0.0096

Presence of 10 M. novaezealandensis

0.152

0.161

0.94

0.3457

Presence of 50 M. novaezealandensis

0.027

0.161

0.17

0.8665

Presence small rediae*10 M. novaezealandensis

-0.470

0.229

-2.06

0.0398

Presence small rediae*50 M. novaezealandensis

-0.344

0.226

-1.52

0.1279

3.4 Discussion
The recent discovery of polymorphism in larval trematodes, involving the cooccurrence of a small, non-reproducing morph and a larger reproductive one, suggested a
division of labour among the clonal colonies of these parasites within their snail host
(Hechinger et al., 2011; Leung and Poulin, 2011b). Here, I have demonstrated that
interspecific competition can markedly reduce colony success in Philophthalmus sp.,
providing sufficient selective pressure to favour adaptive strategies to counter its effects.
More importantly, I show experimentally that the presence of the small non-reproductive
morph may not only mitigate the impact of interspecific competition, but also provides
benefits to the colony in the absence of competitors.
3.4.1 Competition as a selection pressure
Competitive interactions between parasite species co-infecting their intermediate host
are often species-specific and involve a wide range of mechanisms. The importance of
competition has been somewhat debated over the years, with some claiming that low
infection prevalences mean double infections are rare and do not matter (Esch et al., 2001). In
reply, others argue that double infections do occur, but less commonly than expected by
chance, indicating negative associations between species pairs possibly resulting from
competitive exclusion (Sousa, 1993; Lafferty et al., 1994). Interactions between two species
may be detrimental to both species, positive for one and negative for the other (Lie, 1967), or
neutral for one or both species, as was seen in the previous study of interactions between
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Philophthalmus sp. and M. novaezealandensis (Keeney et al., 2008a). Based on existing
evidence, one might conclude that the presence and nature of interspecific interactions within
the snail host are species-specific. Adding to the complexity, interactions between species
pairs entail a variety of mechanisms depending on the parasites’ life history strategies,
including exploitation competition, immune mediated competition or interference
competition (Mideo, 2009).
Multiple factors lead us to expect a negative association between Philophthalmus sp.
and M. novaezealandensis acting through exploitation competition: infection prevalences of
both species are relatively high, cercarial production is probably limited by the resources the
colony can obtain from the snail, as suggested earlier (Karvonen et al., 2012), and both
species benefit by maximizing cercarial output to increase the odds of reaching their
definitive host.
Prior evidence suggested a neutral interaction between Philophthalmus sp. and M.
novaezealandensis within their snail host based on observed frequencies of double-infections
from three field surveys (Keeney et al., 2008a; Bates et al., 2011a). I examined the
interaction between colonies in a laboratory setting because of the recently observed
specialised morph within Philophthalmus sp. colonies that may be specialised for defense
against co-infecting colonies (the most common being M. novaezealandensis). In contrast to
previous field surveys, my results showed reciprocally decreased colony success, as
measured by the release of transmission stages (cercariae), during co-infection, suggesting a
negative competitive interaction between the two species. Perhaps not surprisingly, in a study
of amphibian hosts and their trematode parasites which compete for space and food, Johnson
and Buller (2011) also found different outcomes in a field survey and laboratory experiment.
Furthermore, in a review of the effectiveness of methods used to investigate species
interactions, Fenton et al. (2010) concluded that strong interactions actually occur in half of
the cases where none are predicted.
The results of Keeney et al.’s (2008) field study showed that both the number of
Philophthalmus sp. rediae and the number of genotypically distinct M. novaezealandensis
colonies were not affected by co-infection. Perhaps competition is not acting on that stage of
the life-cycle but on the transmission stage only (i.e., there is enough food and space to
adequately provide for rediae and sporocysts of both species, but not for the production of
cercariae). This could certainly favour the evolution of a non-reproducing morph within
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trematode colonies. In the case of Philophthalmus sp., more than half of the snail population
harbours the other trematode M. novaezealandensis, and I found that when both species share
the same snail, the cercarial output of Philophthalmus sp. is reduced by over 50% (see Fig.
3.2); thus interspecific competition appears very important.
3.4.2 Fitness benefits of division of labour
In other examples of species that form genetically identical colonies with reproducing
and non-reproducing members, the purpose of the non-reproducing members is to defend
against competitors (Francis, 1976; Cruz, 1981, 1986). For this reason, I expected the small,
non-reproducing rediae in Philophthalmus sp. colonies to be specialised for defense against
the very common co-infecting trematode, M. novaezealandensis. Earlier, Leung and Poulin
(2011b) reported that the small Philophthalmus sp. rediae were seen attacking M.
novaezealandensis sporocysts or cercariae in freshly-dissected snails. Here, I tested this
potential defensive role using in vitro cultures, where I could manipulate the presence of nonreproducing rediae as well as the presence and abundance of competitors, while controlling
for the genetic composition of the cultures.
The results of my experiment indicate a clear advantage of having non-reproductive
morphs within the colony, but not necessarily with respect to defense against competitors.
There was a significant effect of the presence of the non-reproducing rediae, whereby
colonies with both small and large rediae produced significantly more encysted metacercariae
than colonies with only large rediae. This implies the small non-reproducing rediae provide
some benefit to the colony, even in the absence of competitive pressure from M.
novaezealandensis. There was also an effect of the interaction between the presence of the
non-reproducing rediae and the presence of 10 M. novaezealandensis sporocysts (but not an
interaction between the presence of the non-reproducing rediae and the presence of 50 M.
novaezealandensis sporocysts). This could potentially indicate that the non-reproducing
rediae benefit the colony when it is competing with M. novaezealandensis, but if this were
the case I would expect to see a significant interaction with the presence of 50 M.
novaezealandensis sporocysts as well. Alternatively, there may be a threshold of M.
novaezealandensis sporocysts beyond which Philophthalmus sp. small rediae do not benefit
the colony. Perhaps the small rediae are able to benefit the colony when only 10 M.
novaezealandensis sporocysts are present but when 50 are present the small rediae are unable
to be advantageous.
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The in vitro culture system
stem may not have been ideal to study competitive interactions:
there was no effect of the presence or abundance of M. novaezealandensis larvae.
Furthermore, in cultures of both species, the small non-reproducing
non
Philophthalmus sp.
rediae were not seen attacking
acking and eating M. novaezelandensis sporocysts. Perhaps the non
nonreproducing rediae benefit the colony in another way. One possibility may be that some form
of communication or exchanges may take place between morphs, with positive results in
terms of cercarial
carial production. Within the cultures, conspecifics of the same or different
morphs are frequently seen in physical contact, attached for long periods via a small
protuberance on the rear or lateral portion of the redial body, known as the posterior adhesive
adhes
appendage or lateral adhesive appendage (West, 1961) (Fig. 3.5).. Those colonies which
attached to each other appeared healthier in culture than those which are not attached (M.
Lloyd, personal observation). The possibility of communication or nutrient exchanges thus
exists, though the exact nature of what passes among indiv
individuals
iduals remains to be determined.

Figure 3.5 Philophthalmus sp. rediae in vitro culture in contact via posterior and lateral
adhesive appendages. Scale approximately 0.1mm
0.1mm.
I cannot discard the possibility that the small rediae play a role in colony defenc
defence,
based on previous circumstantial
ial evidence (Leung and Poulin 2011
2011b).
). Competition between
heterospecific trematode colonies in snail hosts is likely to be for resources of space and food.
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In my in vitro culture system, there is no easy way to limit space to mimic what would be
experienced within the snail. Furthermore, the culture medium for this experiment was
supplemented with a food source which has been shown necessary to keep cultures alive over
a long period of time (Lloyd and Poulin, 2011; Chapter Two). A future experiment could
involve the culture of both species together in a medium supplemented with lower amount of
food. Perhaps at a lower food concentration, competitive pressure would be greater and the
defensive function of the small non-reproducing morph would become clearer. Nevertheless,
the results of the present study show a clear advantage associated with the presence of the
non-reproductive morph, even if the underlying mechanisms remain unclear.
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Abstract
Trematodes form clonal colonies in their first intermediate host. Individuals are, depending
on species, rediae or sporocysts (which asexually reproduce) and cercariae (which develop
within rediae or sporocysts and infect the next host). Some species use a division of labour
within colonies, with two distinct redial morphs: small rediae (non-reproducing), and large
rediae (individuals which produce cercariae). The theory of optimal caste ratio predicts that
the ratio of caste members (the number of small rediae divided by the number of large)
responds to environmental variability. This was tested in Philophthalmus sp. colonies
exposed to host starvation and competition with the trematode, Maritrema
novaezealandensis. Philophthalmus sp. infected snails, with and without M.
novaezealandensis, were subjected to food treatments. Reproductive output, number of
rediae, and the caste ratio of small-to-large rediae were compared among treatments.
Philophthalmus sp. colonies responded to host starvation and competition; reproductive
output was higher in well fed snails of both infection types compared to snails in lower food
treatments and well fed, single infected snails compared to well fed double infected snails.
Furthermore, the caste ratio in Philophthalmus sp. colonies was altered in response to
competition. There appears to be a benefit of the small redial caste: colonies with
proportionally more small redaie had a higher reproductive output. This is the first study
showing caste ratio responses to environmental pressures in trematodes with a division of
labour.
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4.1 Introduction
Similar to free-living species, parasites live in an environment of limited resources
(their host) which must be allocated efficiently to growth, reproduction, and/or survival
(Poulin, 1996). This allocation can be affected by host condition; any stress on the host may
limit resources available to the parasite (Poulin, 1996; Poulin, 2007). Selection should favour
parasite individuals that adopt the most efficient allocation of limited host resources to
different life history demands (Poulin, 1996).
When hosts are under stress, especially food-deprived, one of two responses by
parasites is expected: reduction in resources taken from the host where prolonged host
survivorship is observed, or, if the parasite cannot reduce its resource consumption it will
continue to exploit the host at the same rate and decreased host survivorship will be observed
(Jokela et al., 2005). The latter, when combined with the immunosuppressive effect of stress
(Latshaw, 1991; Pruett et al., 1993), can theoretically lead to disease outbreaks in stressed
populations (Lloyd, 1995). In the past, this has been studied by measuring parasite effects on
stressed hosts (susceptibility to infection, parasite induced mortality, or reduced
development) (Krist et al., 2004; Jokela et al., 2005; Saarinen and Taskinen, 2005; Fellous
and Koella, 2010), and/or parasite reproductive output (Kendall, 1949; Shostak and Dick,
1986; Keas and Esch, 1997; Ebert et al., 2000; Sandland and Minchella, 2003; Bedhomme et
al., 2004; Seppälä et al., 2008; Coors and De Meester, 2011).
In the case of trematodes, which have complex life-cycles and multiple life-cycle
stages, measuring the reproductive output from the first intermediate host by counting the
free swimming, infective cercariae may not fully capture how the parasite is responding to
host stress. Cercariae represent the immediate reproductive output only. This, in relation to
numbers of rediae (the within-host stages which produce cercariae), can provide a clearer
quantification of the parasite’s response in resource allocation between reproduction, growth,
and survival.
Furthermore, some species of trematodes have a division of labour within their
colonies of rediae (Hechinger et al., 2011; Leung and Poulin, 2011b; Miura, 2012).
Typically, trematode rediae live within the first intermediate host where they asexually
reproduce, forming a clonal colony (Galaktionov and Dobrovolskij, 2003). Cercariae develop
within rediae and leave the host to encyst in or on the second intermediate host (Galaktionov
and Dobrovolskij, 2003). In colonies of species with a division of labour, there exist two
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distinct redial morphs: a large, reproducing morph and a small, non-reproducing morph.
Morphological and behavioural differences between the two morphs indicate that the small,
non-reproducing morph appears specialised for defence against hetero- or conspecific
colonies trying to establish within the same host, similar to the organisation of many social
insect colonies (Hechinger et al., 2011).
Division of labour has been best studied in social insects, where multiple castes have
specialised functions. Their response to variations in environment and resource availability
has been studied by looking at how the ratios of caste members change. Oster and Wilson
(1978) predicted that with highly specialised castes, variation in ratios will be linked to
overall colony success. Therefore, optimal ratios should vary and be adaptive for any given
conditions (Oster and Wilson, 1978). Such adaptation should occur if the system meets four
assumptions: (1) non-reproducing castes have no other option but to help; (2) there is no
constraint on the production of multiple castes; (3) the non-reproductive castes are fully
sterile; and (4) the developing individuals have no control over which caste they join
(Ratnieks et al., 2011).
In accordance with this theory of optimal caste ratio, it has been shown that caste
ratios respond to environmental changes over time: proportionally more workers in response
to changes in food resources (McGlynn and Owen, 2002), seasonal changes in caste ratios
(Passera, 1977; Walker and Stamps, 1986), decreased caste ratio variability after a
disturbance (Herbers, 1980), and increased production of non-reproductive caste members
(Passera et al., 1996) or reproductive caste members (McGlynn, 2010) under competitive
pressures. However, this response has not been seen in all systems (Calabi and Traniello,
1989). Across taxa which have a division of labour, there exists a wide diversity of
reproductive strategies resulting in variation in relatedness among colony members, e.g.
various types of parthenogenesis (aphids, bees, and ants) and polyembryony (parasitoid
wasps, bryozoans, trematodes) (Blackman, 1979; Seeley, 1995; Craig et al., 1997; Brusca and
Brusca, 2003). In cases where colonies are not clonal, partial genetic relatedness make
quantifying colony fitness complicated. Trematode species with divisions of labour are an
ideal model system to look at caste ratio theory because all colony members are clonal.
Therefore, the fitness of the colony is simply a sum of the fitness of all individuals.
A division of labour in Philophthalmus sp. colonies has recently been documented
(Leung and Poulin, 2011b). Philophthalmus sp. infects the common New Zealand mudsnail,
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Zeacumantus subcarinatus, as its first intermediate host. Six other trematode species also
infect this mudsnail, the most common being Maritrema novaezealandensis (Martorelli et al.,
2004; 2008). Infections are common (50-80% prevalence by M. novaezealandensis and 3-8%
by Philophthalmus sp.). Double species infections are seen in nature, and persist long-term
when snails are kept in the laboratory (up to 2 years in some cases) (M. Lloyd, personal
observation). Furthermore, the reproductive output of colonies of both M. novaezealandensis
and Philophthalmus sp. is reduced when they share the same host individual (Lloyd and
Poulin, 2012; Chapter Three).
Caste ratio (small to large rediae, i.e. non-reproductives to reproductives) is variable
in this system and ranges from 0.24 to 3.27 (Leung and Poulin 2011b and the results of this
study). According to the theory of optimal caste ratio, this ratio is hypothesised to change
under different environmental conditions such as host stress or competition. As the small
rediae appear specialised for defense against co-infecting colonies (Hechinger et al., 2011), in
the case of competitive interactions, it is hypothesised that there will be proportionally more
small rediae in a Philophthalmus sp. colony. Since competition between trematodes in their
first intermediate host is generally for space and food resources (Sousa, 1992; Poulin, 2001),
I predict that colonies in competitive interactions subjected to further stress due to host
starvation might intensify a change in caste ratio. Observational studies of Philophthalmus sp.
infected snails with and without M. novaezealandensis indicate the caste ratio is not
responding to competition: the number of small rediae (relative to large rediae) in field
collected Philophthlamus sp. colonies show some variation regardless of co-infection by M.
novaezealandensis (Leung and Poulin, 2011b). However, a change in caste ratios in response
to competition may have been masked by the observational aspect of these studies and the
relatively small sample sizes. Perhaps there are multiple confounding factors other than
competition that affect the caste ratio which mask the response in field collected colonies.
Trematode species with a division of labour provide a unique and interesting model in
which to study resource allocation in parasite infections and caste ratio theory. Resources can
be allocated to three different life-cycle stages which are specifically used for different
functions: large rediae (growth and future reproductive output), small rediae (defence), or
cercariae (reproductive output). Numbers of these life-cycle stages are variable (Leung and
Poulin, 2011b), and in the case of cercariae, respond to immediate environmental conditions
(Lloyd and Poulin, 2012; Chapter Three). The aims of this study were to use a long-term
experiment to quantify changes in resource allocation and caste ratios in Philophthalmus sp.
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infections under the combined influence of host stress (induced by starvation) and
competition by M. novaezealandensis. Evidence of changing caste ratio could highlight a new
way to measure the way in which parasites alter the resources taken from the host in response
to changes in availability.

4.2 Methods
4.2.1 Study system
Zeacumantus subcarinatus is a common mudsnail inhabiting the intertidal zone of
New Zealand mudflats. Macro-algae make up 80-90% of the snail’s diet, specifically the sea
lettuce, Ulva lactuca (McClatchie, 1979). The snail is the first intermediate host to several
trematode species, the two most common of which were used in this study: M.
novaezealandensis (family Microphallidae) and Philopththalmus sp. (family
Philophthalmidae) (Martorelli et al., 2004; 2008). As is the case with most trematode
species, Philophthalmus sp. and M. novaezealandensis asexually reproduce within the snail,
filling it with sporocysts (in the case of M. novaezealandensis) or rediae (in the case of
Philophthalmus sp.). Free-swimming cercariae develop in either the sporocysts or rediae and
are released into the water where they look to encyst in or on a second intermediate host
(West, 1961; Martorelli et al., 2004). Philophthalmus sp. is somewhat unusual, in that the
cercariae do not encyst inside the tissue of a second intermediate host, but on the outer shells
of gastropods (Neal and Poulin, 2012). This makes the system ideal for laboratory studies;
encysted metacercariae form on any hard substrate (glass, plastic, etc.), where they
accumulate and are easily counted (Lei and Poulin, 2011). Sexual reproduction occurs after
the encysted metacercariae are ingested by the adult host (a shore bird), and eggs are
subsequently released back into the marine environment to re-start the cycle (Galaktionov
and Dobrovolskij, 2003).
Snails were collected from Lower Portobello Bay, Otago Harbour, South Island, New
Zealand (45°52’ S, 170°42’ E) between 28 February and 5 March, 2012. Individual snails
were placed in 5 ml wells of a 12-well culture plate with 4 ml of filtered seawater and
incubated overnight at 27°C under bright light to encourage emergence of cercariae. Snails
identified as infected by either Philophthalmus sp. or both M. novaezealandensis and
Philophthalmus sp. were retained; those infected by M. novaezealandensis only and
uninfected snails were not used in this study. All snails were kept in well-aerated plastic
containers (17 x 17 cm) with U. lactuca for up to 2 weeks prior to the start of the experiment.
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4.2.3 Experimental design
On day 0 of the experiment, snails were incubated overnight again to confirm their
infection status and to release any prior accumulation of mature cercariae. On day 1 of the
experiment, maximum length of each snail was measured with callipers (to 0.1mm) and
snails within each infection type (Philophthalmus sp. only, or both M. novaezealandensis and
Philophthalmus sp.) were separated into size classes to be assigned evenly across food
treatments. This ensured mean snail length (which indirectly corresponds to snail age) was
equal across food treatments. Individual snails were placed into plastic cups (4.5 cm diameter
x 5 cm height) filled with 65 ml of filtered seawater. Cups were numbered to allow for
repeated counts of individual snails over the 10 weeks of the experiment.
Food stress was induced by controlling the amount of U. lactuca added to each plastic
cup. The 3 treatments consisted of either a 5 cm2 piece of U. lactuca (referred to as the well
fed treatment), a 1 cm2 piece of U. lactuca (referred to as the intermediate food treatment), or
no U. lactuca (referred to as the starved treatment). Food was replaced every 7 days
throughout the experiment. At the time food was replaced each week, some portion of all 5
cm2 pieces remained and the majority of the 1 cm2 portions were consumed, indicating that 1
cm2 was just sufficient to meet the snail’s diet. Sixteen Philophthalmus sp. infected snails
were used per food treatment. Since snails infected with both M. novaezealandensis and
Philophthalmus sp. are more rare, there were 7 or 8 snails per food treatment.
To measure cercarial output of individual snails, a standard glass microscope slide
was placed in each cup. Once weekly, encysted metacercariae on the glass slides were
counted under a dissecting microscope. Counting cysts on glass slides was the chosen method
initially because this has been used in the past to measure relative, if not absolute, cercarial
output from Philophthalmus sp. infected snails kept in laboratory conditions (Lei and Poulin,
2011). Since the plastic cups were small, it became apparent that encysted metacercariae on
the bottom of the cups were also easily counted. The slides were replaced, water was changed
and plastic cups were cleaned once weekly. Cercarial counts were completed just prior to
cleaning to ensure no cercariae were lost during the cleaning process.
4.2.4 Caste ratio
After 10 weeks of exposure to the above food treatment, snails were dissected and
small and large rediae in each snail were counted. The snail visceral mass was dissected out
of the snail shell and teased apart to release Philophthalmus sp. rediae and M.

Chapter Four Colony organisation under host stress

65

novaezealandensis sporocysts. Rediae and sporocysts were dyed with Neutral Red, and
pressed between two glass slides. Philophthalmus sp. small and large rediae were counted
separately. The pharynxes of the rediae were dyed dark red by the Neutral Red. Since the
pharynxes of the small rediae are much larger than those of the large rediae (relative to body
size), this made the differentiation between the two castes very easy. The caste ratio was
calculated as the number of small rediae divided by the number of large rediae.
4.2.5 Statistical analysis
Differences in numbers of Philophthalmus sp. encysted metacercariae from single and
double infected snails in different treatments were tested using a Linear Mixed Model
(LMM) performed in R version 2.14.0 (R Development Core Team, 2011a) using the
package LME4 (Bates et al., 2011b). Fixed effects included food treatment, infection type
(either Philophthalmus sp. only or Philophthalmus sp. and M. novaezealandensis), the
interaction between food treatment and infection type, the caste ratio, and host size (as
measured at the start of the experiment). Host size was included as a factor as mean size
between snails of different infection types was slightly different (single infection 17.5mm ±
2.9mm, double infection 14.9mm ± 1.9mm). To account for temporal pseudoreplication, snail
identity was included as a random effect. Number of encysted metacercariae were log (x+0.5)
transformed to meet assumptions of normality.
The small-to-large caste ratio, total number of rediae, and number of large and small
rediae per colony (i.e. per snail) were all compared between treatments using separate Linear
Models (LM). When comparing caste ratios between treatment groups, main factors included
food treatment, infection type (either Philophthalmus sp. only or Philophthalmus sp. and M.
novaezealandensis), the interaction between food and infection, and total number of rediae.
Host size was considered as a factor, but was not significant, and removing it increased the fit
of the model (according to AIC values). Differences in total number of rediae between
treatments were also analysed using a LM. In this case, the main factors were infection, food
treatment, the interaction between food and infection, host size, and caste ratio.
Additional LMs were performed to verify whether the treatment levels affected only
one caste independently of the other. When analysing numbers of small rediae, factors
included food treatment, infection type (either Philophthalmus sp. only or Philophthalmus sp.
and M. novaezealandensis), the interaction between the two, host size, and the number of
large rediae. The number of small rediae was log (x+0.5) transformed to meet assumptions of
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normality. Similarly, when analysing numbers of large rediae, factors included food
treatment, infection type, the interaction between the two, host size, and number of small
rediae. The number of large rediae was log (x+0.5) transformed to meet assumptions of
normality.

4.3 Results
Over the ten weeks of the experiment, eight Philophthalmus sp. infected snails died,
one from the well fed treatment, three from the intermediate food treatment, and four from
the starved treatment. One double infection snail died, from the intermediate food treatment
group.
4.3.1 Cercarial output
Numbers of cercariae (counted as encysted metacercariae) emerged from well fed
snails of both infection types were significantly higher than those of snails in the intermediate
and starved food treatments (p < 0.0001). The small-to-large caste ratio had a positive effect
on the number of cercariae produced per colony (p = 0.033); colonies with a higher number
of small rediae in relation to large rediae produced more cercariae (which develop only
within the large rediae). Also significant was the interaction between infection type and the
intermediate food treatment (p = 0.012), but not the effect of infection itself (Fig. 4.1, Table
4.1). Well fed snails with only Philophthalmus sp. infections released approximately twice as
many cercariae as well fed snails with both Philophthalmus sp. and M. novaezealandensis.
However, this difference between infection types was only seen in the well fed treatment. In
the intermediate food treatment, the numbers of cercariae emerged from single infection
snails were only slightly higher than those of double infection snails; and in the starved
treatment, the numbers of cercariae emerged from single and double infections snails were
similar (Fig. 4.1, Table 4.1).
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Figure 4.1 Mean (± S.E.) total number of Philophthalmus sp. encysted metacercariae
released over the ten week period
riod from colonies without or with competition (i.e. single or
double infections) by Maritrema novaezealandensis in three food treatments. Sample size is
indicated at the bottom of each bar.
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Table 4.1 Factors affecting number of encyted metacercariae from Philophthalmus sp.
colonies with or without competition in three food treatments: results of a Linear Mixed
Model comparing numbers of encysted metacercariae from Philophthalmus sp. colonies with
and without co-infection by Maritrema novaezealandensis (“Infection”) in three food
treatments (well fed treatment, intermediate food treatment, or starved treatment) over ten
weeks.
Factor

Estimate

Std. Error

t value

p

Intercept*

0.133

0.235

0.565

0.573

Infection

-0.066

0.102

-0.646

0.518

Intermediate food treatment

-0.492

0.085

-5.772

<0.0001

Starved food treatment

-0.775

0.086

-8.981

<0.0001

Small-to-large caste ratio

0.181

0.085

2.128

0.033

Host size

0.048

0.012

4.139

<0.0001

Infection*Intermediate food treatment 0.374

0.149

2.512

0.012

Infection*Starved food treatment

0.138

0.335

0.738

0.046

* The effect of the well-fed treatment is included in the intercept.
4.3.2 Caste ratio and rediae
At the end of the experiment, 43 single infected snails and 22 double infected snails
were dissected and their rediae counted. Snails were not included if they died before they
could be dissected and the rediae inside had started to decompose. The caste ratio of small to
large rediae ranged from 0.25 to 1.75 and was significantly higher in snails with both
Philophthalmus sp. and M. novaezealandensis than in snails with only Philophthalmus sp. (P
= 0.005). In addition, there was a significant interaction between the intermediate food
treatment and infection type, though no effect of food treatment was detected (Fig. 4.2, Table
4.2). The double infected snails in the intermediate food treatment group hosted colonies with
a lower caste ratio than either the well fed treatment or the starved treatment. The total
number of rediae per colony ranged from 66 to 510. The only significant factors affecting
total number of rediae were host size and the caste ratio (Table 4.3).
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Figure 4.2 Mean (± S.E.) caste ratio of small to large rediae in Philophthalmus sp. colonies
without or with competition (i.e. single or double infections) by Maritrema
novaezealandensis in three food treatments after ten weeks. Sample size is indicated at the
bottom of each bar.
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Table 4.2 Factors affecting caste ratio of small to large rediae: results of a Linear Model
comparing caste ratio of Philophthalmus sp. colonies with and without competition by
Maritrema novaezealandensis (“Infection”) in three food treatments (well fed treatment,
intermediate food treatment, or starved treatment) after ten weeks.
Factor

Estimate Std. Error

t value

p

Intercept*

0.625

0.153

4.073

<0.0001

Infection

0.463

0.158

2.920

0.005

Intermediate food treatment

0.239

0.131

1.827

0.073

Starved food treatment

-0.018

0.131

-0.138

0.890

Total rediae

0.001

0.0005

1.917

0.060

Infection*Intermediate food

-0.700

0.224

-3.127

0.003

Infection*Starved

-0.243

0.226

-1.074

0.287

* The effect of the well-fed treatment is included in the intercept.
Table 4.3 Factors affecting the total number of rediae: results of a Linear Model comparing
total rediae in Philophthalmus sp. colonies with and without competition by Maritrema
novaezealandensis (“Infection”) in three food treatments (well fed treatment, intermediate
food treatment, or starved treatment) after ten weeks.
Factor

Estimate

Std. Error

t value

p

Intercept*

-218.916

74.232

-2.949

0.005

Infection

-44.460

35.402

-1.256

0.214

Intermediate food treatment

-30.227

28.402

-1.064

0.292

Starved food treatment

-22.831

27.498

-0.830

0.410

Host size

23.686

3.786

6.257

<0.0001

Caste ratio

87.089

26.988

3.227

0.002

Infection*Intermediate food

52.720

50.840

1.037

0.304

Infection*Starved

56.345

47.496

1.186

0.240

* The effect of the well-fed treatment is included in the intercept.
The number of small rediae per colony ranged from 20 to 265; the significant factors
affecting the number of small rediae were the number of large rediae and the interaction
between infection type and the intermediate food treatment (Table 4.4). In a close parallel,
the number of large rediae per colony ranged from 35 to 235; the significant factors affecting
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the number of large rediae were host size, the number of small rediae, and the interaction
between infection type and the intermediate food treatment (Table 4.5).
Table 4.4 Factors affecting the number of small rediae: results of a linear model comparing
number of small rediae in Philophthalmus sp. colonies with and without co-infection by
Maritrema novaezealandensis (“infection”) in three food treatments (well fed treatment,
intermediate food treatment, or starved treatment) after ten weeks.
Factor

Estimate

Std. Error

t value

p

Intercept*

3.545

0.411

8.629

<0.0001

Size

0.007

0.029

0.269

0.7892

Number of Large

0.007

0.002

4.549

<0.0001

Intermediate food treatment

0.265

0.164

1.620

0.1109

Starved food treatment

-1.155

0.161

-0.962

0.3400

Infection

0.323

0.201

1.601

0.1148

Infection*Intermediate food treatment -0.657

0.279

-2.356

0.0219

Infection*Starved food treatment

0.278

0.203

0.8398

0.056

* The effect of the well-fed treatment is included in the intercept.
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Table 4.5 Factors affecting the number of large rediae: results of a Linear Model comparing
number of large rediae in Philophthalmus sp. colonies with and without co-infection by
Maritrema novaezealandensis (“infection”) in three food treatments (well fed treatment,
intermediate food treatment, or starved treatment) after ten weeks.
Factor

Estimate

Std. Error

t value

p

Intercept*

3.214

0.278

11.559

<0.0001

Size

0.073

0.017

4.305

<0.0001

Number of small

0.003

0.001

4.445

<0.0001

Intermediate food treatment

-0.215

0.114

-1.892

0.0635

Starved food treatment

-0.062

0.140

-1.354

0.1811

Infection

-0.190

0.141

-1.354

0.1811

Infection*Intermediate food treatment 0.448

0.196

2.289

0.0258

Infection*Starved food treatment

0.195

1.233

0.225

0.241

* The effect of the well-fed treatment is included in the intercept.

4.4 Discussion
4.4.1 Caste ratio
This study presents the first evidence that caste ratios in trematodes with a division of
labour are influenced by their environment. Philophthalmus sp. colonies which competed
with M. novaezealandensis had a higher caste ratio of small to large rediae than
Philophthalmus sp. colonies without a competitor. The caste ratio of colonies in ideal
conditions (those in well fed snails) increased from a mean of 0.86 small rediae per large
rediae in single infected snails to a mean of 1.25 small rediae per large rediae in double
infected snails (Fig. 4.2). In previous observational studies, the caste ratio in double infected
snails was not higher than that in single infected snails (Leung and Poulin, 2011b). However,
these studies used field-collected snails and/or snails maintained in the laboratory for only a
short period of time, thus ignoring long-lasting effects of what resources had been available
to the snail host in nature. If small rediae are specialised for defence, as was previously
suggested (Hechinger et al., 2011), one would expect the caste ratio in Philophthalmus sp.
colonies to respond to co-infection by M. novaezealandensis with an increase in the relative
numbers of small rediae. Similarly to my results, caste ratios in social insects did not vary due
to ecological factors (one being competition) in a field observational study (Calabi and
Traniello, 1989), but caste ratios did respond to competition by increasing soldier production
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in a seven week laboratory experiment (Passera et al., 1996). This may indicate that there are
many confounding environmental factors that determine caste ratio which can best be
standardised by using experimental treatments either in the field or the laboratory.
The results of this study could also be interpreted within the traditional understanding
of redial generations occurring in most trematode species, in which young, immature rediae
with higher mobility grow into larger rediae capable of producing cercariae (Galaktionov and
Dobrovolskij, 2003; Rondelaud et al., 2009). In this case, the division of labour would be
sequential and follow the ontogeny of rediae, as opposed to involving distinct morphs. If this
were the case, the changes in caste ratios I observed here among treatments would represent
demographic processes, i.e. adjustments to the developmental schedule of growing rediae,
and not the differential production of distinct morphs. These could also be interpreted as
adaptive responses as I explain above and below, following the same rationale driven by what
is the optimal strategy for the whole colony. However, given that the small rediae of my
study species, when left in a suitable culture medium for two months, never grow or develop,
even partially, toward large reproductive rediae nor do they develop germ balls or
underdeveloped cercariae (M. Lloyd, personal observation), I believe that distinct castes do
exist in this species as in other trematodes (Hechinger et al., 2011; Miura, 2012).
Analyses of caste ratios of colonies in snails within different food treatments indicate
that the ratios may be altered in response to available food treatments, though the mechanism
for this is not clear. In well fed snails, the caste ratio of Philophthalmus sp. colonies in double
infected snails was higher than single infected snails. In contrast, the caste ratio of
Philophthalmus sp. colonies in snails in the intermediate food group decreased when coinfected with M. novaezealandensis (Fig. 4.2). This interaction effect between infection type
and the intermediate food treatment was seen in the LMs for caste ratio, large rediae, and
small rediae (Table 4.2, Table 4.4, Table 4.5) . In social insects, there is a temporal constraint
on caste ratio responses to changes in environmental condition (Herbers, 1980; Walker and
Stamps, 1986). Perhaps the caste ratio in the trematode system responds over a long time
period and had not had enough time to fully respond to the food stress treatment over ten
weeks. For instance, caste ratios of social ants respond to changes in food availability over
four months (McGlynn and Owen, 2002). Another explanation for this interaction effect may
be that only colonies in unstressed hosts are able to increase production of small per large
rediae: the caste ratio of colonies in well fed hosts increased in response to competition while
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the caste ratio of colonies in stressed hosts either decreased or stayed the same in response to
competition (Fig. 4.2).
Previous studies show that non-reproducing rediae provide some benefit to
Philophthalmus sp. colonies resulting in higher reproductive output (Lloyd and Poulin, 2012;
Chapter Three). While the mechanisms of this benefit remain unclear, the present experiment
shows colonies may be able to alter caste ratios in response to changes in environmental
conditions, further indicating that small rediae play an important functional role.
4.4.2 Cercarial output strategy
Results also show Philophthalmus sp. colonies alter how they use resources taken
from the host in response to both starvation and competition. Colonies in well fed snails had a
higher reproductive output (up to twofold difference) than colonies in snails in the
intermediate or starved food treatments (Fig. 4.1). When faced with a competitor,
Philophthalmus sp. colonies had a lower reproductive output, but this difference was seen
only between snails in the well fed treatment. Compared to the least stressed colonies (i.e.,
those in well fed, single infection snails), those in the intermediate food treatment showed a
twofold decrease in reproductive output regardless of infection type. Colonies in snails in the
starved treatment showed a dramatic reduction in reproductive output regardless of infection
type. The generally negative impact of food availability for the host on parasite reproductive
output is not surprising as this trend has been recorded multiple times (Kendall, 1949; Keas
and Esch, 1997; Seppälä et al., 2008). The interaction between food treatment and infection
type provides more information on the effect of both: the fact that competition was only seen
between the well fed treatment groups indicates that the effects of host nutrition might
outweigh those of competition, and thus that competition has resource-dependent effects on
trematode colonies.
Interestingly, the small-to-large caste ratio was a significant factor in the LMM
comparing cercarial output between groups (Table 4.1). The most successful colonies which
produced the highest number of cercariae had a high number of small rediae in relation to
large rediae. Since the cercariae develop and are released from large rediae only, this
indicates that there is a strong indirect benefit of the small rediae in terms of colony success.
However, the interaction term between the small-to-large caste ratio and infection by M.
novaezealandensis was not significant, indicating this benefit of small rediae might not be
playing a role in competition. Parallel results were seen in Chapter Three. Colonies kept in
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culture were significantly more successful (as measured by cercarial output) when small
rediae accompanied the large rediae regardless of the presence or absence of competition by
M. novaezealandensis.
The total number of small and large rediae per colony did not respond to infection
type of its host. This provides evidence that Philophthalmus sp. colonies do not change their
investment into growth or future reproductive output (large rediae) in response to
competition. The same result has been seen in Philophthlamus sp. colonies in response to coinfection by M. novaezealandensis (Keeney et al., 2008a), as well as in another similar
trematode species pair (Hendrickson and Curtis, 2002). The difference in the numbers of
cercariae produced by Philophthalmus sp. colonies in unstressed hosts (well fed, single
infections) and stressed hosts (starved, double infections) indicates that rediae appear able to
increase their per capita cercarial output when not under stress.
Host size was a significant factor in the Linear Models comparing metacercarial
output, total number of rediae, number of large rediae, and number of small rediae. The effect
of host size on the number of rediae within the host is a pattern seen before in this species
(Keeney et al., 2008a). Furthermore, assuming competitive pressure at this stage in the
trematode life-cycle is for space and food, it is not surprising that host size would affect
metacercarial output. Larger hosts would provide more of both of these resources, allowing
for higher metacercariae output from the colony.
Taken together, the results from this study indicate Philophthalmus sp. colony
organisation may be altered in response to environmental conditions. In addition, there was
no difference in host survival between any treatment groups; only one to four snails died
from each treatment (eight in total out of 71 snails). This provides further support for the
hypothesis put forth by Jokela et al. (2005) that parasites can alter the amount of resources
taken from a host under stress to avoid over-exploitation and parasite-induced mortality.
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Chapter Five Microsatellite marker design

Abstract
Eight polymorphic microsatellite markers were designed for Philophthalmus sp. Repeat
motifs were selected from a genomic library prepared from a 454 shotgun sequencing
procedure. Primers were designed to be able to multiplex all eight PCR products within one
sample. Nineteen rediae from separate Philopthalmus sp. infections were genotyped to
estimate the frequency of alleles at Lower Portobello Bay. Based on this initial estimation,
each locus had between three and eight alleles, frequencies ranged from 0.03 to 0.50, and
observed heterozygosities ranged from 0.48 – 0.93. These microsatellite markers will be
necessary to distinguish between single and mixed genotype Philophthalmus sp. infections
within the first intermediate host.
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5.1 Introduction
The first intermediate host of a trematode life-cycle (most commonly a gastropod) can
be infected by multiple colonies (either hetero or conspecific) at any one time. While
heterospecific co-infections are obvious as rediae or sporocysts of different species can
usually be distinguished morphologically, conspecific co-infections are not. Each snail host
can be infected by multiple miracidia of the same species, resulting in genetically distinct but
visually indistinguishable colony members (Minchella et al., 1995). Microsatellite markers
can be used to identify very small differences in genotype between individuals of the same
species (Keeney et al., 2007). They have been used to identify multiple genotype trematode
infections and quantify the frequency of occurrence within natural populations (Sire et al.,
1999; Theron et al., 2004; Rauch et al., 2005; Keeney et al., 2007; Lagrue et al., 2007).
Interactions between multiple conspecific trematode infections in the same first
intermediate host are hypothesised to (1) have a negative effect on both colonies due to
competition for space and food, or (2) have a positive effect on both colonies via increased
infection success of the second intermediate host, because a simultaneous attack by
genetically diverse cercariae emerged from the same snail host may compromise the immune
system of the second intermediate host (the facilitation hypothesis) (Karvonen et al., 2012).
Competitive interactions involving Philophthalmus sp. in the first intermediate host are of
particular interest because this trematode uses a division of labour in its colonies; large,
asexually reproducing rediae exist alongside a morphologically distinct, small, nonreproducing redial morph which appears specialised for defense against competing infections
(Leung and Poulin, 2011b). Since Philophthalmus sp. infective stages leave the first
intermediate host to encyst on the outside shell of other gastropods (Neal and Poulin, 2012),
there is no immune system of the second intermediate host to overcome, and only the first
hypothesis above applies in this case. Therefore, one would predict a negative effect on
colonies in multiple genotype infections in the first intermediate host.
Here I developed eight microsatellite markers specific to Philophthalmus sp. to
identify multiple genotype infections where intraspecific competition is likely occurring.

5.2 Methods
Microsatellite markers specific to Philophthalmus sp. were designed from a genomic
library prepared from a Roche 454 shotgun sequencing procedure (Abdelkrim et al., 2009). A
Philophthalmus sp. infected snail was collected from Lower Portobello Bay, Otago Harbour,
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South Island, New Zealand (45°52’ S, 170°42’ E) during September 2010. Small and large
rediae were dissected from one snail and rinsed three times in autoclaved water to remove all
snail tissue. DNA was extracted from pooled rediae. They were placed in 20 µl buffer (0.1M
NaCl, 0.05 M Tris-HCl, 0.01 M Na2EDTA, pH 8.0), 2 µL Tween [20] 2%, and 4 µL
Proteinase K (20 mg/ml; Roche #03115879001). The sample was heated for two hours in a
65°C water bath (mixed and spun at 30 minute intervals) and boiled at 95°C for 10 minutes.
Samples were then cooled to room temperature and kept frozen (Devlin et al., 2004). The
concentration of DNA was measured using a NanoDrop (ND-1000 spectrophotometer)
(556.7 ng/ul).
A genomic library was prepared using a Roche 454 shotgun sequencing procedure.
One sixteenth of a LR70 plate was run through the Genome Sequencer FLX System (Roche,
Penzberg, Germany) (Margulies et al., 2005). Reads were converted into two separate
FASTA files. Sequences were analyzed and filtered for quality using a trial version of
Geneious 5.4 (Drummond et al., 2011). Sequences containing repeats were identified using
MSATCOMMANDER (Faircloth, 2008). I looked for repeat regions of at least 6X
dinucleotide repeats; 4X trinucleotide repeats, and 3X tetranucleotide repeats. From this
library or sequences containing repeat regions, those nested within enough readable sequence
to design primers were manually identified. Using Primer 3 plus (Untergasser et al., 2007),
primer pairs were designed around repeat motifs. All primers were designed to amplify at
similar conditions (melting temperatures between 55-62°C optimum 60°C; GC% 45-55
optimum 50; length 18-20bp). Net Primer (http://www.premierbiosoft.com/netprimer/), was
used to determine if primers would form dimers, palindromes, or hairpins. To each forward
primer, an 18 base-pair M13(-21) tail was added to the 5’ end
(TGTAAAACGACGGCCAGT). This, when combined with the fluorescently labeled
universal M13(-21) primer (labeled with either FAM, PET, NED, or VIC fluorescent dye) in
the PCR reaction, allows for fluorescent labeling of PCR products (Schuelke, 2000). Primers
were dyed strategically to allow for multiplexing (all 8 primers can be combined and
analysed in one sample). To each reverse primer, a pigtail sequence was added to the 5’ end
(GTTTCTT) to inhibit addition of non-template nucleotides to the 3’ end of the PCR product
(Brownstein et al., 1996). In total 57 primer pairs were ordered from Sigma.
Initial primer amplification and optimal conditions were tested using DNA extractions
from nineteen Philophthalmus sp. infections dissected out of snails collected from Lower
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Portobello Bay on 4 October, 2011. One redia from each infection was used for DNA
extraction to ensure single genotypes were being observed. DNA was extracted according to
the previously mentioned protocol. PCR reactions contained 15 ng DNA template, 0.45 U
DNA Polymerase (Bioline), 800µM of each dNTP, 0.04 µM forward primer, 0.16µM reverse
primer, 0.16 µM fluorescently dyed M13(-21) primer, 1.5 mM MgCl2, in 10X NH4 reaction
buffer (160mM (NH4)2SO4, 670 mM Tris-HCL (pH 8.8 at 25C), 0.1% Tween-20) and made
up to a final volume of 10µL with milliQ water. Products were amplified using an Eppendorf
Mastercycler ep gradient S thermocycler as follows: an initial 2 minutes at 94°C, 30 cycles of
denaturation (94°C, 30 seconds), annealing (55°C, 45 seconds), and extension (72°C, 45
seconds), followed by 12 cycles to further amplify the dyed primer which included
denaturation (94°C, 25 seconds), annealing (53°C, 45 seconds), and extension (72°C, 45
seconds); final extension time was 10 minutes at 72°C followed by 30 minutes at 60°C. To
ensure PCR amplification occurred successfully, products were run through a 1% agarose gel
dyed with SYBER Safe DNA gel stain (Invitrogen). Electrophoresis of the amplified
products was performed using the ABI 3730xl DNA Analyser (Applied Biosystems, Foster
City, CA, USA). Loci were scored using GeneMarker (Softgenetics, LLC, State College, PA,
USA) and were useful as markers if they were both polymorphic and highly allelic.
Allele frequencies from this initial screen were used to estimate allele frequencies for
the Philophthalmus sp. population in Lower Portobello Bay. The expected and observed
heterozygosity of allele frequencies at each locus was determined using GDA version 1.1
(Lewis and Zaykin, 2001). Loci were tested for deviation from Hardy–Weinberg equilibrium
(HWE) and genetic disequilibrium was tested for all loci pairs using Fstat version 2.9.3.2
(Goudet, 2002). p values were corrected for multiple simultaneous pair wise comparisons
using the Bonferroni correction (Rice, 1989).

5.3 Results
The 454 genomic library produced 47,299 sequences between 21-713 base pairs long
containing 400 potentially useful repeat motifs. Fifty seven total primer pairs were ordered.
Eight primer pairs amplified loci that were polymorphic and highly allelic. The number of
alleles at each locus ranged from three to eight. Markers were designed to be multiplexed. All
eight primers use the same PCR conditions and amplified products from all primers can by
analyzed in one reaction (see table 5.1 for primer conditions). Allele frequencies were
estimated from the results of nineteen individually genotyped rediae from separate colonies.
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Frequencies ranged from 0.03 to 0.50. Rare alleles were not represented in the subset of
individuals used to estimate allele frequencies (for example, alleles 304 and 307 for locus
44). They are included here (see Table 5.2) because they were observed in subsequent
individuals genotyped with these markers. Observed heterozygosity ranged from 0.48 – 0.93
and expected heterozygosity ranged from 0.10 – 0.66. The observed heterozygosity of five of
the eight loci were significantly higher than expected, but only four of eight deviated
significantly from HWE after using the Bonferroni correction (Table 5.1). Genetic
disequilibrium was not found to be significant for any pairs of loci.

5.4 Discussion
Using a genomic library generated from 454 sequence data, microsatellite repeat
motifs were identified for Philophthalmus sp. Eight primer pairs were designed and
optimised to amplify polymorphic loci using a cost effective, high throughput method. Each
locus has between three and eight alleles. Allele frequencies and observed heterozygosities
ranged from 0.03 – 0.50 and 0.48 – 0.93, respectively. Four of the eight loci deviated
significantly from While Hardy-Weinberg equilibrium (Table 5.1) as the observed
heterozygosity was higher than expected. While Hardy-Weinberg equilibrium was expected
for all loci, a similar results had been seen before in other trematode species (Leung et al.,
2009). More importantly, genetic disequilibrium was not found for any primer pairs. These
microsatellite markers are a valuable tool in understanding the intraspecific interaction in
Philophthalmus sp. colonies; they will allow for identification of genotype of individual
rediae as well as identification of colonies which contain single or multiple genotypes.
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Table 5.1 Microsatellite loci for Philophthalmus sp. Ta indicates the optimal annealing temperature, HO indicates the observed heterozygosity,
HE indicates the expected heterozygosity, and * indicates where the observed heterozygosity deviates significantly from the expected
Locus

Pbu7

Repeat
Motif
(TG)14

Pbu30 (AC)12

Pbu32 (AC)10

Pbu36 (AC)12

Pbu43 (AC)8

Pbu44 (ATC)9

Pbu48 (AC)10

Pbu57 (AT)8

Primer Sequence (5’-3’)
F: TGTAAAACGACGGCCAGT GATGAACGAGAACCGACACA
R: GTTTCTT CGTGGAAAACAAACGAACAG
F: TGTAAAACGACGGCCAGTGGCTTGTTCACCATAGTCGC
R: GTTTCTTTCGTGTAGTTCTGATGCAATGTG
F: TGTAAAACGACGGCCAGTTGGTGGGCGGTTAGTACTTC
R: GTTTCTTGCTGCCATGCTTACCAGATC
F: TGTAAAACGACGGCCAGTCTGACTGTTCTTGCACACCG
R: GTTTCTTGTGTGAAACGCTGCATTTCC
F: TGTAAAACGACGGCCAGTTGTTGCCAAGTCAAGACACC
R: GTTTCTTGGGATTGTTTCGACCTGAGC
F: TGTAAAACGACGGCCAGTGGTCATGGATGGATGTTCGC
R: GTTTCTTACGATGGGTTGATGATGCAG
F: TGTAAAACGACGGCCAGTTGAGGGTAGGGCATCAAACG
R: GTTTCTTGGAATCCGTAGTGAATCAGTCG
F: TGTAAAACGACGGCCAGTTGGCCCAAATATAGACCCGG
R: GTTTCTTATCGACGGCATAAGGGAAAC

Ta

Range (bp)

No.
Alleles

HO(HE)

Dye used to
Multiplex

55°C

196-218

12

0.81(0.47)* VIC

55°C

154-162

5

0.48(0.45)

VIC

55°C

118-124

4

0.67(0.66)

PET

55°C

159-171

8

0.85(0.50)* PET

55°C

233-239

3

0.64(0.10)* FAM

55°C

289-307

8

0.66(0.53)

VIC

55°C

295-305

6

0.77(0.60)

NED

55°C

166-194

10

0.93(0.38)* NED
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Table 5.2 Estimated allele frequencies for Philophthalmus sp. microsatellites
Locus
Pbu7

Pbu30

Pbu32

Pbu36

Allele

Frequency

Locus

196

0.08

Pbu43

198

Allele

Frequency

233

0.50

0.04

235

0.35

200

0.27

237

0.15

202

0.12

289

0.09

204

0.42

292

0.35

206

0.04

295

0.47

208

0.12

298

0.06

210

0.00

301

0.03

212

0.08

304

0.00

214

0.00

307

0.00

216

0.00

295

0.20

218

0.00

297

0.10

154

0.80

299

0.27

156

0.05

301

0.37

158

0.10

303

0.00

160

0.05

305

0.00

162

0.05

166

0.06

118

0.50

168

0.13

120

0.27

172

0.00

122

0.17

174

0.13

124

0.07

178

0.06

157

0.00

180

0.13

159

0.04

182

0.00

161

0.07

184

0.25

163

0.25

188

0.06

165

0.07

194

0.06

167

0.21

169

0.11

171

0.00

Pbu44

Pbu48

Pbu57
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Chapter Six
The prevalence and effect of intraspecific
competition in trematode colonies with a division
of labour
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Abstract
A division of labour exists in the clonal colonies of the trematode, Philophthalmus sp. within
their snail intermediate hosts. There exist two distinct castes: one which reproduces and one
which is unable to reproduce and provides benefits to the colony in some other way. This
recently uncovered trait has been reported from a number of other closely related trematode
species. It has been hypothesised, based on caste member behaviour as well as parallels with
the division of labour in social insects, that the division of labour in trematodes plays a role in
competitive interactions, and that the role of the non-reproductive caste is to defend the
colony against co-infecting trematodes. Evidence for this in Philophthalmus sp. colonies has
been somewhat contradictory: the small, non-reproductive caste members appear to benefit
the colony in some way but not necessarily by combating interspecific competitors. The aims
of this study were to consider intraspecific competitive interactions in the role of the division
of labour in Philophthalmus sp. colonies. Results show that mixed genotype infections do
occur in Philophthalmus sp. infected hosts, indicating that conspecific colonies co-occur in
the same host and that intraspecific competition is thus likely. Furthermore, the total number
of individuals in each colony is reduced in mixed genotype infections compared to what is
seen in single genotype infections, indicating intraspecific competition also reduces colony
fitness. However, the results do not indicate that the division of labour in Philophthalmus sp.
plays a role in competitive interactions, since the ratio of small, non-reproductive to large,
reproductive individuals is unaffected by the presence of conspecific competitors. This is the
first study to identify and quantify intraspecific competition in Philophthalmus sp., and
determine the role it plays in this species’ division of labour.
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6.1 Introduction
A division of labour has recently been observed in some species of parasitic
trematode (Hechinger et al., 2011; Leung and Poulin, 2011b; Miura, 2012). Trematodes have
complex life-cycles, requiring transmission of specific life-cycle stages to two or more
sequential hosts. Juvenile trematodes (either rediae or sporocysts, depending on the species)
live within a first intermediate host (most commonly a gastropod) where they asexually
reproduce, forming a clonal colony (Galaktionov and Dobrovolskij, 2003). Free swimming
life-cycle stages (cercariae) develop within either the rediae or sporocysts and leave the
gastropod host to encyst in or on a second intermediate host (Galaktionov and Dobrovolskij,
2003). In colonies of species with a division of labour (including Philophthalmus sp.), there
exist two distinct morphs or castes within the redial colony: a large, reproducing morph and a
small, non-reproducing morph (Hechinger et al., 2011; Leung and Poulin, 2011b; Miura,
2012). It has been hypothesised, based on the behaviour of rediae and in parallel to the well
studied division of labour in social insects, that the small, non-reproducing rediae are
specialised for defense against co-infecting trematode colonies (Hechinger et al., 2011).
Philophthalmus sp. infects the common New Zealand mudsnail, Zeacumantus
subcarinatus, as its first intermediate host (Martorelli et al., 2008). Six other trematode
species commonly infect this host and one host individual can be infected by multiple species
or multiple colonies of the same species (Martorelli et al., 2004; Martorelli et al., 2006;
Keeney et al., 2008a; Martorelli et al., 2008). In the first intermediate host, competition
between trematode colonies is expected for resources of space and food (Sousa, 1992; Poulin,
2001). Indeed, competition between Philophthalmus sp. and the most common trematode
infecting Z. subcarinatus, Maritrema novaezealandensis, is strong. The cercarial output from
Philophthalmus sp. colonies co-infected with M. novaezealandensis is lower than that of
Philophthalmus sp. colonies without competition, both in vitro and in vivo (Lloyd and Poulin,
2012; Lloyd and Poulin, 2013; Chapters Three and Four).
Since interspecific competition is strong between Philophthalmus sp. and M.
novaezealandensis, it is likely that the small rediae play an adaptive role in the interaction
between these two species. This has been investigated in the past by quantifying the caste
ratio (the number of small rediae in relation to the number of large rediae) from colonies with
and without competition (Leung and Poulin, 2011b; Kamiya and Poulin, 2013b; Lloyd and
Poulin, 2013; Chapter Four). The theory of optimal caste ratios, derived from the social insect
literature, predicts that in colonies with a division of labour, selection will act on the colony
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as a whole instead of acting on individuals. Furthermore, colony demographic traits, such as
caste ratio, should be adaptive and optimised to varying environmental conditions (Oster and
Wilson, 1978). Evidence supporting this theory comes from both intraspecific competitive
interactions in ants (Passera et al., 1996) and interspecific competitive interactions in
polyembryonic wasps (Harvey et al., 2000). When applied to trematodes with a division of
labour, this theory predicts that the number of small rediae in relation to large rediae should
be higher in colonies involved in competitive interactions. However, the evidence for this
happening in Philophthalmus sp. colonies is not consistent: field collected colonies show no
difference in caste ratio between those with or without co-infection by the competitor M.
novaezealandensis (Leung and Poulin, 2011, Kamiya and Poulin 2013b, Chapter Seven).
However, the caste ratio of in vitro Philophthalmus sp. colonies exposed to interspecific
competition kept in a laboratory experiment increased compared to those colonies without
interspecific competition (Lloyd and Poulin, 2013; Chapter Four). Furthermore,
Philophthalmus sp. colonies from geographical locations with a very high combined
prevalence of all trematode species have a higher caste ratio than colonies from locations
with a low trematode prevalence (Chapter Seven).
To date, however, the role of small non-reproductive rediae has only been
investigated in the context of interspecific competition between different trematode species
sharing the same snail host. Intraspecific competition has been frequently documented in
numerous trematode species in their first intermediate host (Minchella et al., 1995; Dabo et
al., 1997; Sire et al., 1999; Theron et al., 2004; Rauch et al., 2005; Keeney et al., 2007). This
competitive interaction is hypothesised to have a negative impact on both colonies as
trematode colony growth is generally limited by the resources of space and food within the
host (Kuris and Lafferty, 1994; Read and Taylor, 2001). The incidence of hosts with mixed
genotype infections (and thus competing colonies of the same species resulting from separate
infections of the snail by different miracidia) is generally positively related with infection
prevalence of that species (Louhi et al., 2013): only 11.6% of all Schistosoma mansoni
infected snails were mixed genotype infections when the overall prevalence of S. mansoni
was 0.21%-4.76% (Sire et al., 1999) while up to 48% of M. novaezealandensis infections are
mixed genotype infections when the overall prevalence can be up to 80% (Keeney et al.,
2007). Intraspecific competition has also been found to be strong, as it significantly reduces
the fitness of each colony involved in the interaction. The cercarial output from double
genotype infected hosts is not increased two fold compared to single genotype infected hosts,
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indicating that the output per colony in mixed genotype infections is reduced (Davies et al.,
2002; Karvonen et al., 2012). However, the incidence of mixed genotype infections can be
higher than expected by chance, indicating either a passive demographic aggregation of
parasites in hosts or an advantage of existing in a mixed genotype infection (Minchella et al.,
1995; Louhi et al., 2013). The facilitation hypothesis, which explains the benefits of existing
in mixed genotype infections in the first intermediate host, postulates that mixed genotype
infections are more successful because the genetically diverse cercariae they release are better
at evading the second intermediate host’s immune systems, increasing transmission success
(Karvonen et al., 2012).
Since the prevalence of Philophthalmus sp. is relatively high at Lower Portobello Bay
(up to 13%, see Chapter Seven), intraspecific competition is expected to occur when host
individuals are infected by multiple Philophthalmus sp. colonies. Only a negative
consequence would be expected from mixed genotype infections in this system. Studies of
interspecific competition indicate that competitive interactions have a negative impact on
Philophthalmus sp. colony fitness (Lloyd and Poulin, 2012; Lloyd and Poulin, 2013;
Chapters Three and Four) and metacercariae of this species, after exiting the snail host,
encyst on the shell of the second intermediate host (Neal and Poulin, 2012) so there would be
no benefit of mixed genotype infections evading the second intermediate host’s immune
system.
Perhaps the small rediae in Philophthalmus sp. colonies are also specialised for
defense against conspecific colonies. Previous studies considered only interspecific
competition, and thus ignored how caste ratios may respond to competitive interactions from
conspecifics. The aims of this study were to, first, quantify the frequency and the strength of
intraspecific competitive interactions faced by Philophthalmus sp. colonies, and, second,
determine if the division of labour in this species plays a role in these interactions. This was
achieved by identifying hosts infected by mixed genotypes, counting the total number of
rediae in each host, and calculating the small-to-large caste ratio in these colonies.

6.2 Methods
6.2.1 Snail collection, dissection, counting ratio
Approximately 2000 Zeacumantus subcarinatus mudsnails were collected from
Lower Portobello Bay, Otago Harbour, South Island (45°52’ S, 170°42’ E) in September and
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November 2012. Philophthalmus sp. infection prevalence is high at this site compared to
others and therefore, mixed genotype infections are expected. All snails larger than 11.0mm
were screened to quickly identify Philophthalmus sp. infections. This was done by forcing
cercarial release by incubating individual snails overnight at 26°C in wells of a 12-well
culture plate filled with natural sea water. The maximum shell length of Philophthalmus sp.
infected snails was measured to the closest 0.1mm before dissection. The snail visceral mass
was dissected out of the snail shell and teased apart to release Philophthalmus sp. rediae.
Rediae were dyed with Neutral Red, and pressed between two glass slides. Philophthalmus
sp. small and large rediae were counted separately. The caste ratio was calculated as the
number of small rediae divided by the number of large ones. Approximately one third of the
rediae, taken equally from small and large morphs, were collected from each infection and
used in genetic analysis to detect mixed genotype infection. Rediae from each infection were
pooled in separate 1.5ml Eppendorf tubes and washed three times with 95% ethanol.
Philophthalmus sp. infected snails with co-infections by M. novaezealandensis were also
included.
6.2.2 Genetics analysis
Mixed genotype infections were identified using a set of eight microsatellite markers
(see Chapter Five). Ethanol was carefully removed from the tube containing the pooled rediae
from one snail and 400µl 5% Chelex solution containing 0.2 mg/ml proteinase K was added.
They were incubated at 60°C overnight and boiled at 95°C for 8 minutes. Tubes were
centrifuged for 10 minutes at 20817 x g (Eppendorf centrifuge 5430). DNA in the supernatant
was collected and the concentration was determined using a NanoDrop (ND-1000
spectrophotometer).
Eight microsatellite markers were designed to use the same PCR conditions. PCRs
consisted of 15 ng DNA, 0.45 U DNA Polymerase (MyTaq Red, BIO-21108, BIOLINE),
0.04µM forward primer, 0.16µM reverse primer, 0.16µM fluorescently dyed M13(-21)
primer, 1X MyTaq red buffer (1mM dNTPs, 3mM MgCl2, stabilisers, and enhancers), made
up to 10µl with milliQ water. Products were amplified using an Eppendorf Mastercycler ep
gradient S thermocycler and consisted of an initial 2 minutes at 94°C, 30 cycles of
denaturation (94°C, 30 seconds), annealing (55°C, 45 seconds), and extension (72°C, 45
seconds), followed by 12 cycles to further amplify the dyed primer which included
denaturation (94°C, 25 seconds), annealing (53°C, 45 seconds), and extension (72°C, 45
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seconds); final extension time was 10 minutes at 72°C followed by 30 minutes at 60°C.
Electrophoresis of the amplified products was performed using the ABI 3730xl DNA
Analyser (Applied Biosystems, Foster City, CA, USA). Loci were scored using GeneMarker
(Softgenetics, LLC, State College, PA, USA). Colonies were scored as consisting of more
than one genotype if there were three or more peaks at any locus. Peaks were scored
conservatively to be sure genotypes which occurred at a very low frequency weren’t
overlooked. In any case of a discrepancy between a peak that could be a background stutter
peak or an additional allele, it was scored as an additional allele.
In addition, allele frequencies estimated from individually genotyped rediae from
nineteen colonies were used to differentiate between single infection colonies and colonies
which were potentially mixed infections masked by being heterozygous at all tested loci (see
Table 5.2 for estimated allele frequencies). For example, if results of my genetic analysis
showed a colony was heterozygous at all tested markers, this colony could be either a single
infection with a high level of heterozygosity, or a mixed infection which was not identified.
For each infection, allele frequencies were used to calculate the probability that the infection
contained multiple genotypes. This was done using loci which appeared homozygous
according to my genetic analysis and calculating the probability of these homozygous loci
occurring four times (trematodes are diploid, i.e. there would be four copies of a homozygous
allele at each locus in the case of a double genotype infections). Any colony with a
probability of mixed genotype infection lower than 10-7 was considered a single infection
colony, any colony showing three or more peaks at any locus was classified as a guaranteed
mixed genotype colony (see above), and all remaining colonies were considered
unclassifiable and not used in the statistical analysis. A conservative cutoff of 10-7 was used
based on a similar method from Karvonen et al. 2012, which used a cutoff of 10-5. I decided
to use a slightly more conservative cutoff than previously reported because the initial sample
size was large (64 infections) and even after unkown infections were eliminated, 27 single
genotype infections remained.
6.2.3 Statistical analyses
All statistical analyses were completed in R version 2.14.0 (R Development Core
Team, 2011b). Linear Models (LMs) in the package Stats (Wilkinson and Rogers, 1973;
Chambers, 1992) were used to compare colony organisation between colonies with and
without inter or intraspecific competition. The small-to-large caste ratio was compared
between Philophthalmus sp. single infection colonies, mixed species colonies (those co-
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infected with M. novaezealandensis), and mixed genotype colonies. Predictor variables in the
LM included the competition status (either single, mixed species, or mixed genotype), the
total number of rediae, and host size (shell length). The caste ratio was log transformed to
meet assumptions of normality. The total number of rediae was also compared between
colonies. Predictor variables included the small-to-large caste ratio, host size, and infection
status (either single, mixed species, or mixed genotype). The total number of rediae was log
transformed to meet assumptions of normality. Post hoc tests were performed to detect
differences in either caste ratio or total number of rediae between group pairs (ie single
infection vs. mixed genotype infection, single infection vs. mixed species infection, and
mixed genotype infection vs. mixed species infection) using the Multcomp package (Hothorn
et al., 2008).

6.3 Results
6.3.1 Single and mixed infections
Sixty four Philophthalmus sp. snails were dissected, their sizes ranging from 11.9 mm
– 19.2 mm. The genotype of each infection was determined using eight microsatellite
markers. Infections were scored as containing multiple infections if there were three or more
alleles observed at any one locus. Eight multiple infections were observed. Of the remaining
56 infected snails, ten had double species (Philophthalmus sp. and M. novaezealandensis)
infections and were put in the mixed-species infection category. For the remaining infected
snails, a probability was calculated to determine the likelihood that the infection consisted of
only a single genotype (see Appendix 2). Infections were scored as single infections when
this probability was below 10-7. Such a conservative cut off was chosen because of the
relatively large initial sample size. Using this cut off, there were 27 single genotype
infections. The remaining 19 infections were not classifiable as being either single or mixed
genotype infections, and are hereafter excluded.
6.3.2 Effects of competition
The small-to-large caste ratio of all 64 colonies ranged from 0.48 – 2.44. It did not
differ between single genotype colonies, mixed species infections, or mixed genotype
infections (Fig. 6.1). The total number of rediae per colony was a significant predictor
variable in this model: there was a positive effect of total rediae on the small-to-large caste
ratio (Table 6.1). The total number of rediae per colony from all 64 colonies ranged from 79 583. Similarly to caste ratio, there was no difference in the total number of rediae between
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single genotype colonies, mixed species colonies, and mixed genotype infections (Fig. 6.2).
Significant factors in the linear model included the small-to-large caste ratio and the snail
length (Table 6.2). Post hoc tests indicate there was no difference of small-to-large caste
ratio or total number of rediae between any group pairs (Fig. 6.1 and Fig. 6.2). Therefore,
there was no effect of either inter or intraspecific competition on colony organisation (caste
ratio or total number of rediae). To check if there was an effect of competition regardless of
whether it was inter- or intraspecific, a further Linear Model was performed which compared
single infection colonies vs. the combined mixed genotype colonies and mixed species
colonies. However, this additional analysis also showed that there was no effect of
competition on either the small-to-large caste ratio (p = 0.511) or the total number of rediae
(p = 0.396).
Table 6.1 Results of a Linear Model comparing the small-to-large caste ratio of
Philophthalmus sp. single infection colonies, mixed species colonies, or mixed genotype
colonies
Factor

Estimate

Std. Error

t value

p

Intercept*

0.118

0.627

0.188

0.852

Mixed species

0.161

0.153

1.059

0.296

Mixed genotype

-0.017

0.165

-0.105

0.917

Total number of rediae

0.002

0.001

2.271

0.029

Host size

-0.037

0.047

-0.787

0.436

*The effect of the single infection is included in the intercept
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Figure 6.1 Mean (± S.E.) caste ratio of small-to-large
small
rediae in Philophthalmus sp. single
infection colonies, mixed species colonies, or mixed genotype colonies. p values from post
hoc comparisons between each possible pair.
Table 6.2 Results of a Linear Model compari
comparing
ng the total number of rediae from
Philophthalmus sp. single infection colonies, mixed species colonies, or mixed genotype
colonies
Factor

Estimate

Std. Error

t value

p

Intercept*

2.941

0.522

5.636

<0.0001

Mixed species

0.046

0.137

0.339

0.737

Mixed genotype

0.142

0.144

0.986

0.330

Caste ratio

0.305

0.122

2.498

0.017

Host size

0.147

0.033

4.394

<0.0001

*The effect of the single infection is included in the intercept
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Figure 6.2 Mean (± S.E.) number of rediae in Philophthalmus sp. single infection colonies,
mixed species colonies, or mixed genotype colonies. p values from post hoc comparisons
between each possible pair.

6.4 Discussion
This is the first study that has identified mixed genotype Philophthalmus sp.
infections in their first intermediate host, Z. subcarinatus. Of the 64 Philophthalmus sp.
infected snails, eight were definitely mixed genotype infections, 27 were single genotype
infections, and the status of the remaining 29 (which include some snails also harbourin
harbouring M.
novaezealandensis)) remains uncertain. These findings indicate that at least 22% (16 out of
72, assuming only two colonies per snail for each of the 8 snails with a mixed genotype
infection) of Philophthalmus sp. colonies experience intraspecific compe
competition
tition in the study
population. This may be a little higher, if some of the snails with unknown status turned out
to harbour multiple infections, or if some of the snails with guaranteed multiple infections
consist of more than two colonies.
The results off this study suggest that intraspecific competition does occur: the total
number of rediae did not differ between single or mixed genotype infections ((Fig.
Fig. 6.2). If
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intraspecific competition were absent, each individual colony in mixed genotype infections
would achieve roughly the same size regardless of the presence of a conspecific colony, and
the total number of rediae per snail should, therefore, be at least twofold higher in snails with
multiple infections. Here it was found that the colonies in mixed genotype infections are
made up of fewer rediae per colony than those in single genotype infections. Furthermore,
intraspecific competition is perhaps stronger than interspecific competition. Studies of
interspecific competition between Philophthalmus sp. and M. novaezealandensis have found
that the number of Philophthalmus sp. rediae does not differ significantly between single and
double species infections. While the presence of M. novaezealandensis does not inhibit
colony growth or size of Philophthalmus sp. colonies, it does have a negative impact on
cercarial output (Keeney et al., 2008a; Lloyd and Poulin, 2012, 2013; Chapters Three and
Four). While cercarial output from mixed vs. single genotype infections was not quantified in
this study, the number of rediae per colony in mixed genotype infections is greatly reduced.
Assuming the numbers of rediae in different infections in mixed genotype infections don’t
dramatically vary, it is most likely that the cercarial production per colony is reduced as well,
as was seen in a similar trematode species (Karvonen et al., 2012). Alternatively, if the
number of rediae of one genotype greatly outnumber the other, cercariae output of the
dominant genotype may not be altered.
Despite the presence and hypothesised strength of intraspecific competition, it had no
effect on the small-to-large caste ratio in Philophthalmus sp. colonies (Table 6.1), leading us
to believe the division of labour in this species does not play a role in competition against
conspecific co-infections. More evidence for this comes from the fact that the small-to-large
caste ratios from colonies taken from two sites (Lower Portobello Bay, the site used in this
study, and McCormack’s Bay Reserve, Christchurch) are similarly high despite substantial
differences in Philophthalmus sp. prevalence (up to 13% at Lower Portobello and only 2.5%
in McCormack’s Bay) (Chapter Seven). All else being equal, and invoking only passive
infection mechanisms, a higher prevalence should result in a higher frequency of multiple
conspecific infections of the same snail, i.e. more mixed genotype infections. Given that the
overall trematode prevalence at these two sites was similar (Lower Portobello Bay =53.9%;
McCormack’s Bay =59.3%), if intraspecific competition was a driving factor in the
production of small rediae, a higher ratio would be expected from Lower Portobello Bay. The
fact that I did not see this pattern is not entirely surprising as small soldier-like rediae in two
other philophthalmid species do not attack conspecific rediae but do attack heterospecific

Chapter Six Intraspecific competition

96

rediae when kept in in-vitro culture (Miura, 2012). However, it is possible for small
trematode rediae to identify and attack conspecific individuals in another trematode species
from a different family (Hechinger et al., 2011).
Based on the hypothesis that intraspecific competition may be stronger than
interspecific competition, it is surprising that small trematode rediae in all species with a
division of labour do not readily attack conspecific individuals. Perhaps this is due to the
heterogeneity of infection prevalence at different sites. For example, the prevalence of
Philophthalmus sp. is high at Lower Portobello Bay but dramatically lower at other sites
around New Zealand (Keeney et al. 2009, Chapter Seven). Substantial gene flow appears to
be occurring between these sites (Keeney et al., 2009), which can limit the potential for local
adaptation. If the frequency of intraspecific competition is very low throughout most of the
geographical range of Philophthalmus sp., then the selection pressure to allow for the
evolution of conspecific recognition might be relatively weak everywhere except for Lower
Portobello Bay. This could also explain why, in a different system involving different
trematode species, Himasthla sp. B can recognise conspecific individuals but Philophthalmid
sp. I, Philophthalmid sp. II and Acanthoparyphium sp. I cannot (Hechinger et al., 2011,
Miura, 2012). Infection prevalence of Himasthla sp. B is relatively high in its first
intermediate host from multiple sites: up to 15.5% from Santa Barbara and 20% from San
Francisco (Sousa, 1992; Lafferty et al., 1994). If all, or almost all, populations of Himasthla
sp. B encounter intraspecific competition, it would be advantageous for the small rediae to be
able to identify conspecific individuals. While information on prevalence is not as readily
available for Philophthalmid sp. I and Acanthoparyphium sp. I, the prevalence of
Philophthalmid sp. II is highly variable around Japan (Miura et al., 2005) and the overall
occurrence of intraspecific competition is probably low.
The results of this study do not indicate that small-to-large caste ratios in
Philophthalmus sp. colonies are responding to either inter or intraspecific competition in field
collected snails (Table 6.1). If the role of the small rediae is to defend the colony against coinfecting trematode colonies, then according to the theory of optimal caste ratios, a higher
small-to-large caste ratio would be expected in colonies from hosts where competition is
occurring. While this response has been seen in snails kept in laboratory conditions long term
(Lloyd and Poulin, 2013; Chapter Four), it has not been seen in field collected snails, in the
context of interspecific competition (Leung and Poulin, 2011b; Kamiya and Poulin, 2013b).

Chapter Six Intraspecific competition

97

Just as evidence for this theory from trematode species is varied, evidence from
species of social insects is inconsistent as well. Caste ratios in colonies of two species from
the genus Pheidole respond differently to competition: caste ratio is altered in Pheidole
pallidula colonies when faced with intraspecific competition (Passera et al., 1996) while the
caste ratio is not altered in Pheidole dentate colonies when under pressure from a competing
species which provokes aggressive behaviour from soldier individuals (Johnston and Wilson,
1985). Furthermore, evidence that competing conspecific individuals can be identified and
defended against is also not consistent among studies on social insects. For example, two
species of termite respond differently to intraspecific competition: an increase in soldiers is
observed in Zootermopsis nevadensis colonies when faced with intraspecific competition
(Thorne et al., 2003) while Microcerotermes crassus colony members are not aggressive
toward conspecific colonies (Wong and Lee, 2010). Perhaps this conflicting evidence
indicates that the role of the small rediae (or soldier individuals in insect colonies) is more
complex than originally assumed and is responsive to a suite of environmental factors in the
field.
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Chapter Seven
Geographic variation in caste ratio of trematode
colonies with a division of labour
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Abstract
Similarly to social insects, some species of parasitic trematodes use a division of
labour. Two distinct morphs or castes exist within colonies of asexually reproducing
juveniles which infect the first intermediate host. Individuals of the reproductive caste have
significantly larger bodies while the individuals of the non reproductive caste are small and
appear to be specialised for defense against co-infecting trematode colonies. In parallel with
colony organisation of social insects, the proportion of the small, non-reproducing individuals
relative to the large, reproducing individuals is expected to vary and be adaptable to
environmental condition. In the case of colonies from geographically and potentially
genetically distinct populations, these changes are hypothesised to be well-defined and fixed
by evolutionary divergence. Evidence for these theoretical predictions is plentiful from social
insect studies. In this study, this caste ratio theory was further tested by looking at caste ratio
and colony organisation of Philophthalmus sp. (a parasitic trematode with a recently
discovered division of labour) colonies collected from geographically distinct populations.
Colonies from populations with higher trematode prevalence had relatively more nonreproductive individuals compared to reproductive individuals, providing evidence that this
trait may be subject to selective pressure.
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7.1 Introduction
Division of labour is a trait which has evolved in some species where genetically
related individuals live in groups or colonies. It is defined as the specialisation of individuals
to perform some tasks and inability to perform others (Duarte et al., 2011). In cases of
reproductive divisions of labour, not all individuals in the colony reproduce. Generally, there
exist two or more castes or morphotypes, one caste which can reproduce and one or more
which cannot and that are specialised to perform other tasks necessary to colony survival and
fitness (Simpson, 2012). Reproductive division of labour is seen widely across animal taxa
(Simpson, 2012); most notably in social insects (Oster and Wilson, 1978), but also in naked
mole rats (Jarvis, 1981), snapping shrimp (Duffy, 1996), sea anemones (Francis, 1976), and
most recently in parasitic trematodes (Hechinger et al., 2011; Leung and Poulin, 2011b;
Miura, 2012).
In cases of colonial species with reproductive divisions of labour, selection acts
primarily at the level of the colony, not the individual (Wilson, 1985). Colonies develop,
function, and are subjected to evolutionary pressures as a ‘superorganism’ (Holldobler and
Wilson, 2009). Therefore, colony traits such as ratios between caste members and agefrequency distribution are selected for or against based on suitability to the environment and
are adaptive only to the extent that they optimise colony performance (Wilson, 1985;
Hasegawa, 1997). When specifically applied to caste ratios of colony members, this idea is
referred to as the optimal caste ratio theory, which predicts that with highly specialised
castes, variation in ratios will be linked to overall colony success. Therefore, ratios should be
adaptive and optimised according to various conditions (Oster and Wilson, 1978).
Considering that expressed phenotypes are a compromise between phenotypic plasticity and
genetic determinism, this leads to two predictions: (1) the caste ratio phenotype of single
colonies should be plastic (within a given range) and should respond to changing
environments, and (2) colonies from different populations or areas separated by disrupted
gene flow may exhibit different caste ratio phenotypes due to evolutionary divergence.
Evidence for the first pattern comes from observations of changes in caste ratios of colonies
in response to inter or intraspecific competition (Passera et al., 1996; Harvey et al., 2000),
food availability (McGlynn and Owen, 2002), seasonality (Passera, 1977), or chance of
predation (Shingleton and Foster, 2000). Evidence for the second pattern is seen in
geographically isolated colonies of the same species exhibiting different caste ratios
(Bershers and Traniello, 1994; Yang et al., 2004; Fucini et al., 2009). In the case of Yang et
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al.’s (2004) study of ants, the differences in caste ratios between geographically distinct
colonies persisted after the colonies were maintained under identical laboratory conditions,
suggesting the caste ratio phenotype was determined by evolutionary diverged genotype
rather than plastic phenotypic responses to environmental conditions. In contrast, caste ratio
differences aren’t always seen when expected by the theory of optimal caste ratios (Calabi
and Traniello, 1989), and similar negative results may not often be published, possibly
creating inflated support for the theory.
While divisions of labour have been studied for decades in social insect systems, the
trait has only recently been observed in some species of parasitic trematode (Hechinger et al.,
2011; Leung and Poulin, 2011b; Miura, 2012). Typically, trematode juveniles (rediae or
sporocysts, depending on the species) live within the first intermediate host (commonly a
gastropod) where they asexually reproduce, forming a clonal colony (Galaktionov and
Dobrovolskij, 2003). Free swimming stages (cercariae) develop within the rediae or
sporocysts and leave the host to encyst in or on the second intermediate host and await
ingestion by the definitive host (Galaktionov and Dobrovolskij, 2003). In colonies of
trematode species with a division of labour, there exist two distinct castes among the
individual rediae: a large, reproducing caste and a small, non-reproducing caste.
Morphological and behavioural differences between the two morphs indicate that the small,
non-reproducing caste members appear specialised for defense against hetero- or conspecific
colonies trying to establish within the same host, similar to the organisation of many social
insect colonies (Hechinger et al., 2011).
One species of trematode which uses a division of labour is Philophthalmus sp.
(Leung and Poulin, 2011b) which infects the common New Zealand mudsnail, Zeacumantus
subcarinatus (Martorelli et al., 2008). This snail is the first intermediate host to six other
trematode species: Maritrema novaezealandensis (Martorelli et al., 2004), Galactosomum sp.
(Martorelli et al., 2008), and Acanthoparyphium sp. (Martorelli et al., 2006), and is found in
tidal mudflats on the South Island of New Zealand. Multiple trematode colonies (either hetero
or conspecific) can infect the snail at the same time, and in such cases, competition for
resources of space and food is expected (Sousa, 1992; Poulin, 2007). The outcome of this
competition, in the case of double species infections by Philophthalmus sp. and M.
novaezealandensis (the most common trematode species infecting Z. subcarinatus), is
decreased cercarial production by colonies of both species, resulting in lower colony fitness
(Lloyd and Poulin, 2012; Chapter Three). The small, non-reproducing rediae are
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hypothesised to be specialised for defense against co-infecting colonies (Hechinger et al.,
2011). This, taken with the optimal caste ratio theory, leads to the prediction that the ratio of
small to large rediae in Philophthalmus sp. colonies should be adaptive, with increasing
numbers of small, non-reproducing rediae in relation to large, reproducing rediae when the
host is co-infected by another trematode colony. Furthermore, it is predicted that the mean
caste ratios of geographically distinct Philophthalmus sp. populations will be adaptively
matched to the risk of competition in the local environment, and vary in relation to the
infection prevalence of other, potentially co-infecting trematode species.
Very little is known about the evolutionary or environmental control of the caste ratio
phenotype in trematode colonies with a division of labour. The small-to-large caste ratio has
been studied previously in Philophthalmus sp. colonies from one population (Lower
Portobello Bay, Otago Harbour). In that single population, the small-to-large caste ratio in
Philophthalmus sp. colonies does vary widely (0.24-3.27 small rediae/large rediae) (Leung
and Poulin, 2011b; Kamiya and Poulin, 2013b; Lloyd and Poulin, 2013; Chapter Four), and
can respond to interspecific competition by M. novaezealandensis when colonies are kept for
ten weeks in laboratory conditions (Lloyd and Poulin, 2013; Chapter Four). However, field
collected Philophthalmus sp. infected snails with or without M. novaezealandensis do not
exhibit any difference in small-to-large caste ratios as would be expected according to the
theory of optimal caste ratios (Leung and Poulin, 2011b; Kamiya and Poulin, 2013b). The
extent to which caste ratio responds to environmental conditions in nature is unknown, as is
the potential for this trait to be subjected to different local selective pressures leading to
evolutionary divergence.
The aim of this study was to quantify caste ratios of small to large rediae in
Philophthalmus sp. colonies from geographically distinct locations (which vary dramatically
in infection prevalence) around the South Island of New Zealand. I predict that caste ratios
will be different at different sites and that they will reflect differences in local infection
prevalence of all trematode species (i.e., where infection prevalence is high, the ratio of small
to large rediae should also be high).

7.2 Methods
7.2.1 Snail Collection; Sites
Approximately 2000-3000 snails were collected (between approximately 9 mm- 18
mm in shell length) from each of five sites in an attempt to find 20 Philophthalmus sp.
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infected snails per site. All snails were collected between September 2012-November
2012 November 2012.
The five sites were on the South Island of New Zealand where Zeacumantus subcarinatus
infected by Philophthalmus sp. have been found previously. They were Otago Harbor, Lower
Portobello Bay (45°52’ S, 170°42’
42’ E), Bluff, Green Point Domain (46°34’
34’ S, 168°18’
168
E),
Christchurch, McCormack’s Bay Reserve (43
(43°33’ S, 172°43’
43’ E), Marlborough Sounds,
Ngaukuta Bay (41°16’ S, 173°57’
57’ E), and Waitati, Blueskin Bay (45°44’
(45
S, 170°°35’ E) (Fig.
7.1). Unfortunately, none of the collected snails from the latter two sites were
were infected by
Philophthalmus sp. and, therefore,
therefore these sites were not included in the study. Snails were kept
in plastic containers (17cm x 17cm) in aerated sea water, and fed with sea lettuce (Ulva
(
lactuca),
), for two days before screening and dissection.

Figure 7.1 Map of study sites. Site 1 indicates Bluff, 2 indicates Lower Portobello Bay, and 3
indicates Christchurch. * indicates sites where snails were collected and no Philophthalmus
sp. infected snails were found
7.2.2 Screening, dissection, ratio
Between 345-858
858 snails from each site were screened to identify those infected with
Philophthalmus sp. Generally, Philophthalmus sp. infected snails are larger than uninfected
snails or snails infected with other trematode parasites (the smallest Philophthalmus
thalmus sp.
infected snail found was 11.9 mm). The snails selected for screening were chosen from the
pool of collected snails based on size (snails under approximately 11 mm were not screened).
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Infection screening was achieved by forcing cercarial release by incubating individual snails
overnight at 26°C in wells of a 12-well culture plate filled with natural sea water. From the
pool of screened snails, approximately 300 snails per site were dissected to ensure infections
were identified correctly (not all infections will shed cercariae when incubated and estimated
infection prevalence based on shed cercariae alone can underestimate infection prevalence).
The Philophthalmus sp. infection prevalence in snails from Bluff and Christchurch was low:
2.71% and 2.67% respectively. Only eight Philophthalmus sp. infected snails were found
from each site during this dissection process. Therefore, Philophthalmus sp. infected snails
found among the screened snails that were not dissected were also used for these sites.
However, infection rates (of all trematode species) were estimated from the pool of dissected
snails only.
Maximum shell lengths of Philophthalmus sp. infected snails were measured to the
nearest 0.1 mm before each snail was dissected. The snail visceral mass was dissected out of
the snail shell and teased apart to release Philophthalmus sp. rediae. Rediae were dyed with
Neutral Red, and pressed between two glass slides. Philophthalmus sp. small and large rediae
were counted separately. The caste ratio was calculated as the number of small rediae divided
by the number of large ones. Philophthalmus sp. infected snails with co-infections by M.
novaezealandensis were also included.
7.2.3 Statistical analysis
All statistical analyses were completed in R version 2.14.0 (R Development Core
Team, 2011a). Infection prevalence between sites was compared using a test of equal or
given proportions in the Stats package (Wilson, 1927; Newcombe, 1998b, a). Comparisons of
infection prevalence include the Philophthalmus sp. infection prevalence (number of
Philophthalmus sp. infected snails found among the dissected snails, N = ~300, divided by
that number); proportion of Philophthalmus sp. infected snails co-infected by M.
novaezelandensis (number of double infections divided by the total number of
Philophthalmus sp. infected snails); and infected snail prevalence (number of snails infected
by any trematode found among the dissected snails, N= ~300, divided by that number).
The small-to-large caste ratio of Philophthalmus sp. infections was compared between
the three sites using a Linear Model (LM). Predictor variables included site, total number of
rediae per snail, and infection type (single or double species infection). Snail length and total
number of rediae are correlated (R=0.4818) and only one of these was used as a predictor
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variables for any models. Colony size, here measured as the total number of rediae, has been
reported to affect division of labour in social insects (Wilson, 1983; Dornhaus et al., 2012)
and was used in this model. Infection type and total number of rediae were not significant
factors and removing them increased the fit of the model (according to AIC values). Models
using raw caste ratio data were compared to models using a log transformation. The log
transformation increased the fit of the model (according to AIC values) and was used.
Similarly, the total number of rediae in Philophthalmus sp. colonies was compared
between the three sites using a Linear Model (LM). Factors included site, snail length,
infection type, and the small-to-large caste ratio. Infection type and ratio were not significant
factors and removing them increased the fit of the model (according to AIC values). The total
number of rediae was log transformed to fit assumptions of normality.
Additional LMs were performed to identify any factors that may have affected one
caste independently of the other. When comparing the number of small rediae, factors
included site, snail length, infection type, and small-to-large caste ratio. The effect of
infection type was found to be non-significant and was removed. When comparing the
number of large rediae, factors included site, snail length, infection type, and small-to-large
caste ratio. Site and snail length were the only significant factors, therefore, the others were
removed. The numbers of small and large rediae were log transformed prior to analysis. All
Linear Models were performed with the Stats package in R (Wilkinson and Rogers, 1973;
Chambers, 1992).

7.3 Results
7.3.1 Trematode infection prevalence per site
Philophthalmus sp. infected snails were only found at three of the five sites visited:
Lower Portobello Bay, Bluff, and Christchurch. Due to low infection rates at Bluff and
Christchurch sites, sample sizes were smaller than desired (Table 7.1). The infection
prevalence of Philophthalmus sp. was significantly higher at Lower Portobello Bay (13.3%)
than both Bluff and Christchurch (both 2.7%), but the proportion of Philophthalmus sp.
infected snails co-infected with M. novaezealandensis was not significantly different between
the Lower Portobello Bay and Christchurch sites (Table 7.2). The proportion of infected
snails (infected by any trematode) was significantly higher at Lower Portobello Bay (53.9%)
and Christchurch (59.3%) compared to Bluff (4.8%); however the infection prevalence at
Lower Portobello Bay and Christchurch were not significantly distinct (Table 7.3).
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Table 7.1 Philophthalmus sp. infected snails found at each site
Site

Snails

Infections from

Further

Infections

Total colonies

dissected

dissections

screened snails from screening

counted

LPB

345

46

0

NA

38

Bluff

295

8

563

4

12

ChCh

300

8

554

2

10

LPB = Lower Portobello Bay, ChCh = Christchurch
Table 7.2 Philophthalmus sp. infection prevalence at each site
Site

Prevalence

Number Philophthalmus

Percent Philophthalmus

infected snails with Maritrema

infected snails with Maritrema

LPB

13.3% a

7

15.2% c

Bluff

2.7% b

0

0% d

ChCh

2.7% b

4

40.0% c

Superscripts refer to statistical differences (P<0.05) as determined by a test of equal
proportions
Table 7.3 Infection prevalence of other trematodes at each site
Site

Acanthoparyphium

Galactosomum

LPB

3.1%

0.6%

Maritrema Uninfected
37.4%

46.1%

Infected Snails

Total

53.9% a

345

b

295
300

Bluff

2.0%

0%

0%

95.3%

4.8%

ChCh

7.7%

0.3%

52.3%

40.7%

59.3%a

Superscripts refer to statistical differences (P<0.05) as determined by a test of equal
proportions
7.3.2 Small-to-large caste ratio and total number of rediae
The small-to-large caste ratio ranged from 0.45-2.44 across all 60 snails dissected,
and was significantly higher at Lower Portobello Bay (Ave = 1.26 ± 0.52) and Christchurch
(Ave = 1.15 ± 0.38) compared to Bluff (Ave = 0.80 ± 0.33); however caste ratios at Lower
Portobello Bay and Christchurch were not significantly different (Table 7.4, Fig. 7.2). The
total number of rediae ranged from 12-613 per infected snail, and was significantly higher at
Lower Portobello Bay (Ave = 300.97 ± 130.64) and Christchurch (Ave = 315.70 ± 145.83)
than at Bluff (Ave = 215.67 ± 95.13). Furthermore, the total number of rediae positively
correlated with snail maximum length (Table 7.5, Fig. 7.3).
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Table 7.4 Results of a Linear Model comparing the small-to-large castee ratio of
Philophthalmus sp. colonies from different sites
Factor

Estimate

Std. Error

t value

p

Intercept*

0.144

0.067

2.159

0.035

Site Bluff

-0.436
0.436

0.136

-3.205

0.002

Site Christchurch

-0.474
0.474

0.146

-0.325

0.747

*The effect of Lower Portobello Bay is included in the intercept

Figure 7.2 Mean (± S.E.) caste ratio of small to large rediae in Philophthalmus sp. colonies
from three sites. LPB = Lower Portobello Bay, ChCh=Christchurch. Sample size is indicated
at the bottom of each bar.
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Table 7.5 The results of a Linear Model comparing the total number of rediae in
Philophthalmus sp. colonies from different sites
Factor

Estimate

Std. Error

t value

p

Intercept*

3.336

0.609

5.482

<0.0001

Site Bluff

-0.600
0.600

0.203

-2.950

0.005

Site Christchurch

-0.010
0.010

0.208

-0.048

0.962

Snail length

0.148

0.040

3.728

0.0005

*The effect of Lower Portobello Bay is included in the intercept

Figure 7.3 Mean (± S.E.) total number of rediae in Philophthalmus sp. colonies from three
sites. LPB = Lower Portobello Bay, ChCh=Christchurch. Sample size is indicated at the
bottom of each bar.
7.3.3 Number of small and large rediae
The number of small rediae ranged from 7 – 411 per infected snail. Significant factor
factors
which affected the number of small rediae per colony were site, snail length, and small-tolarge caste ratio. There were significantly fewer small rediae in infections from Bluff
compared to Lower Portobello Bay and Christchurch ((p = 0.013); also, there was a positive
effect of length (p = 0.0003)) and a positive effect of small-to-large caste ratio (p = 0.0004) on
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the number of small rediae per snail (Table 7.6). The number of large rediae ranged from 5 –
334 per infected snail. The only two significant factors which affected the number of large
rediae were site and snail length. There were significantly fewer large rediae in colonies from
Bluff than from Lower Portobello Bay and Christchurch (p = 0.05) and a positive effect of
length (p = 0.0001) on the number of large rediae per snail (Table 7.6). The small-to-large
caste ratio affected the number of small rediae independently of the number of large rediae.
The number of small rediae and the small-to-large caste ratio were highly, positively
correlated (t = 4.7973, p = <0.0001), while there was no significant relationship between the
number of large rediae and the small-to-large caste ratio (t = -1.844, p = 0.070) (Fig. 7.4).
Table 7.6 The results of two Linear Models comparing either the number of small or large
rediae in Philophthalmus sp. colonies collected from different sites
Factor

Estimate

Std. Error

t value

p

Intercept*

1.770

0.675

2.632

0.011

Site Bluff

-0.550

0.215

-2.559

0.013

Site Christchurch

0.050

0.210

0.240

0.811

Snail length

0.160

0.040

3.899

0.0003

Ratio

0.627

0.166

3.782

0.0004

Intercept*

2.349

0.609

3.860

0.0003

Site Bluff

-0.407

0.203

-2.000

0.050

Site Christchurch

0.033

0.208

0.159

0.874

Snail length

0.161

0.040

4.057

0.0002

Small

Large

*The effect of Lower Portobello Bay is included in the intercept.
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Figure 7.4 Plot of small-to-large caste ratio vs. number of small (red dots) or number of
large (blue dots) rediae in Philophthalmus sp. colonies.

7.4 Discussion
7.4.1 Caste ratio
The small-to-large caste ratio in Philophthalmus sp. colonies collected from
geographically separated sites differed significantly (Table 7.4). As predicted, colonies with
higher small-to-large caste ratios originated from sites with the highest infection prevalence:
the mean small-to-large caste ratios in colonies collected from either Lower Portobello Bay
or Christchurch were significantly higher than the caste ratios in colonies collected from
Bluff. The infection prevalence of all trematode species was also significantly lower at Bluff
than at both Lower Portobello Bay and Christchurch (Table 7.3). In fact, M.
novaezealandensis, which in other locations is generally the most common trematode
infecting Z. subcarinatus, was completely absent from Bluff. This provides evidence that the
caste ratio phenotype in Philophthalmus sp. populations is adaptive according to Oster and
Wilson’s theory of optimal caste ratio: small-to-large caste ratios are higher in colonies of
populations where more small, soldier-like rediae would be advantageous against a high
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likelihood of potential co-infecting trematodes exerting competitive pressure. These results
are very similar to the observational study completed by Yang et al. (2004), and perhaps
reflect parallels between divisions of labour in social insect colonies and trematode colonies.
7.4.2 Total number of rediae
The total number of rediae also differed among colonies collected from different sites.
The total number of rediae in colonies collected from Bluff was lower than in those from
either Lower Portobello Bay or Christchurch (Table 7.5). As expected, there was a positive
relationship between snail maximum length and total number of rediae and no effect of coinfection by M. novaezealandensis, a pattern which has been seen in studies done on this
system in the past (Keeney et al., 2008a; Lloyd and Poulin, 2013; Chapter Four) and in other
systems (Hendrickson and Curtis, 2002). In fact, in their concluding remarks, Keeney et al.
(2008) state that the proliferation of Philophthalmus sp. rediae within their snail host is not
really dependent on the presence or absence of M. novaezealandensis and is mainly
constrained by snail size. Somewhat unexpectedly, snails from Bluff were significantly larger
than snails from either Lower Portobello Bay or Christchurch (pair wise t-tests, Bluff vs.
Chch, p = 0.032; Bluff vs. LPB, p = 0.041) but had the fewest rediae. Philophthalmus sp.
colonies in snails from Bluff should be less constrained by either snail size or presence of M.
novaezealandensis, relative to colonies from either Lower Portobello Bay or Christchurch,
yet on mean colony size (measured as total number of rediae) from Bluff was significantly
smaller. Perhaps this discrepancy in both size and trematode prevalence between Bluff and
the other two sites is due to higher population fitness of snails in Bluff. Indeed, populations of
Z. subcarinatus show strong genetic differentiation at these three sites (Keeney et al., 2009)
and it is possible that snails in Bluff have higher population fitness and are thus larger and
better able to avoid trematode infection.
7.4.3 Number of small and large rediae
It was not unexpected to see a significant increase in the number of small rediae as the
ratio of small to large rediae increased, as the mere mathematical artifact of relating a ratio to
its components; yet a parallel decrease in the number of large was also expected but not
observed (Fig. 7.4). However, this may be explained by the significant size difference
between the two morphs (between five and thirty fold difference between small and large
(Leung and Poulin, 2011b)). Assuming a colony is limited by a constant amount of food
resources, just a small decrease in the number of large rediae would allow for a
disproportionate increase in the number of small rediae, which fits with the observed pattern
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(Fig. 7.4). As seen for the total number of rediae, both of its components, i.e. the numbers of
small and large rediae, were also affected by site (fewer small and large rediae at Bluff) and
maximum snail length.
7.4.4 Are these differences in colony organisation due to evolutionary divergence or
environment?
Results from this study indicate that colony organisation differs among
Philophthalmus sp. colonies from geographically distinct populations. As predicted, the
small-to-large caste ratio was higher in colonies from sites with high infection prevalence of
all trematode species, where competition is more likely and it would be more advantageous to
have more small, soldier-like rediae. This could be due to evolutionary divergence of these
populations (as seen in Yang et al., 2004) or phenotypic plasticity in response to
environmental condition. The extent to which these factors play a role is still unknown.
Gene flow between Philophthalmus sp. populations is not disrupted between Lower
Portobello Bay and Christchurch and is low between Lower Portobello Bay and Bluff (and
also low between Christchurch and Bluff, though not statistically significant) (Keeney et al.,
2009), providing evidence that the difference in caste ratio between Bluff and the other two
populations may be due to evolutionary divergence. However, based on sequence analysis of
the cytochrome oxidase 1(CO1) mitochondrial gene, four prominent haplotypes exist within
the Philophthalmus sp. populations and all four are found at each of the three sites used in
this study (Keeney et al., 2009), thus populations from these sites aren’t genetically distinct.
Genetic dispersal of Philophthalmus sp. is enabled by movement of the definitive host which
is most likely a gull or other shorebird (Howell, 1965; Neal and Poulin, 2012). In the
definitive host adult worms develop, sexual reproduction occurs, and eggs are released into
the environment. The life-cycle continues as the eggs hatch, releasing small miracidia which
infect the mudsnail and develop into rediae (West, 1961; Nollen, 1995). Even though the
snails and the parasites are not capable of movement across hundreds of kilometers, adult
worms are transported by the definitive bird host, allowing for gene flow (Dybdahl and
Lively, 1996; Miura et al., 2006; Keeney et al., 2008b). Despite CO1 sequence analysis
indicating some gene flow among the sites studied here, selection could be acting specifically
on genes that control caste ratio phenotype and not the CO1 gene. Indeed, it is possible for
local populations to adapt to their particular environment even with significant gene flow if
selection pressure is strong (Dybdahl and Lively, 1996).
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Alternatively, in the event that evolutionary divergence is not occurring, the results
seen here could be due to phenotypic plasticity in the caste ratio phenotype responding to
varying environmental conditions. For instance, in populations where prevalence of
Philophthalmus sp. or other trematodes is high (such as Lower Portobello Bay and
Christchurch), any given colony in a snail should experience repeated invasion attempts by
miracidia. This may provide the proximate cue necessary for the Philophthalmus sp. colony
to respond by altering its small-to-large caste ratio. Evidence that this is happening in this
system is also not convincing. The caste ratio phenotype in field-collected colonies from the
same locality has not been found to be significantly different from colonies with or without
co-infection by M. novaezealandensis, as would be expected if the phenotype were able to
respond to its environment (Leung and Poulin, 2011b; Kamiya and Poulin, 2013b). However,
it has been shown that the phenotype is able to respond to the presence of co-infections in
colonies maintained over a long term laboratory experiment (Lloyd and Poulin, 2013;
Chapter Four). One way to distinguish between phenotypic plasticity and genetic divergence
among populations would be to obtain colonies (infected snails) from each site and maintain
them under identical laboratory conditions for a long period of time. If all colonies were to
converge toward the same small-to-large caste ratio, this would suggest that phenotypic
plasticity was probably responsible for the differences observed in the present study. In
contrast, if the original differences in ratio persist through time as there is a turnover of rediae
in the colonies, then this would strongly suggest fixed genetic differences among populations.
Results of this study indicate that Oster and Wilson’s optimal caste ratio theory,
which explains caste structure of social insects, may also explain caste structure of trematode
colonies with a division of labour (Oster and Wilson, 1978). The small-to-large caste ratio in
Philophthalmus sp. colonies differs significantly among geographically distinct colonies as
would be predicted according to the infection prevalence of each site. However, further study
is required to further understand if this trait is due to evolutionary divergence or phenotypic
responses to varying environmental conditions.
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This thesis aimed at understanding the recently discovered division of labour in
trematode colonies in the first intermediate host. First, an in vitro culture method was
designed to allow for manipulative experiments of Philophthalmus sp. rediae (Chapter Two).
This culture method was also optimised for other species to provide a standardised in vitro
method for marine trematodes. In vitro cultures were necessary for an experiment which
investigated the fitness benefits of small rediae in colonies with and without competition by
M. novaezealandensis (Chapter Three). Results of this experiment indicate that the small
rediae do provide the colony with a fitness advantage, but the benefit is not necessarily
gained from a competitive advantage. The division of labour was then investigated by
quantifying colony demographic traits from colonies under host nutritional stress as well as
competition in a long-term manipulative experiment in vivo (Chapter Four). Similarly to the
results of Chapter Three, the results of this experiment indicate that there is a fitness
advantage to colonies with a high number of small rediae (in relation to large rediae), but not
necessarily due to an advantage in competitive interactions, as was originally hypothesised.
Microsatellite markers were designed (Chapter Five) as a tool to identify mixed genotype
Philophthalmus sp. colonies where intraspecific competition may be occurring. Intraspecific
competition indeed occurs in these mixed genotype colonies (Chapter Six), but does not
affect colony demographic traits. Lastly, colony demography was compared among
geographically separate colonies. Demographic traits of these colonies varied as expected
based on overall trematode infection prevalence (greater relative number of non-reproductive
individuals in areas of high trematode prevalence compared to areas of low trematode
prevalence), with prevalence serving as a surrogate measure of the likelihood of any colony
sharing its host with a competing colony (Chapter Seven).

Caste Ratio
Work done previous to this thesis on the subject of division of labour in trematodes
was strictly explorative and correlative, and amounted to only two published papers
(Hechinger et al., 2011; Leung and Poulin, 2011b). The caste ratio (number of small rediae
divided by the number of large rediae) had been quantified in Philophthalmus sp. colonies
from field-collected snails with and without co-infection by M. novaezealandensis.
According to the hypothesis that the small rediae were specialised for defense against coinfecting trematodes, the most common being M. novaezealandensis, the caste ratio was
expected to be higher in snails with double species infections. However, this was not seen in
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field collected Philophthalmus sp. snails with or without competition by M.
novaezealandensis (Leung and Poulin, 2011b).
In order to investigate more rigorously which factors affect demographic traits
involved in the division of labour in Philophthalmus sp. colonies, caste ratio, colony size
(total number of rediae), and the size of each caste were quantified in colonies under a series
of conditions, either in vivo or in vitro: colonies with or without interspecific competition and
in hosts exposed to stress in a long-term laboratory experiment (Chapter Four), field collected
colonies with and without intraspecific competition (Chapter Six), and field collected
colonies from geographically distinct sites that differ in terms of the frequency of competition
faced by the colonies (Chapter Seven). Taken together, results of these studies indicate that
co-infection by M. novaezealandensis (Chapter Four), an interaction between host stress and
co-infection by M. novaezealandensis (Chapter Four), total colony size (Chapter Six), and
geographic location (Chapter Seven) are all significant factors that affect caste ratio.
Competition affecting caste ratio
Based on caste member behaviour as well as parallels with the division of labour in
social insects, the division of labour in trematodes was hypothesised to play a role in
competitive interactions, and the role of the non-reproductive caste was assumed to be to
defend the colony against co-infecting trematodes (Hechinger et al., 2011). However, the
results of this thesis and previous work indicate that it is unlikely that colonies in the field are
responding to inter or intraspecific competition by increasing the small-to-large caste ratio
(Kamiya and Poulin 2013b; Leung and Poulin 2011b; Chapter Five; Chapter Seven).
However, it appears that Philophthalmus sp. colonies are indeed capable of increasing the
number of small rediae in relation to large ones when co-infected and kept in laboratory
conditions long-term (Chapter Four). Furthermore, results from Chapter Seven indicate that
local levels of competition may affect caste ratios. The caste ratios from geographically
distinct colonies vary as expected based on overall trematode infection prevalence. Colonies
from sites with a high trematode prevalence have significantly more small rediae (in relation
to large rediae) than colonies from a site with low trematode prevalence. If small rediae are
specialised to defend their colony against co-infecting trematodes, then a high small-to-large
caste ratio would be highly advantageous in areas with high infection prevalence. Further
work needs to be done to determine if this difference is due to evolutionary divergence
among geographically distant localities, or phenotypic plasticity in response to environmental
conditions (see future research number 4).
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Fitness benefits of division of labour
While it remains unclear whether or not the division of labour in Philophthalmus sp.
colonies plays a role in competitive interactions, it is clear that maintaining a nonreproductive caste is beneficial. Results from Chapters Three and Four indicate that colonies
with a higher small-to-large caste ratio are also more reproductively successful (quantified by
cercarial output). Since small rediae are not themselves producing cercariae, they must
somehow allow for an increase in cercarial production by the large rediae in their colony.
This pattern was observed in in vivo colonies and in vitro cultures of Philophthalmus sp.
rediae with and without competition, indicating that the benefits gained from the small rediae
are not necessarily gained through an advantage in competitive interactions.

Developed tools
Two valuable tools were developed as part of the research conducted for this thesis to
further study the division of labour in Philophthalmus sp. These included the design of a
standardised in vitro culture system for marine trematode rediae or sporocysts, and eight
species-specific microsatellite markers. The in vitro culture method is essential when
experiments require manipulation of colony demographic traits. In this thesis, the in vitro
culture method was used to quantify the fitness benefits gained from small rediae as well as
fitness lost through the presence of co-infection. In other studies, it has been used to
investigate behavioural plasticity in caste members and the fitness trade-offs of plastic
behaviour (Kamiya and Poulin, 2013a) as well as the effect of caste ratio on colony fitness
with and without competition (Kamiya and Poulin, 2013b). It will be a useful tool in future
research on this species and potentially other marine trematode species.
Since competition is predicted to be an important selective pressure on the division of
labour in social trematodes, it was important to be able to identify colonies exposed to
intraspecific competition. This was done by designing microsatellite markers to identify
single and mixed genotype Philophthalmus sp. infections in field-collected snails. Results of
my study indicated that intraspecific competition may not be a strong selective pressure
driving the evolution of division of labour in this species; however, the ecology of mixed
genotype infections remains relatively unknown in this species. These markers will be
necessary to further investigate these interactions.
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Future research
1. It remains unclear how external factors, such as nutritional stress experienced by the snail
host or even the presence of competitors, might induce a response leading to a change in the
ratio of small to large rediae in a Philophthalmus sp. colony. Recent work on social insects
indicates that epigenetic modifications (such as DNA methylation and histone modification)
may be responsible for the developmental and phenotypic differences between reproductive
and non reproductive caste members (Weiner and Toth, 2012). This might provide a
mechanistic answer to the question of how two phenotypically distinct individuals can
develop from the same genome (in the case of clonal colonies with a division of labour),
because several external factors are known to trigger epigenetic changes in a wide range of
organisms (Jaenisch and Bird, 2003). Histone modification also affects the development of
various life-cycle stages of the trematode Schistosoma mansoni, both in vitro and in vivo
(Cosseau et al., 2010). Perhaps histone modification is responsible for the phenotypic
differentiation in the castes of Philophthalmus sp. This could be studied by incubating
Philophthalmus sp. colonies in vivo with or without epigenetic drugs, such as Trichostatin A
which increases histone acetylation, and observing changes in colony organisation (small-tolarge caste ratio, total number of rediae, size and shape of rediae, cercarial development, etc.).
2. Thus far, trematode species with a division of labour have been reported from three
geographic areas: Japan, New Zealand, and the Pacific coast of the United States. Based on
the behaviour of the small rediae, the degree of division of labour seems to vary among the
reported species. While a reproductive division of labour is always present, the aggressive
behaviour of the small rediae is more common in some species than others. It appears to be
strongest in Himasthla sp. B from the Pacific coast of the United States and least strong in
Philophthalmus sp. from New Zealand. It would be interesting to quantify more rigorously
the degree of the division of labour among species, and relate it to factors that may be driving
the evolution of this trait (most likely, competition). It appears that the strong aggressive
behaviour seen in the small rediae may be manifested mainly in species facing more intense
competition.
3. The degree to which competition plays a role in the division of labour in parasitic
trematodes remains unclear. It appears that the small rediae provide a fitness benefit to their
colony, but that benefit is not only gained in colonies with competition. Perhaps there is a
secondary benefit of the small redial caste in Philophthalmus sp. colonies. Since the small
rediae appear specialised for defense, it is possible that they are specialised for defense
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against microbial co-invaders, similar to the non-reproductive caste of some species of thrips
(Turnbull et al., 2012). It would be advantageous to the colony for the small rediae to ensure
the host remains free of potentially harmful microbial pathogens. Small rediae could be
defending the colony against microbial infection in one of two ways: they could be eating
microbes in a similar way they are hypothesised to eat co-infecting trematodes, or they could
be secreting antimicrobial compounds as is seen in the colonies of thrips (Turnbull et al.,
2012). To test if small rediae are eating co-invading microbes, colonies with and without
small rediae can be kept in vitro and inoculated with bacteria or fungi cultured from within
the snail. If small rediae are benefiting the colony by removing microbes, cultures with small
rediae will remain free of contamination for longer. To test the antimicrobial activity of the
secretions of small rediae, they could be incubated in a tube of liquid media and this media
could be inoculated with bacteria or fungi. Preliminary experiments have been completed to
investigate this hypothesis with interesting results: colonies kept in vitro with small rediae
remained contamination-free longer than colonies without small rediae. However, the
experiments are difficult to reliably repeat and require more precise cultivation of bacteria or
fungi from within the snail.
4. The results of Chapter Seven indicate that the small-to-large caste ratio phenotype is
different in colonies from geographically distinct populations. Colonies from sites with high
trematode infection prevalence had a higher small-to-large caste ratio than colonies from a
site with low trematode infection prevalence. It would be interesting to determine if this
geographic difference in caste ratio is due to evolutionary divergence or phenotypic
plasticity. This could be determined with an experiment similar to that carried out in Yang et
al. (2004). After determining the baseline (or initial) caste ratio in colonies from a high
infection prevalence site (such as Lower Portobello Bay ) and from a low infection
prevalence site (such as Bluff) from a subset of snails immediately after collection, other
snails from both sites could be kept in identical laboratory conditions over several months.
The baseline caste ratios of colonies from the two sites are already known to be different (as
seen in Chapter Seven). If there is no difference between the two time points (baseline versus
end of long-term laboratory maintenance) within each site, i.e. the caste ratio remains the
same as it was when the snails were first collected, I would conclude that the caste ratio
difference seen among different sites is due to evolutionary divergence. In contrast, if there is
a difference between the two time points within each site, then I would conclude that the
difference in caste ratio between the sites is due to environmental conditions (i.e. trematode
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infection prevalence), and that colonies have the inherent plasticity to adjust their caste ratio
to immediate conditions.
5. The observations made while conducting experiments done in Chapter Three lead me to
believe there may be some nutrient exchange between the small and large rediae. Perhaps the
small rediae can access nutrient sources within the snail that are not readily available to the
large rediae. This could be tested using treatments in vitro culture. First, it would be
important to test if metacercarial output is higher from cultures where small and large rediae
are often in contact. Second, fluorescent dye could be used to try to track nutrient movement
from large to small rediae, if that is indeed occurring.
The division of labour in parasitic trematode colonies is an important new system in
which to study the evolution of sociality and socio-biology. This division of labour is most
likely a trait found in other closely related trematode species. A lot can be added to what has
been learned about the evolution of sociality from social insects by studying social
trematodes. While the degree of relatedness and polymorphism varies greatly across social
insect colonies, these traits are simplified and homogeneous across trematode species,
providing an easy model system to work with. However, much remains unknown about the
mechanisms and benefits of the non-reproductive caste in social trematodes. This will require
standardised morphological and behavioural testing of each species through an experimental
framework, providing an opportunity for comparisons between species.

Appendix One

121

Appendix One
Preparation of Media F
Solutions
BME vitamins (100X)
BME amino acids (100X)
Amino acid and organic acid solution (100X) mass per 500 ml Medium F
L-Serine

0.300g

L-Proline

0.145g

L-Alanine

0.120g

L-Aspartic Acid

0.140g

L-Glutamic Acid

0.235g

Glycine

0.120g

B-Alanine

0.120g

L-Malic Acid

2.000g

Alpha-Ketoglutaric Acid

1.500g

Succinic Acid

0.500g

Fumaric Acid

0.250g

Citric Acid

0.500g

L-Glutamine 200mM
Hepes buffer: Hepes salt 52g/500ml, Hepes 72g/500ml Medium F
0.5% Phenol Red
Salts and Sugars solution (1X) Made fresh each time; quantity per 500ml Medium F
Water

450ml

NaCl

0.750g

Na2HPO4 (anhydrous)

0.035g

KCl

0.075g

Galactose

2.250g

Glucose

0.500g
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Mix and dissolve before adding
0.265g

CaCl2•2H2O
Mix and dissolve before adding
MgSO4•7H2O

0.225g

Add the solutions together in the following order
quantity per 500ml Medium F
Salts and sugars (1X)

~450ml

BME Vitamins (100X)

5ml

BME Amino acids (50X)

10ml

Amino acids and organic acids (100X)

5ml

L-Glutamine (200mM)

5ml

Hepes buffer (25mM final conc.)

12.5ml

0.5% Phenol Red

1ml

Bring Medium F up to 500ml with sterile water
Adjust pH to 7.2 with NaOH
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Appendix Two
Probability that colonies contained mixed genotypes. If probability was less than 10-7, the
colony was classified as a single genotype infection. Philo only indicates single species
infections and P & M indicates double species infections.

Colony

Number of

Probability mixed

Number of

Number of

homozygous loci

infection

genotypes

species

1

5

9.00279E-12 single

Philo only

2

4

2.91843E-17 single

Philo only

3

3

2.04158E-10 single

Philo only

4

3

3.21127E-06 unknown

P&M

5

5

1.13401E-16 single

Philo only

6

6

2.73887E-13 single

P&M

7

2

4.28594E-06 unknown

Philo only

8

0

unknown

Philo only

9

4

1.68151E-15 single

Philo only

10

4

4.49413E-12 single

P&M

11

4

3.1117E-18 single

12

0

unknown

13

1

0.0625 unknown

14

3

1.19539E-05 unknown

P&M

15

2

0.007676563 unknown

Philo only

16

2

9.8345E-06 unknown

Philo only

17

2

0.00000016 unknown

Philo only

18

0

unknown

Philo only

19

1

0.01500625 mixed

Philo only

20

2

0.000937891 mixed

Philo only

21

5

1.02905E-18 single

Philo only

22

3

23

4

2.401E-13 single

Philo only

24

3

3.78229E-10 single

Philo only

25

4

1.72841E-12 single

Philo only

26

3

1.75776E-05 unknown

Philo only

27

3

28

2

0.019987173 unknown

Philo only

29

3

3.11521E-07 single

Philo only

3.7481E-06 unknown

5.0625E-08 single

Philo only
P&M
Philo only

P&M

Philo only
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30

0

unknown

Philo only

31

1

0.4096 unknown

Philo only

32

3

0.00001296 unknown

Philo only

33

5

2.42856E-13 single

Philo only

34

2

5.86182E-05 unknown

P&M

35

5

6.69059E-11 single

Philo only

36

2

37

3

7.32094E-09 single

Philo only

38

4

1.5753E-09 single

Philo only

39

1

0.01500625 mixed

Philo only

40

2

0.00194481 unknown

P&M

41

2

0.019987173 unknown

P&M

42

0

mixed

Philo only

43

0

mixed

Philo only

44

2

1.04858E-06 unknown

Philo only

45

1

0.00028561 unknown

Philo only

46

2

2.42891E-07 single

Philo only

47

1

0.00028561 mixed

Philo only

48

5

5.60202E-16 single

49

2

3.7481E-10 single

Philo only

50

0

mixed

Philo only

51

4

9.32955E-09 single

Philo only

52

4

6.14656E-07 single

Philo only

53

2

5.0625E-08 single

Philo only

54

0

55

2

1.89747E-09 single

Philo only

56

4

4.90184E-11 single

Philo only

57

3

6.4597E-11 single

Philo only

58

2

3.603E-07 single

Philo only

59

0

60

1

61

2

62

3

63

0

64

4

0.00614656 unknown

unknown

unknown
0.0625 mixed
1.78506E-05 unknown
1.0972E-11 single
unknown
5.7648E-10 single

Philo only

P&M

Philo only

Philo only
Philo only
Philo only
Philo only
Philo only
Philo only
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