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Chapter 1
Introduction

Heinz Mehlhorn

The present book deals with interactions of parasitic animals ranging from viruses via
protozoans, worms to arthropods that manipulate the behaviour of their various hosts
including humans thus enhancing their own chances for propagation inside a given host
and/or within a varying host population. In order to be successful in their individual
struggle for survival, these animals must develop means for host finding, attachment at
the host’s surface or offer attractions to become ingested and finally — as most difficult
task — create means that help to survive and to reproduce themselves inside a host.

Since about 50 % of the animals on earth live as parasites, it is obvious that
already many different strategies have been successfully developed. In the present
volume several examples are presented, which show that parasites are even able to
manipulate the behaviour of their hosts, which then neglect any care for their own
welfare, which is — according to Darwin — the motor of natural selection and thus
the basis of survival of a given population of any kind in a peculiar biotope or in a
community of similar species. However, also many activities similar to the human
behaviour described as altruism occur on both sides (parasites and hosts), when
manipulated hosts spend their lives to defend the penetrated parasites or help to
propagate the parasites by searching the vicinity of predators and thus become an
easy prey. But also single individuals of parasites may show altruistic signs of
behaviour, when some stages (e.g. cercariae of several trematodes) enter the “brain”
of ants, where they get rid of any further chance for a individual propagation, but
make this possible for all other cercariae of its species, that have also entered this
intermediate host but are waiting inside its body cavity until it is ingested by the
final host. The chapters of this book show several examples, which hopefully induce
deeper research activities in this field.

Diisseldorf, June 1st 2015

H. Mehlhorn

Department of Zoomorphology, Cell Biology and Parasitology, Heinrich Heine University,
Universititsstr. 1, 40225 Diisseldorf, Germany

e-mail: mehlhorn @uni-duesseldorf.de
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Chapter 2
Parasites: An Own World of Cross Reactions
with Their Hosts

Heinz Mehlhorn

2.1 Introduction

The name parasite has its origin in the Greek term “parasitos”, which at first
describes human beings that tasted food at the tables of noble families in order to
find out whether it might be poisoned or is safe. Thus these “parasitos” had the
privilege to be nourished without working. Therefore the meaning of this term
became later transferred to describe animals which take their food from animals or
human hosts in a seeming easy way. However, this way of obtaining food seems
only easy at the first sight. At the second and third view, however, survival of para-
sites is highly endangered, since all hosts have developed sophisticated means of
self-defense. Thus survival of parasites is only possible, if they develop contra-
strategies surmounting the defense activities of possible hosts (Moore 2013). E.g.
parasites of any kind have developed means to produce layers on their surface called
surface coats, which protect them from intestinal digestive fluids, host’s antibodies,
attacks of defense cells etc. On the other hand parasites induce the activities of the
host immune system at a considerable degree. Examples are larvae of hookworms
(e.g. Necator americanus, Ancylostoma duodenale) and larvae of the whipworm
Trichuris suis, which stimulate the host’s defense system in such a way, that human
autoimmune diseases such as Morbus Crohn, ulcerative colitis, multiple sclerosis,
allergic rhinitis or even the behavioural disease “autism” are considerably or even
totally suppressed (Maizels et al. 2014; Marchan 2014). This effect apparently
occurs due to the production of the so-called AcK1 peptide excreted by the worms
(Mehlhorn 2016). Even malaria, which kills still nowadays nearly one million

H. Mehlhorn
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patients per year, was shown to protect humans from other diseases. E.g. infected
Nigerian people showed significant lower incidences of autoimmune diseases in
particular rheumatoid arthritis (Greenwood 1968; Wammes et al. 2014).

It is in the interest of parasites to avoid to kill their hosts, since their death would
endanger their own individual existence and would block any chance to become
transmitted to other hosts. Thus it can be observed that initial contacts of parasites
with new host introduce much higher adverse effects than long-lasting contacts
which lead to a balance of host-parasite relationships and mostly to low-graded
clinical symptoms. E.g. Egyptians excreting thousands of Entamoeba histolytica
cysts show often practically no symptoms of disease, while infected tourists may
suffer from severe diarrhoeas. Similar effects can be seen after bloodsucking of
ectoparasites, since inhabitants of regions with a high pressure of mosquitoes show
mostly only very scarce skin reactions after numerous bites, while tourists/foreign-
ers in the same region may suffer from severe skin reactions such as itching, forma-
tion of large swellings, allergic shock reactions etc. (Mehlhorn 2015).

2.2 Parasite Activities

Parasites attack their hosts at the surface or at inner organs after entering body cavi-
ties such as nose, intestine and lungs. Therefore they are divided into the groups:

— ectoparasites with the subgroups permanent ectoparasites (such as e.g. sca-
bies and Demodex mites, lice (Figs. 2.1, 2.2, and 2.3) and temporary ectopara-
sites (such as mosquitoes, biting flies, fleas, bugs, ticks, several mites etc.)
(Figs. 2.4,2.5,2.6, and 2.7).

— endoparasites, which can be subdivided into groups according to the invaded
organs (intestine, body cavities, blood vessels, muscles, brain, lung etc.).

Fig. 2.1 Light micrograph of
a Sarcoptes scabies mite
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Fig. 2.2 Scanning electron
micrograph of a Demodex
folliculorum mite

Fig. 2.3 Scanning electron
micrograph of a head louse
(Pediculus humanus
capitis)
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Fig. 2.4 Light micrograph
of a female mosquito
(Aedes albopictus)

Fig. 2.5 Scanning electron
micrograph of the head of a
tabanid fly (Tabanus sp.)

Ectoparasites are in general highly motile and thus it is rather easy for them to find
new hosts, especially since they have developed sophisticated sensory organs such as
large compound eyes, thousands of different sensillae, which enable them to detect and
to react at different smellings, temperatures and movements of possible hosts (Fig. 2.8).
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Fig. 2.6 Light micrograph of
a bed bug (Cimex lectularius)

Fig. 2.7 Macrophoto of a
Dermacentor reticulatus tick

Survival of endoparasites inside hosts is much more difficult, since this depends
on different factors. Parasites that produce eggs depend on the fact, that these stages
need to become ingested by a new host. Thus these parasites (mostly worms)
produce huge numbers of adult stages, eggs or free larvae (e.g. Ascaris lumbricoi-
des, Ancylostoma duodenale; Figs. 2.9, 2.10, and 2.11). Another peculiar group of
endoparasites needs a vector (e.g. Plasmodium species, Babesia species,
Trypanosoma species or filariae; Figs. 2.11, 2.12 and 2.13) and thus they depend on
the availability of adapted ectoparasites (mosquitoes, ticks, biting flies, ticks etc.).
To overcome these obligate requirements these parasites always produce huge
amounts of progeny in order to increase the chances for a successful transmission at
least for some individuals (Mehlhorn 2016).
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Fig. 2.8 Scanning electron
micrograph of the head of an
Anopheles stephensi
mosquito showing hundreds
of hair-like sensillae and the
huge number of the single
facettes of the compound
eyes

Fig. 2.9 Light micrograph
of an egg of Ascaris
lumbricoides. Note the thick
protective egg shell
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Fig. 2.10 Macrophoto of
adults of Ascaris
lumbricoides

Fig. 2.11 Light micrograph
of alarva 3 of the hookworm
Ancylostoma duodenale

Parasites: An Own World of Cross Reactions with Their Hosts 9

2.3 Requirements for a Parasitic Life

The existence and permanent occurrence of parasites depend on the following main
needs:

1.

2.

Sophisticated mechanisms of host finding by development of excellent sensory
systems.

Adaption to tissues within different types of hosts (e.g. final and intermediate
hosts, vectors).

Protection from host defense systems=development of strategies to survive
inside hosts.

Production of huge numbers of progeny (eggs, larvae) and placing them in the
surroundings of potential hosts.

. Injection of sufficient numbers of active infectious stages exclusively into suit-

able hosts.
Manipulation of the behaviour of a potential host to enhance the reproduction
and transmission of the parasite’s progeny (Hatcher 2014).
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Fig. 2.12 Scanning electron
micrograph of an erythrocyte
containing two schizonts of
Plasmodium falciparum,
which protrude the surface
of the host cell

2.4 Categories of Parasite Manipulations

Parasite-derived host behaviour manipulations have been observed practically in all
types of parasite-host relations. Some can be categorized in groups of similar behav-
iour, others are rather unique. Typical groups of parasitic manipulations are as can
be seen in the following examples:

2.4.1 Manipulations Leading to an Increase of Transmission
Probabilities

Larval stages (sporocysts=broodsacs, Fig. 2.14) of trematodes of the genus
Leucochloridium change the behaviour of their intermediate hosts (snails of the
genus Succinea) leading them to creep from hidden places into lighted areas, where
they attract their final hosts (birds) by constant pulsating inside the tentacles of the
snail. This peculiar behaviour had already been described in Germany in the year
1853 by one of the first typical parasitologists (von Siebold) as is cited in Kagan’
review (1951). This example shows two activities: intermediate hosts are urged to
crawl onto lighted areas, where they can easily be seen by predators (birds) and
become even more visible by the intense pulsating of the parasite stages inside
(Lewis 1977). Another example of the same type of parasite-derived host manipula-
tion represents apparently Toxoplasma gondii (Figs. 2.15, 2.16, and 2.17). This
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Fig. 2.13 Scanning
electron micrograph of

a trypomastigote stage of
Trypanosoma sp. Note the
single attached flagellum

(red)

Fig. 2.14 Macrophoto of a
snail containing a pulsating
sporocyst inside the
protruded tentacle

protozoan parasite, which forms tissue cysts in the brain of intermediate hosts such
as mice, rats and humans (see Chap. 6 of Flegr in this book) apparently changes the
behaviour of these rodents. While uninfected rats and mice avoid cat-roaming-
areas, infected ones are much less shy and seem even to be attracted from cat odours
(Webster et al. 1994, 2013; Berdoy et al. 2000). This phenomen enhances the chance
that rodents are ingested by cats and Toxoplasma tissue cysts become easily trans-
mitted. Another example for a parasite-derived change of host behaviour can be
seen in crustaceans (Gammarus species) of the group of so-called Amphipoda.
Uninfected crustaceans of this group hide themselves in mud, if water movements
indicate the arrival of an enemy. In cases of infections with larvae of acanthocepha-
lan worms (e.g. Polymorphus paradoxus) gammarids swim to the surface of the
water, where they are easily ingested by beavers, rats or ducks, which then become
final hosts of the parasite harbouring the adult worms (Bethel and Holmes 1977,
Jacquin et al. 2014).

The trematode Microphallus papillorobustus, which involves besides final hosts
(water birds) two consecutive intermediate hosts. At first a snail is infected by a
miracidium larva, which hatches in water from eggs excreted within feces of water


http://dx.doi.org/10.1007/978-3-319-22936-2_6
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Fig. 2.15 Light micrograph
of a lymphocyte parasitized
by banana-shaped tachyzoites
of Toxoplasma gondii. Note
the occurrence of parasitoph-
orous vacuoles inside the
cytoplasm of the host cell

birds. So-called cercariae leave the snail after a phase of asexual reproduction and
are ingested by second intermediate hosts (crustaceans of the species Gammarus
aequicauda and G. insensibilis), where they become encysted in the brain and in the
abdomen. The stages in the brain change the behaviour of the gammarids so that
they can be easily ingested at the surface of water biotopes by water birds (Hellouy
2013). Apparently the parasites inside the ganglia of the gammarids produce sub-
stances which change/manipulate the behaviour of their hosts thus increasing the
chances for a successful transmission to the final host.

2.4.2 Manipulations to Use a Parasitized Individuum
as Bodyguard

Hereby two different types of effects can be distinguished:

2.4.2.1 Direct Protection

This type e.g. is common in braconid wasps (Hymenoptera). The females inject
eggs into the body of larval butterflies (Lepidoptera). The therein hatched larvae
feed at first non-essential tissues of their hosts. Then the last larval stages leave
the host. As long as the previously parasitized butterfly larva lives, it repells
aggressors by intense movements of its forbody thus protecting the unarmed pupa
of the parasite (Maure et al. 2013). This behaviour of the parasitized host is appar-
ently induced by excreted compounds of the parasite. Similar effects are seen



2 Parasites: An Own World of Cross Reactions with Their Hosts 13

Fig. 2.16 Light micrographs
of a section through a
Toxoplasma gondii cyst in a
muscle fibre (a) and in the
brain (b)

when coccinellid beetles (Coleo megilla maculata harbour the parasitoid larvae of
Dinocampus coccinellidae, which also belongs to the family of braconid wasps
(Maure et al. 2011).

2.4.2.2 Indirect Protection

Ichneumonid wasps of the species Polysphincta gutfreundi paralyze for a short time
a spider (Allocyclosa bifura) and lays an egg on the spider’s back. After recovery the
spider lives as usual and the ichneumoid larva feeds by sucking hemolymph from
the spider. During this sucking period the parasite apparently injects compounds
which lead to the effect, that the spider changes the design of its net and thickens its
filaments so that the pupa of the wasp becomes nearly invisible. This effect protects
from attacks from enemies of any type (Eberhard 2010; Maure et al. 2013).
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Fig. 2.17 Transmission
electron micrograph of a
section through a Toxoplasma
gondii cyst in a muscle fibre

2.4.3 Manipulations of Individuals to Act as Step Parents

The most well-known examples of manipulations of this type are cuckoos (e.g.
Cuculus canorus, C. c. bangsii). The adult female cuckoo enters a foreign bird nest,
throws out the host’s eggs and places its own egg there, which is bred out by the
breeding host parents. The motility signs of the hatched cuckoo stimulate the step-
parents to fill up constantly the opened mouth of the insatiable parasite. Apparently
the continual gaping and begging of the growing young cuckoo are such a strong
manipulatory stimulus for the host parents to feed the completely strange individual
replacing their own progeny (Davies and Brooke 1991).

2.4.4 Manipulations to Reach Favourable Sites for Sexual
Reproduction

Hairworms (Nematomorpha, Gordiodia) of the species Chordodes japonensis live
as adult worms in terrestric insects (e.g. in the “Praying mantis” Tenodera japonen-
sis). These worms apparently stimulate the worm-bearing terrestric insect to jump
into water, where the worms leave the insects and the females start laying eggs after
copulation. Larvae hatching from the eggs are ingested by aquatic larvae of dipteran
insects (such as mosquitoes, ephemerids etc.) and stay inside their bodies until these
insects have finished their metamorphosis and left the water biotope as adults. If e.g.
predator insects (e.g. various praying mantids etc.) ingest such larvae-bearing
insects (mosquitoes etc.) the nematomorph worms grow up often filling the whole
abdominal body and thus become visible as hanging strands outside of the body.
These parasites then induce their host insects to enter water, where the adult worms
leave the insect that dies inside the water. Uninfected individuals strictly avoid
water contact (Schmidt-Rhaesa and Ehrmann 2001; Thomas et al. 2002, 2003).
Similar results have been described from hair worms (Paragordius tricuspidatus)
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parasitizing in Nemobius sylvestris) (wood cricket), wherefrom only infected speci-
mens jump into water thus giving the adult hairworms the chance to enter watery
biotopes (Thomas et al. 2002, 2003).

2.4.5 Manipulations of Vector Insects

Uninfected female mosquitoes try to suck as often as possible blood since they need it
urgently to depone as much eggs as possible. However, female mosquitoes that had
just ingested gametocytes of Plasmodium species (agents of malaria) visit for a while
new hosts much less frequent than uninfected ones (Fig. 2.18). Apparently the malaria
parasites influence this behaviour, since they disturb the intestine due to development
of their oocysts and disturb also the salivary glands by the presence of numerous spo-
rozoites during their maturation, which need time to obtain full infectivity by produc-
ing a protecting surface coat. However, as soon as the sporozoites are fully infectious,
it was observed that the female mosquitoes suck more often blood at different hosts
(Anderson et al. 1999, 2000; Cator et al. 2012, 2014; Koella et al. 1998; Rossignol

RS

Fig. 2.18 Transmission
electron micrograph of a
section through an oocyst
of Plasmodium sp., which
is situated at the outer side
of the intestine of an
Anopheles mosquito. BL
Basal lamina of the
intestine; ER Endoplasmic
reticulum; LU Lumen of
the body cavity of the
mosquito; N Nucleus of
parasite; NH Nucleus of
host cell; NU Nucleolus;
OC Oocyst; OW Outer wall
of oocyst Lu ow N



16 H. Mehlhorn

etal. 1984). This behaviour contributes to the spreading of the parasites among a popu-
lation of hosts. Similar effects of increasing transmission rates occur due to the fact
that host odours become more attractive, when hosts are diseased by malaria (DeMoraes
et al. 2014) or when hosts are infected by Hepatozoon stages (Ferguson et al. 2013).

2.4.6 Manipulations to Reduce Adverse Host Reactions

Infections due to parasites affect the host’s immune system. This leads to the pro-
duction of substances like cytokines which also influence neuronal activity and thus
also the host behaviour (Dantzer 2004; Dantzer et al. 2008). Parasites are apparently
able to influence the production and interrelationships of such cytokines and thus
become thereby able to manipulate/decrease adverse reactions against a persistent
parasite inside (Adamo 2013; Friberg et al. 2010).

2.4.7 Manipulations due to Increase of the Neurotransmitter
Dopamine

It was observed that experimental infections of mice and rats with cysts and brady-
zoites of Toxoplasma gondii lead to manipulations of the behaviour of the host ani-
mals (Berenreiterova et al. 2011). Infected mice and rats do not avoid the nearness of
cats, but are apparently attracted by cat’s odours and even search their nearness. At
the same time it was found that infected mice and rats produce 14 % more dopamine
than uninfected ones. Tests with other neurotransmitters showed that they do not
influence the cat-approaching behaviour of mice and rats. Therefore Prandovsky
et al. (2011) conclude that Toxoplasma gondii leads to the increase of the dopamine
production in rats, which steers in a not yet fully understood pathway the altered
behaviour of Toxoplasma infected hosts — especially since injection of dopamine into
non-infected animals did not show the same behavioural effects as seen in Toxoplasma
infected mice (Eskow Jaunarajs et al. 2011). Behaviour changing effects of hosts
suffering from 7. gondii infections were seen due to changing amounts of catechol-
amines and indoleamines (Stibbs 1985). In addition it is proven that Toxoplasma
gondii modulates intensively the host cell proteome, so that intense structural
changes occur in- and outside of the infected cell (Mehlhorn and Frenkel 1980;
Nelson et al. 2008; Plattner and Soldati-Favre 2008) (Figs. 2.15, 2.16, and 2.17).

2.4.8 Manipulations by Parasites That Lead to Transformation
of Specialized Host Cells to Tissue Cysts

Most apicomplexan (sporozoan) protozoans live intracellularly inside species
specific host cells being included — at least at the beginning — in a parasitopho-
rous vacuole (Fig. 2.16), which finally is transformed into a tissue cyst
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Fig. 2.19 Diagrammatic representation of the development of different tissue cyst types among
the Apicomplexa (according to Mehlhorn and Frenkel 1980; Mehlhorn 2016). (/) Starting point:
After penetration the motile parasitic stage (sporozoite, cyst merozoite etc.) a typical parasitopho-
rous vacuole is formed inside the host cell. (2.1, 2.2) Depending on the species the shape of the
parasitophorous vacuole is changed. (3.1, 3.2) Transition stages. (4./—4.3) Cysts with formation of
inner chamber-like hollows. (5) Cysts without any inner chamber-like hollows. AR cut off due to
drawing needs, CH chamber-like hollow, CY cytomere, EN endodyogeny, GS ground substance,
HC host cell, LM limiting membrane of the PV, MC metrocyte, ME cyst merozoite, i.e. bradyzoite
in T gondii, NH host cell nucleus, PCW primary cyst wall, PV parasitophorous vacuole, SCW
secondary cyst wall, SE septum, SP sporozoite, UL underlying material
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Fig. 2.20 (a—d) Diagrammatic representation of the growth of a sarcosporidian cyst within a
muscle fibre (protrusions of the primary cyst wall are species specific). Apart from these variations
of the shape of the protrusions the developmental process is identical in all Sarcocystis species.
The development starts about 1 month after infection with the formation of a parasitophorous
vacuole and is finished after two further months, when the chamber-like hollows of the ground
substance contain numerous banana-shaped, motile cyst merozoites (After Mehlhorn and Heydorn
1978). AS amorphous substance, CH chamber-like hollow, GS ground substance, HC host cell, HM
host cell membrane, LM limiting membrane of the parasitophorous vacuole, MC metrocyte, ME
cyst merozoite, N nucleus, NH host cell nucleus, PA palisade-like protrusion of tissue cyst, PV
parasitophorous vacuole, RH -remnants of the host cell cytoplasm (Mehlhorn and Heydorn 1978).
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(Figs. 2.19, 2.20, 2.21, and 2.22). This outcome of this transformation is spe-
cies specific and definitively steered by the parasite. This can be seen by the
fact that the tissue cysts have a genus specific appearance so that even in the
same genus each species may produce a typical specific appearance. The for-
mation of such cysts is diagrammatically shown in Figs. 2.20 and 2.21. In
Figs. 2.23, 2.24, and 2.25 various types of such tissue cysts are depicted in
light and electron micrographs (Mehlhorn and Frenkel 1980; Mehlhorn and
Heydorn 1978; Mehlhorn 2016).

host cell T

ol unit membrane osmiophilic material
‘JI b

vacuole

e | fibrils
' microtubules

invagination

primary wall

Fig. 2.21 (a—d) Diagrammatic representation of the growth of the surface of Sarcocystis cysts
inside a muscle fibre forming species specific protrusions. Diagrammatic representation of the
development of the primary cyst wall and the underlying ground substance of the cyst. In mature
cysts the primary cyst wall may form species specific protrusions. d left S. bovihominis in cattle
muscles, d right S. ovifelis (From Mehlhorn and Heydorn 1978)
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Fig. 2.22 Light micrographs of sections through Besnoitia besnoiti cysts inside epidermal cells
(1-2) of cattle: C tissue cyst, CT dermal remnnants, H blood vessel, HC host cell, NH enlarged
nuclei of the host cell, P parasites, SW secondary cyst wall

Fig. 2.23 Light
micrograph of numerous
sarcocysts of a bird
Sarcocystis species, which
would lead to a poor flying
ability. Thus this bird
becomes easily caught and
ingested by a predator bird,
which is the final host
excreting oocysts
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Fig. 2.24 Transmission
electron micrograph of two
schizonts (a macroschizont
and microschizont during
formation of merozoites)
of Theileria annulata in a
macrophage of cattle.
These stages are not
situated in a
parasitophorous vacuole,
but lay directly in the
cytoplasm, after the
membrane of the initially
formed parasitophorous
vacuole has been ruptured
(From Mehlhorn and
Schein 1984)

Fig. 2.25 Light micrograph
of trophozoites of Babesia
canis directly inside the red
blood cell cytoplasm

-
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Fig. 2.26 Diagrammatic representation of host cell transformation after infection with larvae of
Trichinella spiralis. The larva is reduced in the size due to technical reasons of drawing. (a) Shortly
after larva 1 has penetrated the sarcomeres of the muscle cell start degeneration. (b) Zones of
increasing mitochondria and lacunes of the ER are formed around the larva. Nuclei start to grow
considerably, sarcomeres disappear completely and are replaced by a granular material. (c) At the
periphery lacunes of the ER become increased and separate a dense outer layer from the inner
granular zone. (d) The outer dense layer is rather thick starting about 60 days past infection of the
cell. In many cases such tissue cysts become additionally surrounded by a layer of degenerated
granulocytes of the host. This layer may be calcified after months or even years. However, larvae
inside may survive for years inside such tissue cysts. CE confluent ER, ER endoplasmic reticulum;
KA capsule appears often as cyst wall in light microscope, KH growing host cell nucleus (hyper-
trophia) KW nucleus of host cell, MI mitochondrion, SD sarcomeres during deformation, 7R
Trichinella larva, WZ host cell, ZM cell membrane of muscle fibre =host cell
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2.4.9 Manipulations by Trichinella Species to Survive Inside
Host Muscle Cells

Nematodes belonging to the genus Trichinella enter as larvae 1 typical uninuclear
muscle cells (in the heart) or multinucleated muscle fibres and start to transform
them, so that the parasites become able to survive for long inside for many years.
This transformation process is diagrammatically depicted in Fig. 2.26 and shown in
steps in Figs. 2.27, 2.28, and 2.29. At first host cell nuclei start divisions and increase
enormously in size. Furtheron the muscle fibres become replaced by granular mate-
rial starting in the close surroundings of the worm filling finally the whole interior
of the considerably enlarged host cell. The host immune system finally adds layers
around infected muscle fibers (which may contain several worms, Fig. 2.26) and
thus allows survival times of the worms inside up to 20 years (respectively until the
infected tissues are ingested by a final host (meat feeding organisms), where finally
adult female and male worms are developed. The steering of this peculiar develop-
ment is only poorly understood (Babal et al. 2011; Wu et al. 2005).

Fig. 2.27 Light micrograph of a section through a muscle fibre, which is on the way to be trans-
formed by the parasite. Most central: the larva of T. spiralis is surrounded by amorphous material,
which is peripherally surrounded by a pale, dedifferentiated, nuclei containing layer
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Fig. 2.28 Semithin section through a muscle fibre showing two circular sections of a larva of 7.
spiralis. Note that the typical muscle fibres are transformed to a pale amorphic layer containing
highly enlarged nuclei, the number of which has been increased
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Fig. 2.29 Macrophoto of a larva of T. spiralis filling fully a transformed muscle fibre (Photo
granted by Prof. Hinz, Heidelberg)



26 H. Mehlhorn

References

Adamo SA (2013) Parasites: evolution’s neurobiologist. J Exp Biol 216:3—-10

Anderson RA et al (1999) The effect of Plasmodium yoelii nigeriensis infection on the feeding
persistence of Anopheles stephensi throughout the sporogonic cycle. Proc Biol Sci
266:1729-1733

Anderson RA et al (2000) Plasmodium falciparum sporozoites increase feeding associated mortal-
ity of their mosquito hosts Anopheles gambiae. Parasitology 120:329-333

Babal P et al (2011) Apoptosis as the adaption mechanism in survival of Trichinella spiralis in
host. Parasitol Res 109:997-1002

Berdoy M et al (2000) Fatal attraction in rats infected with Toxoplasma gondii. Proc Biol Sci
267:1591-1594

Berenreiterova M et al (2011) The distribution of Toxoplasma gondii cysts in the brain of a mouse
with latent toxoplasmosis: implications for the behavioural manipulation hypothesis. PLoS
One 6(12)

Bethel WM, Holmes JC (1977) Increased vulnerability of amphipods to predation owing to altered
behaviour induced by larval acanthocephalans. Can J Zool 55:110-115

Cator LJ et al (2012) Do malaria parasites manipulate mosquitoes? Trends Parasitol 28:466—470

Cator LJ et al (2014) Alterations in mosquito behaviour by malaria parasites. Malaria J
13:164-170

Dantzer R (2004) Cytokine-induced sickness behaviour: a neuroimmune response to activation of
innate immunity. Eur J Pharmacol 500:394-411

Dantzer R et al (2008) From inflammation to sickness and depression: when the immune system
subjugates the brain. Nat Rev Neurosci 9:46-56

Davies NB, Brooke M (1991) Coevolution of the cuckoo and its hosts. Sci Am 264:92-98

DeMoraes CM et al (2014) Malaria induced changes in host odors enhance mosquito attraction.
Proc Natl Acad Sci U S A 111:11079-11084

Eberhard WG (2010) Recovery of spiders from the effects of parasitic wasps: implications for fine-
tuned mechanisms of manipulation. Anim Behav 79:375-383

Eskow Jaunarajs KL et al (2011) Potential mechanisms underlying anxiety and depression in
Parkinson’s disease: consequences of 1-DOPA treatment. Neurosci Biobehav Rev
35:556-564

Ferguson LV et al (2013) Influence of Hepatozoon parasites on host seeking and host choice
behaviour of the mosquitoes Culex territans and Culex pipiens. Int J Parasito Parasites Wildlife
2:69-76

Friberg IM et al (2010) Macroparasites innate immunity and immunoregulation: developing natu-
ral models. Trends Parasitol 26:540-549

Greenwood BM (1968) Autoimmune diseases in Nigerians. Lancet 2:573

Hatcher MJ et al (2014) Parasites that change predator or prey behaviour can have keystone effects
on community composition. Biol Lett 10:20130879

Hellouy S (2013) Parasite-induced alterations of sensorimotor pathways in gammarids: collateral
damage of neuroinflammation? J Exp Biol 216:67-77

Jacquin L et al (2014) Non-specific manipulation of gammarid behaviour by Polymorphus minutus
parasites enhances their predation by definitive bird hosts. PLoS One 9(7), 101684

Kagan IG (1951) Aspects in the life cycle of Neoleucochloridium problematicum and
Leucochloridium cyanocittae. Trans Am Micros Soc 70:281-318

Koella JC et al (1998) The malaria parasite, Plasmodium falciparum, increases the frequencies of
multiple feeding of the mosquito vector, Anopheles gambiae. Proc Biol Sci 265:763-768

Lewis JD (1977) Adaptations for the transmission of species of Leucochloridium from molluscan
to avian hosts. Proc Mont Acad Sci 37:70-81

Maizels RM et al (2014) Helminths in the hygiene hypothesis: sooner or later. Clin Exper Immunol
177:38-46

Marchan R (2014) Parasitic Panacea. Lab Times 5:26-29



2 Parasites: An Own World of Cross Reactions with Their Hosts 27

Maure F et al (2011) The cost of a bodyguard. Biol Lett 7:843-846

Maure F et al (2013) Diversity and evolution of bodyguard manipulation. J Exp Biol 216:36-42

Mehlhorn H (ed) (2016) Encyclopedia of parasitology, 4th edn. Springer, New York

Mehlhorn H, Frenkel JK (1980) Ultrastructural comparison of cysts and zoites of Toxoplasma
gondii, Sarcocystis muris and Hammondia hammondi in skeletal muscles of mice. J Parasitol
66:59-67

Mehlhorn H, Heydorn AO (1978) The sarcosporidia: life cycle and fine structure. Adv Parasitol
16:43-102

Mehlhorn H, Schein E (1984) The piroplasms: life cycle and sexual stages. Adv Parasitol
23:38-143

Moore J (2013) An overview of parasite-induced behavioural manipulations — and some lessons
from bats. J Exp Biol 216:11-17

Nelson MM et al (2008) Modulation of the host cell proteome by the intracellular apicomplexan
parasite Toxoplasma gondii. Infect Immun 76:828-844

Plattner F, Soldati-Favre D (2008) Hijacking of host cellular functions by the Apicomplexa. Annu
Rev Microbiol 62:471-487

Prandovsky E et al (2011) The neurotropic parasite Toxoplasma increases dopamine metabolism.
PLoS One 6(9)

Rossignol PA et al (1984) Increased dermal probing time in sporozoite-infected mosquitoes. Am J
Trop Med Hyg 33:17-20

Schmidt-Rhaesa A, Ehrmann R (2001) Horsehair worms (Nematomorpha) as parasites of praying
mantids with a discussion of their life cycle. Zool Anzeiger 24:167-179

Stibbs HH (1985) Changings in brain concentrations of catecholamines and indoleamines in
Toxoplasma-infected mice. Ann Trop Med Parasitol 79:153-157

Thomas F et al (2002) Do hairworm (Nematomorpha) manipulate the water seeking behaviour of
their terrestrial hosts? J Evol Biol 15:356-361

Thomas F et al (2003) Parasitic manipulation: where are we and where should we go? Behav
Process 68:185-199

Wammes LJ et al (2014) Helminth therapy or elimination: epidemiological, immunological, and
clinical considerations. Lancet Inf Dis 14:1150-1162

Webster JP et al (1994) Effect of Toxoplasma gondii on neophobic behaviour in wild brown rats.
Parasitology 109:37-43

Webster JP et al (2013) Toxoplasma infection, from predator to schizophrenia. J Exp Biol
2016:99-112

Wu Z et al (2005) A spectrum of functional genes mobilized after Trichinella spiralis infection in
skeletal muscle. Parasitology 130:561-573



Chapter 3
Trait-Mediated Effects of Parasites

on Invader-Native Interactions

Melanie J. Hatcher, Jaimie T.A. Dick, Rachel A. Paterson,
Mhairi E. Alexander, Mandy Bunke, and Alison M. Dunn

3.1 Introduction

Most work on parasite-induced behavioural change in hosts focuses on the mecha-
nisms underlying these changes and their direct consequences for parasite and host
fitness (see other chapters in this volume). However, infected hosts do not exist in
isolation; they form part of a community of organisms that interact through an array
of trophic links. Here, we broaden the focus of parasite-modified behaviour to
examine the indirect consequences of such behavioural changes for species that
interact with the host, and explore how this may impact community structure. In
particular, we review our work on crustacean host-parasite systems where we find
that parasites affect a range of trophic interactions between invasive and native host
species. We examine the potential significance of these parasite-induced behav-
ioural effects in the biological invasion process.
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From a population perspective, we usually think of the direct effects of parasit-
ism on the host — the morbidity and mortality induced by the parasite in hosts.
However, recent theoretical and empirical research suggests that the indirect effects
of parasitism may be equally important in structuring communities (Hudson et al.
2006; Hatcher and Dunn 2011). Indirect interactions occur when the impact of one
species on another affects populations of a third species, with these interactions
being density- or trait-mediated. Change in population density has been regarded as
the main mechanism driving such indirect interactions. For example, the decline in
the Iberian Lynx was an indirect result of parasite (myxamatosis & rabbit haemor-
rhagic disease) induced decline in its rabbit prey (Ferrer and Negro 2004). However,
indirect interactions can also be caused by changes in behaviour, development or
physiology; for example parasite (nematode) induced vulnerability to predation
mediates population cycles in snowshoe hares (Murray et al. 1997). Such effects,
known as trait-mediated indirect effects (Werner and Peacor 2003) can theoretically
be as important as density-mediated effects for community structure and function
(Abrams and Matsuda 1996) and are now considered an important driving factor in
community ecology (Ohgushi et al. 2012).

Trait-mediated interactions may be especially relevant in parasite-host systems
because parasites do not necessarily kill their hosts, at least not immediately, but
frequently modify host behaviour or development (reviewed in Lefevre et al. 2009;
Thomas et al. 2010 and chapters in this issue). Such trait changes may have no
apparent deleterious effect on hosts measured in isolation. However, if these trait
modifications reduce host fitness when interacting with other species, we can nev-
ertheless regard them as aspects of virulence; we have referred to such characteris-
tics as “cryptic virulence” (MacNiel et al. 2003c; Hatcher and Dunn 2011).

In our laboratories at The University of Leeds and Queen’s University Belfast,
we are particularly interested in the roles played by parasites in biological invasions
(Prenter et al. 2004; Dunn 2009; Hatcher and Dunn 2011; Dunn et al. 2012).
Parasites (here we use the term to include macro- and microparasites and parasit-
oids) are an important consideration in biological invasions for a number of reasons
(Fig. 3.1). Firstly, some invasions may succeed partly because the introduced spe-
cies leaves behind its parasites (and their deleterious effects) in the native range (a
mechanism known as enemy release; Mitchell and Power 2003; Torchin et al. 2003).
In other cases, introduced species arrive with their parasites, but the parasites go on
to infect populations of related host species in the recipient range (the phenomenon
of spillover; Daszak et al. 2000), often with highly deleterious effects on the new
host. Parasite spillback or dilution may also occur (from an invasions perspective,
where native parasites in the invaders new invaded range cross into introduced
hosts; Kelly et al. 2009). These can be considered as direct effects in that they influ-
ence host (novel or original) survival directly via presence (or absence) of the para-
site. In addition, many parasites are themselves invasive, and the process of disease
emergence shares many similarities with that of biological invasion (Hatcher et al.
2012a, b; Dunn and Hatcher 2015).

Furthermore, the importance of parasite-induced indirect effects in the pro-
cess of biological invasion has now been recognized for a range of terrestrial



3 Trait-Mediated Effects of Parasites on Invader-Native Interactions 31

~ ) __----“"\\
,/Ems

/ = 2 s r o
Vi Parasite-mediated invasions \

/ Parasite-mediated interactions \
/ Y\

/ Biodiversity, disepse,

| f .\ 5 o !
community structure

| Host extinction

Parasite extinction |
|

Reservoir effects /
Parasite dilution /

A Novel weapons /

Fig. 3.1 Alternative ways in which invaders cause ecological novelty through their interactions
with parasites. Green circle: native community. Red arrow: invasive parasites can drive changes in
host abundance and extinction and can mediate native/invader interactions leading to changes in
biodiversity and community structure. Blue arrow: invasive hosts can co-introduce parasites which
may act as novel weapons; invasive species may also acquire endemic parasites resulting in para-
site amplification or dilution. Purple arrow: extinctions and changes in community structure as a
result of biological invasions can affect native parasite-host interactions. Green spiral: feedback
between parasite prevalence and biodiversity (From Dunn and Hatcher 2015)

and aquatic, plant and animal systems (White et al. 2006; Dunn et al. 2012).
Parasite-induced trait effects have been reported as important in ongoing bio-
logical invasions in diverse taxa and ecosystems, including wild oat (Avena
fatua) in Californian grasslands, fire ants (Solenopsis invicta) in North America
and amphipods in UK freshwaters (Dunn et al. 2012; Dunn and Hatcher 2015).
Here, we review the importance of trait-mediated effects, with particular focus
on the crustacean invasions studied in our laboratories in the UK. We use a com-
munity module-based approach (Holt 1997; Hatcher et al. 2006) to structure this
review, allowing us to examine systematically the potential “targets” of indirect
effects.

3.2 Crustacean Invasion Study Systems

Amphipod crustaceans are often keystone species in freshwater ecosystems.
Through processing nutrients and providing prey for larger invertebrates and verte-
brates, they provide important ecosystem services (MacNeil et al. 1997). They pro-
cess the primary basal energy resource (leafy detritus) through shredding, with
strong impacts on community structure. They also consume smaller invertebrate
species in the food web, influencing macroinvertebrate species richness and diver-
sity, and are key prey for commercial and recreational fish stocks, and for wildfowl.
Furthermore, amphipod species differ in their propensity towards predation and
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detritus processing, and thus from an ecosystem perspective, there is unlikely to be
equality of functionality between invader and native. Therefore, the impact of para-
sitism on amphipod population dynamics or invasion outcomes could have pro-
found ramifications for the diversity and structure of aquatic communities as well as
having eco-economic costs.

3.2.1 Amphipod Invasion

In rivers and streams in Ireland, the native amphipod Gammarus duebeni celti-
cus is being replaced by the European Gammarus pulex. In addition to influenc-
ing native amphipod populations, G. pulex invaded rivers also have lower
macroinvertebrate abundance and diversity (Kelly et al. 2006). A further two
species of non-native amphipods also co-occur; Gammarus tigrinus and
Crangonyx pseudeogracilis, despite being weaker competitors and being pre-
dated by the other invasive and native amphipods. In mainland Europe, the inva-
sive Dikerogammarus villosus is a voracious predator of macroinvertebrates
including native and other invasive amphipods (Dodd et al. 2014), with invaded
regions showing a decrease in macroinvertebrate abundance and diversity
(Rewicz et al. 2014).

Comparison of invasive and native amphipods reveal differences in detritivory, in
predation on native invertebrates, as well as a hierarchy of competition and intragu-
ild predation (i.e., predation of ecological guild members, that is, potential competi-
tors; Polis et al. 1989) between these amphipods (Fig. 3.2).

Amphipods are host to a suite of parasites including viruses (Bojko et al. 2014;
Arundell et al. 2015), microsporidia (Terry et al. 2003), trematodes (Arundell et al.
2015) and acanthocephala (MacNeil et al. 2003a), which modify competitive and
trophic interactions of their hosts. There is correlative evidence that enemy release
may be a factor in both G. pulex and D. villosus invasions. In Ireland, Dunn and Dick
(1998) have shown that parasite diversity is higher in the native G. duebeni celticus
than in the invading G. pulex. Five species of parasite were detected, of which three
were shared but two, the microsporidian Pleistophora mulleri and the acanthocepha-
lan Polymorphus minutus, were restricted to the native host. For two species (Embata
parasitica and Epistylus sp.) that infected both native and invading species, parasite
prevalence and burden was higher in native hosts. However, this pattern was not
universal; prevalence of the acanthocephalan Echinorhynchus truttae was found to
be higher in the invasive G. pulex (Dunn and Dick 1998; Hatcher and Dunn 2011).
A recent study of newly invasive D. villosus populations in the UK provides evi-
dence of enemy release from viral, metazoan and microsporidian parasites that are
highly prevalent in the (invasive) continental range (Bojko et al. 2014; Arundell et al.
2015), although there is also evidence that parasite diversity has increased in the 5
years since this species has been reported in the UK (Bovey et al. unpublished).
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Fig. 3.2 Simplified food web depicting amphipod invader-native interactions in Ireland. The
native Gammarus duebeni celticus (N) sits mid-way in an intraguild predation hierarchy between
the invasives G. pulex (I1) and G. tigrinus (I12). Amphipods prey on smaller invertebrates (e.g.
Asellus aquaticus, shown) and process leafy detritus. They are prey to salmoniid fish (e.g. Salmo
trutta, shown). Two parasites modify gammarid interactions: Pleistophora mulleri infects G. d.
celticus, and Echinorhynchus truttae infects G. d. celticus and G. pulex as intermediate hosts, uti-
lizing salmoniid fish as the definitive host. Arrows depict direct trophic interactions; direction of
arrow indicating direction of energy flow

3.2.2 Crayfish Invasions

In Europe, the decline of the native white-clawed crayfish (Austropotamobius pal-
lipes) and its replacement by the North American signal crayfish (Pacifastacus
leniusculus) is at least partly mediated by parasitism (Dunn 2009). The fungal
parasite Aphanomyces astaci (which causes crayfish plague) was co-introduced
with the signal crayfish (Holdich and Poeckl 2007), whilst an endemic microspo-
ridian parasite Thelohania contejeani affects the endangered native species
(Oidtmann et al. 1997).
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3.3 Module Approach to Indirect Interactions

To examine how parasites influence invasion dynamics and impact, we need an
understanding of the potential for indirect effects of parasitism on other species in
the invaded community. Analysis of community modules helps to categorize all the
potential indirect effects that may ramify from a focal host-parasite pairing
(Fig. 3.3). Community modules (Holt 1997) are sets of three or more strongly
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Fig. 3.3 Parasite-induced indirect interactions in community modules. Interaction links between
a focal host (blue, bold border) and closely linked community members are shown. Bold arrows
depict direct interactions between species; the direction of energy flow is indicated by the arrow.
Crustacean amphipods are involved in many trophic interactions, as predators and prey, and as
detritoves and processors of detritus, as well as being hosts to parasites. Dashed arrows depict
sample indirect interactions with other species; the examples show where a parasite (red) may
indirectly affect interactions between the host and other species by modifying host behaviour.
Conceivably, interactions between any species pair may be modified; red arrows indicate vertical
indirect interactions, blue show horizontal indirect interactions
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interacting species, providing a bridge between simple single population or two-
species dynamics and the inherent complexity of complete communities. Modules
provide a basis for analysing indirect interactions mediated by a third species, and
how interactions such as predation and parasitism themselves interact.

All the major trophic interactions in an ecosystem may be affected by parasitism
(Hatcher and Dunn 2011). From the perspective of understanding invasions, we can
distinguish between two relevant facets of module structure where parasites may
have impact (Dunn et al. 2012):

Horizontal interactions between species on the same trophic level. These may
include competitive interactions (which may be influenced by parasites in one or
more host species at that level) or apparent competition and related interactions
(for instance, where two species do not compete directly for resources, but are
host to the same parasite species). Via their effects on competitive strength or
apparent competition, parasites may therefore influence invasion rate/success,
and coexistence/species replacement dynamics.

Vertical interactions between species at different trophic levels. These include
consumptive predator-prey, herbivory and detritivory interactions. Such vertical
interactions are relevant to understanding ecological impact in invasion biology,
as some of the most devastating invasive species have been demonstrated as
more voracious consumers than native counterparts (Dick et al. 2014). As we
will review, parasites influence predation rates on or by their hosts, and therefore
may strongly influence the strength of these interactions.

Here, we review evidence for each of these indirect interactions in the crustacean-
parasite systems we study, along with a brief examination of evidence from other
systems.

3.4 Trait Effects of Parasites on Trophic Interactions

3.4.1 Detritivory

In many aquatic ecosystems, leafy detritus provides the primary basal energy
resource. Amphipods and isopods play an important role in processing this detritus,
converting it from coarse to fine particulate organic matter that can be consumed by
filter feeders and collector-gatherers (MacNeil et al. 1997). Parasitism has been
shown to modify detritivore interactions in some of these systems. Infection by the
acanthocephalan parasite Acanthocephalus tahlequahensis was found to cause a
reduction in detritus processing by its isopod host, Ceacidotea communis in streams
in North America (Hernandez and Sukhdeo 2008). This trait effect has community-
wide ramifications, with parasites predicted to reduce detritus processing by up to
50 %, affecting energy transfer throughout the ecosystem. Biological invaders may
have different rates of detritus processing than the native species that they replace.
For example, leaf shredding function of the invasive Dikerogamarus villosus was
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lower than that of 3 native species MacNeil et al. (2011), and current work is explor-
ing whether parasites can also influence detrital processing.

Trait-mediated effects can be both subtle and context-dependent. For example,
larval Drosophila melanogaster compete with the fungus Aspergillus niger for dead
organic matter; D. melanogaster larvae suppress fungal growth, whilst the fungus
secretes toxins that inhibit the fly larvae. Infection with the parasitoid Asobara tab-
ida reduces feeding by D. melanogaster larvae, and this influences its interaction
with the fungus; this form of cryptic virulence leads to complex interactions between
the competitors (Rohlfs 2008).

3.4.2 Herbivory

Herbivory per se has not been studied in our crustacean systems. However, as
herbivory is key to processing the basal energy resource in many ecosystems, it
would be remiss not to discuss some key findings from other systems, especially
as parasitism of herbivores is well documented as having profound effects on
community structure. Disease outbreaks in vertebrate populations have led to
some dramatic examples of cascading effects. For instance, myxomatosis and
rinderpest have led to population declines of dominant grazers (rabbits
Oryctolagus cuniculus and wildebeest, Connochaetes taurinus, respectively),
with consequent effects on both plant and predator communities (reviewed in
Hatcher and Dunn 2011). In these examples, parasitism has its impact via classi-
cal density-mediated effects (reduced host survival); however, recent work sug-
gests that less obvious trait-mediated effects on host fitness may also have
cascading effects in communities. For example, endophytes of grasses which
reduce host palatability to herbivores can have knock-on effects for plant com-
munity composition and succession, and also appear to influence herbivore, detri-
tivore and predator communities. Because these endophytes protect hosts from
herbivory, infection with endophytes may underlie the invasive success of some
grass species (Rudgers et al. 2007). The trematode Cryptocotyle lingua does not
kill its intermediate host, the algal grazing periwinkle Littorina littorea, but dam-
ages the host digestive system. As a result, per capita algal grazing was reduced
by 40 % in infected periwinkles, leading to a 65 % increase in algal cover, which
is likely to influence the recruitment of other species that require a rocky surface
for colonization (Wood et al. 2007).

3.4.3 Competition

Parasite-mediated effects on competition provide some of the most-cited cases of
parasite impact on community structure. Parasite-induced density effects have long
been recognized as having potential to drive community structure via their effects



3 Trait-Mediated Effects of Parasites on Invader-Native Interactions 37

on competitors (Elton 1958). Indeed, seedling mortality induced by specialist
pathogens could be one of the chief drivers of plant biodiversity in tropical rainfor-
ests (Freckleton and Lewis 2006) and may explain aspects of global diversity pat-
terns today (Kulmatiski et al. 2008). In contrast, multi-host parasites may reduce
biodiversity, preventing coexistence or speeding the replacement of one host species
by another. One well-documented case is that of squirrel poxvirus (SQPV) in the
red squirrel Sciurus vulgaris, which is under threat of replacement by the grey squir-
rel Sciurus carolinensis in the UK (Tompkins et al. 2003). SQPV has a direct,
strongly pathogenic effect on red squirrels (Tompkins et al. 2003) and can poten-
tially be spread through multiple routes (Collins et al. 2014). In England, where the
virus is present, decline in red squirrels is up to 25 times more rapid than in Scotland
and Italy, where the virus is absent (Rushton et al. 2006).

However, trait-mediated competitive interactions are also known to affect both
animal and plant invasions. For instance, plant pathogens can potentially influ-
ence plant community composition and grassland diversity via trait-mediated
indirect effects on competition; Barley Yellow Dwarf Virus (BYDV) modifies
competition between native perennial bunchgrasses and invasive annual grass
species in the Californian plains. In field plot experiments, BYDV infection did
not affect bunchgrass survivorship when grown alone, but halved survivorship of
bunchgrass grown with invasive species (Malmstrom et al. 2006). This effect may
facilitate the ecological replacement of bunchgrasses by invasive competitors
(Borer et al. 2007). A further example of the power of parasite-induced trait
effects concerns parasitic phorid flies. Phorids have surprising effects on their ant
hosts, causing direct virulence effects in infected hosts, but indirectly exerting
trait effects in uninfected hosts that exhibit parasite avoidance behaviour. These
parasitoids develop in the head capsule of worker ants — leading to decapitation
before the fly pupates and emerges as an adult. The presence of the phorid
Apocephalus sp. induces refuge seeking behaviour in potential hosts, preventing
defensive behaviour towards the competing ant species (Lebrun and Feener
2007). In the presence of phorid flies, an otherwise dominant species may be
outcompeted by an inferior competitor. Interestingly, ant species that are domi-
nant competitors experience higher levels of infection as host alarm and foraging
trail pheromones are used by the parasitoid to detect hosts in which they will lay
their eggs. Fear of parasitism may be more widespread than we appreciate: in the
2003 SARS pandemic, in addition to state-imposed contact control measures,
there were notable decreases in social behaviour (such as restaurant usage and
attendance of social events) as people attempted to reduce their risk of infection
(Blendon et al. 2004).

In the Ireland Gammarus system, we suspect that trait effects of parasites may
act via competition on the invasion process. For instance, parasite-induced changes
in predation on shared invertebrate prey could release or exacerbate invader-native
competition. However, intraguild predation is also key to invader-native interac-
tions, thus it is difficult to tease apart the importance of competition versus preda-
tion (including intraguild predation between competing gammarids) in these
community modules; these processes are discussed below.
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3.4.4 Predation

Parasites can influence predation via trait effects in two ways; parasites of predators
may alter the predatory behaviour of such hosts, whereas parasites of prey species
can alter the likelihood of the host being consumed. Both scenarios are found in
crustacean systems we study.

3.4.4.1 Predation by the Host on Lower Trophic Levels

In laboratory experiments, the microsporidian P. mulleri causes little direct mortal-
ity or reduction in fecundity to its host, the native G. d. celticus. However, this para-
site leads to reduced predatory ability on smaller sympatric amphipods and isopods
(MacNeil et al. 2003b; Fielding et al. 2005). The effects of a second parasite, the
acanthocephalan E. truttae, on its host the invasive G. pulex, are more complex and
depend on prey size and species (Dick et al. 2010; Paterson et al. 2015). Analyses of
predator functional responses (the per capita prey consumption as a function of prey
density; Holling 1966; Dick et al. 2014) reveal that, when provided with juvenile
A aquaticus, E. truttae-infected G. pulex exhibited a significantly higher functional
response asymptote (i.e., exhibit higher predation rates) than uninfected individuals
(Dick et al. 2010).

For both the invasive G. pulex and the native G. d. celticus, parasitism (with
E. truttae and P. mulleri respectively) influenced foraging mostly through effects on
prey handling time (Paterson et al. 2015). Whilst functional responses to some more
mobile species (e.g. mayfly nymphs, Baetis rhodani) were lower for infected amphi-
pods, predation was increased on the more sessile Simulium species. Furthermore,
additional trait-mediated effects (the presence of higher-order fish predators) further
modified foraging behaviour and the impact of parasites (Paterson et al. 2015).
These findings, together with those for detritivory and cannibalism (see below), are
strong indicators that parasites not only influence appetite, they influence prey
choice and may induce trophic shifts in the host. This may be particularly relevant
for our understanding of parasite impact in communities in general, as well as their
role in invasion success and impact (Dick et al. 2014; Dunn and Hatcher 2015).

Parasitism also mediates interactions between invasive and native crayfish and
their native prey (Dunn 2009). The invasive signal crayfish, P. leniusculus, which
was introduced to Europe for aquaculture, is driving extirpation of native European
crayfish including the endangered white clawed crayfish A. pallipes. Crayfish
plague (caused by the fungus Aphanomyces astaci) is asympotamatic in the signal
crayfish. However, the invader acts a reservoir for the parasite which causes mass
mortality in the native species (Holdich and Poeckl 2007). In contrast, the micro-
sporidian parasite Thelohania contejeani (Imhoff et al. 2011) mediates predation by
the host through trait effects. T contejeani causes porcelain disease, a chronic infec-
tion in the native crayfish, which suffer muscle damage and a reduction in their
predatory abilities (Haddaway et al. 2012). Comparison of predatory functional
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responses revealed that native crayfish had a lower prey intake rate than did the
invasive species, reflecting a longer prey handling time. This difference is exacer-
bated by the parasite, which induced muscle damage leading to a reduced attack rate
and increased prey handling time, contributing to a 30 % reduction in prey intake by
parasitised native crayfish (Haddaway et al. 2012).

The effects of parasites on predator survival and/or behavior can have knock-on
effects for prey species (Hatcher et al. 2006). In some cases, the effects can long
outlive the duration of active infection in a population, and would be missed in con-
temporary experiments. For instance, an outbreak of canine parvovirus in grey
wolves (Canis lupus) in the US National Park of Isle Royale 20 years ago precipi-
tated a population crash from which the wolf population has never recovered (prob-
ably because the crash reduced genetic diversity in the wolf population). This
density-mediated effect has shifted the balance of population regulation of the chief
prey species (moose, Alces alces) away from predation and towards correlation with
climatic factors (Wilmers et al. 2006). Whether trait-mediated effects can have such
lasting impact has yet to be examined.

3.4.4.2 Predation on the Host by Higher Trophic Levels

In some cases, predators attack infected prey more frequently than healthy prey
because parasitism weakens hosts making them easier to catch. This parasite-
induced vulnerability to predation may determine population dynamics and com-
munity structure in some natural systems (Packer et al. 2003; Holt and Roy 2007).
If infected prey provide an “easy” resource for predators to exploit, parasitism can
enhance persistence of a predatory species (Hethcote et al. 2004). Alternatively,
predators and parasites can interact to determine prey population persistence and
dynamics. For instance, parasite-predator interactions can drive cyclic population
dynamics in the snowshoe hare (Lepus americanus). Murray et al. (1997) found that
hare populations prone to strong predation more than doubled their survival rates
when treated with anthelminthics. Infection with nematode parasites had no other
measurable effects on host fecundity or direct mortality, thus increased predation on
infected hosts appears to be the sole cause of virulence in this system. Similarly, red
grouse Lagopus lagopus killed by predators had significantly higher burdens of the
caecal nematode Trichostrongylus tenuis and worm burden reflected the level of
gamekeeper control of predators (Hudson et al. 1992).

Many of the behavioural changes described above represent “by products” of
infection (Poulin 1995). Nonetheless, in the community context, their outcomes may
be far from “boring” (Poulin 1995). Other changes in prey/host behavior may be
adaptive, resulting from selection on the host to avoid infection, or selection on the
parasite to enhance transmission. For example, parasites can influence predation via
effects on the avoidance behavior of potential hosts. Tadpoles of the toad Bufo amer-
icanus exhibit an adaptive “fear” response of hyperactivity to chemical cues from
cercariae of the trematode Echinostoma trivolvis, which reduce their chances of
becoming infected (Rohr et al. 2009). This increased activity could potentially offset
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adaptive predator avoidance strategies (predator presence elicits a decrease in activ-
ity) and lead to suboptimal foraging and developmental rates (Raffel et al. 2010).

Trophically transmitted parasites have indirect life cycles and are transmitted to the
definitive host when it preys upon an infected intermediate host. Many species of acan-
thocephalan and trematode parasites have been found to manipulate the anti-predator
behaviour of the intermediate host, thereby increasing its vulnerability to predation
(Moore 2002; Lefevre et al. 2009). For example, the acanthocephalan parasites E. trut-
tae and P. minutus both induced changes in activity and photophilic behaviour of their
amphipod hosts: infected hosts show higher motility and are more photophilic than
uninfected hosts (MacNeil et al. 2003a), enhancing transmission to the definitive fish
and duck hosts. Although both the native and invasive species are used as intermediate
hosts, E. truttae prevalence is higher in the invasive G. pulex, which could have rami-
fications for invasion dynamics as well as having the potential to increase parasite
frequency in commercially important fish (Hatcher and Dunn 2011).

3.4.5 Intraguild Predation

Intraguild predation, that is, predation between potential competitor species, is
widespread in ecological communities (Polis et al. 1989). For example, wolves
compete with hyenas for prey, but also prey upon them, whilst invasive and native
amphipods show mutual intraguild predation whilst perhaps also competing for
other invertebrate prey. Intraguild predation is a special case wherein predation by
and of focal host species need to be considered together. In the N. Ireland amphipod
system, intraguild predation is key to understanding invasion and coexistence (Dick
et al. 1993). The two species of parasite (the microsporidium P. mulleri and the
acanthocephalan E. truttae.) have been shown to influence both the prey and preda-
tory components of intraguild predation between these amphipods, with P. mulleri
infecting the abdominal musculature in the native G. d. celticus, thus reducing host
motility (MacNeil et al. 2003b). In field enclosure experiments, P. mulleri had no
impact on G. d. celticus survival whether in single populations or in mixed species
populations with the smaller G. tigrinus. However, infection of G. d. celticus
resulted in increased survival of the smaller intraguild prey species, whilst G. tigri-
nus kept in mixed populations with G. d. celticus showed 90 % mortality over 2
weeks, this species was able to coexist with infected G. d. celticus. Laboratory
experiments confirmed that coexistence was facilitated by a reduction in intraguild
predation by infected G. d. celticus on G. tigrinus (Fig. 3.4). Similarly, infected
G. d. celticus showed less intraguild predation of another smaller amphipod,
C. pseudogracilis. In addition to modifying the intraguild predatory abilities of its
host, P. mulleri infection also increased host vulnerability to becoming the intragu-
ild prey of the larger invasive species G. pulex.

For G. pulex, infection by the acanthocephalan E. truttae not only modifies host
predatory abilities on smaller invertebrate species, it also reduces predation on its
intraguild prey, including the native G. d. celticus (MacNeil et al. 2003a). Field
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Fig. 3.4 Survival of the native species Gammarus duebeni celticus and of uninfected and
Echinorhyncus truttae-infected Gammarus pulex (invader) in (a) single and (b) mixed species
enclosures. Parasitism did not direct affect survival of the host Gammarus pulex but enhanced
survival of the native species (From MacNeil et al. 2003a)

enclosure experiments were used to assess the impact of parasitism on the native
and invading hosts in single and mixed species populations. In single species popu-
lations, E. truttae did not directly affect the survival of the native or the invader. In
mixed species populations, the survival of G. pulex was again unaffected. However,
parasitized G. pulex were less likely to attack the native species leading to higher
survival of the native species (MacNeil et al. 2003a). This reduction in intraguild
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predation can theoretically facilitate species coexistence, limiting spread of the
invader (Hatcher et al. 2008, 2014).

Mathematical models of this process demonstrate that the trait-mediated effects
of parasites on predation can act as a strong force on co-existence dynamics, equal
to that generated by density effects (Hatcher et al. 2008, 2014). Intraguild predation
is a curious population module because it is theoretically rather unstable, predicted
in many cases to disintegrate to extinction of either the intraguild predator or prey.
Whilst parasites with density (mortality) effects can promote coexistence of preda-
tors and prey (Hatcher et al. 2008), we have also found that parasites with trait
effects can have an equally strong impact on coexistence (Hatcher et al. 2014).
Indeed, parasites with zero classical virulence, but cryptic virulence in the form of
altered vulnerability to or propensity for predation, can have as pronounced an
impact as density in promoting or inhibiting coexistence (Fig. 3.5). Parasites can
thus have strong ecological impacts, even if they have negligible classical virulence,
underscoring the need to consider trait-mediated effects when predicting effects of
parasites on community structure in general and biological invasions in particular.

3.4.6 Cannibalism

One further trophic interaction could be important in understanding the dynamics of
these amphipod systems. Cannibalism is a frequent occurrence in many systems,
being both stage- and sex-specific; adults frequently consume immature conspecif-
ics, and adults at moult — in particular females that may be held in precopula — are
also vulnerable to cannibalism (MacNeil et al. 2003c; Bunke et al. 2015). In G. d.
celticus, infection with P. mulleri can cause increased vulnerability to cannibalism,
which also leads to enhanced transmission of the parasite as it is transmitted directly
per os (MacNeil et al. 2003b). Although more vulnerable to being cannibalized them-
selves, recent work has shown that infected individuals become more cannibalistic,
eating twice as many conspecifics in laboratory experiments. This may reflect the
metabolic demand of the parasite; infected individuals are less able to consume prey
of different species, and it may be that smaller conspecifics are an easier food item to
capture and handle (Bunke et al. 2015). Interestingly, choice experiments indicate
that uninfected G. d. celticus preferentially cannibalise uninfected conspecifics
(Bunke et al. 2015). The parasite is transmitted via cannibalism, thus it seems that
this behavior is an adaptive mechanisms to avoid the risk of parasitic infection.

3.5 Conclusions

Our crustacean study system is one of few systems where the impact of parasites on
a range of different community modules has been studied, and we have seen that
trait-mediated indirect effects have the potential to ramify both horizontally and
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Fig. 3.5 Trait-mediated effects of parasitism on IGP systems. Equilibrium population densities
(solid lines) and parasite prevalence (dashed lines) in the more predatory species (intraguild pred-
ator; red) and the weaker predator (intraguild prey, blue) plotted against the relative competitive
advantage of the intraguild prey. (a) in the absence of parasitism, a strong intraguild predator
excludes competitively weak intraguild prey; (b) virulent parasites (inducing 10 and 30 % mortal-
ity in the prey and predator respectively) enable coexistence of predator and prey over a broader
parameter range; (c¢) parasites with no mortality effect but which reduce predatory ability strongly
enhance coexistence whereas (d) parasites that increase predation strongly reduce coexistence
(From Hatcher et al. 2014)

vertically in these modules. It is likely, therefore, that such effects underpin other
systems. In particular, since parasites are known to have a wealth of effects on feed-
ing behaviour and vulnerability to predation, it seems likely that they will strongly
influence vertical trophic interactions. We have good evidence that, for a broad
range of systems, invasion impact is related to the predatory propensity or resource
consumption by the introduced species (Dick et al. 2014). Hence, parasites could
potentially be important in modifying predation/consumption in a number of these
systems, contributing to invasion success and impact. It is therefore important to
study trait-mediated effects from the practical perspective of understanding and
predicting invasion outcomes and also to understand the impact of parasites on
biological invasion in particular and community ecology in general.
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With the increasing realization that parasites are important components of eco-
systems (Hudson et al. 2006; Lafferty et al. 2008), the potential importance of
behavioural effects of parasites in a community context now deserves recognition
(Lefevre et al. 2009). We have shown these community effects to be important both
empirically and theoretically at the community module level (MacNeil et al. 2003c;
Dick et al. 2010; Hatcher et al. 2014). Parasitologists and ecologists need to exam-
ine further the community and ecosystem-level consequences of trait-mediated
effects and the cryptic virulence to which they lead. There is increasing recognition
that parasites play important roles in ecosystem functioning, by influencing species
coexistence patterns, biological invasions, energy flow and community stability
(Hudson et al. 2006; Hatcher et al. 2012a, b). Underpinning all these ecosystem-
level effects are the interactions between species in community modules. However,
whilst we can demonstrate parasite-induced trait-mediated interactions at the level
of modules, scaling up to the ecosystem level is a challenging proposition, both
theoretically and empirically.
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Chapter 4
Cooperation or Conflict: Host Manipulation
in Multiple Infections

Nina Hafer and Manfred Milinski

4.1 Introduction

Many parasites from various taxa have the ability to alter the phenotype of their
host in a variety of ways to enhance their own fitness. Complex life cycle para-
sites, for example, use such host manipulation to increase trophical transmission
to a subsequent host by altering host behavior and appearance (Holmes and
Bethel 1972; Poulin and Thomas 1999; Moore 2002; Poulin 2010; Moore 2013).
Parasites for which predation of their host would be fatal, e.g. because they have
not yet completed their development can induce protection from predation
(Koella et al. 2002; Hammerschmidt et al. 2009; Dianne et al. 2011; Weinreich
et al. 2013). There is increasing evidence that even symbionts or commensals
may influence their host’s behavior (Feldhaar 2011; Ezenwa et al. 2012). Their
interaction with co-infecting macroparasites remains largely unexplored
(reviewed by Cézilly et al. 2014). Given the ubiquity of parasites, symbionts and
commensals hosts may no longer be in full control of their own behavior but
rather might display a compromise of all parties’ interests (Milinski 2014).
Humans, too, are subject to host manipulation, both as potentially manipulated
host (e.g. Lafferty 2006; Flegr 2013) and as definitive host (e.g. Lacroix et al.
2005; Koella et al. 2006).

Most (experimental) studies of host manipulation to date have focused on
infections by single parasites. This does not reflect nature where nearly every
host is infected by multiple parasites (e.g. Petney and Andrews 1998). A number
of previous reviews has identified the potential for multiple infections to affect
host manipulation (Rigaud and Haine 2005; Koella et al. 2006; Thomas et al.
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2010, 2011; Syller 2012; Mauck et al. 2012; Cézilly et al. 2014). So, how do
parasites deal with co-infecting parasites with the same or different aims? From
an ecological perspective, an already infected potentially manipulated host may
no longer be the same environment as an uninfected non-manipulated host.
Parasites could hence act as ecosystem engineers, modifying the host environ-
ment for all co-infecting parasites (Thomas et al. 1998b; Poulin and Thomas
1999; Lefevre et al. 2009).

In this chapter we review the empirical evidence for the effect of multiple infec-
tions on host manipulation and try to identify emerging patterns. Depending on the
aims of each of the parasites involved, co-infections might lead to cooperation or
conflict over host manipulation (Fig. 4.1). This could affect infection patterns if par-
asites seek out hosts co-infected by suitable manipulators and avoid co-infections by
unsuitable ones. Once two parasites enter the same host with at least one of them
able to manipulate host behavior, cooperation or conflict might ensue. Cooperation
can occur between parasites with the same interest. However, agreeing interests
could also be exploited by free-riders saving the cost of manipulation. Conflict can
exist between parasites with different aims. This includes two parasites of different
species with different definitive hosts, different developmental stages of the same or
different parasite species or two different parasite species with different transmission
strategies (e.g. vertically transmitted parasites and parasites that require trophic
transmission). Any such conflict might result in one parasite sabotaging the other
parasite’s manipulation.

Aims of diffent parasites

Potential for conflict
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Avoiding conflict  Conflict Cooperation or free riding

Fig. 4.1 Overview of potential consequences of multiple infections with regards to host
manipulation
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Box 4.1. How to test for parasite manipulation
Unjustified conclusions from observational (i.e. correlational) data

If the behavior of a wild-caught animal that harbors parasite A differs in a
“meaningful” way from that of unparasitized wild-caught animals, it is tempt-
ing to conclude that the observed difference in behavior has been caused by
parasite A — it might have manipulated the behavior of its host. This conclu-
sion is not justified. One cannot exclude the possibility that pre-existing indi-
vidual differences have caused both the altered behavior and the susceptibility
to parasite A. The parasite might have no influence on its host’s behavior.
Alternatively, the host might be parasitized by an undetected additional para-
site B that actually manipulates its host’s behavior in the observed way. In
both cases the altered behavior correlates with the possession of parasite A,
which has not necessarily caused the behavioral change. Thus, we cannot
conclude any causation of the changed behavior (e.g. Milinski 1997).
Similarly, if a host harboring parasite C known to manipulate from previous
experimental studies, fails to show this manipulation when naturally co-
infected by another parasite, parasite D, this does not necessarily imply sabo-
tage of the manipulation by parasite C through parasite D. Observational data,
again, cannot rule out alternative explanations. For example, parasite D might
preferentially infect less manipulated hosts (Thomas et al. 2002).

Is correlational evidence of any value? An interesting correlation that is
found unexpectedly, e.g. animals that happen to be infected with parasite
A differ in their behavior from uninfected ones, might help to generate
hypotheses for a decisive experiment (see below). Furthermore correlational
evidence can be used as a predictor: animals with changed behavior are likely
to be parasitized, in the same way a time table at the railway station is a pre-
dictor for the arrival times of trains. To exclude a causal relationship you can
change the time table with a pen. There will be no train at the altered time.

Only an experiment allows to conclude a cause-effect relationship

What can be done if one wants to determine whether an observed trait A (e.g.
parasite A) has caused an observed trait B (e.g. altered behavior)? One must do
an experiment, in which one removes the possibility that a difference in behavior
between unparasitized animals and animals with parasite A is caused by any
other (undetected) trait that parasitized individuals usually possess (e.g. weak
immune response). One determines randomly which of e.g. 50 lab-bred, i.e.
parasite-free animals has to be exposed to parasite A and which are to be sham-
exposed, i.e. be handled in the same way as the exposed animals without includ-
ing parasite A. It would be a mistake to expose the first 25 animals caught to
parasite A and to sham-expose the second 25, because the first may be slower,
less easily frightened thus easier to catch than the ones caught thereafter. So ran-
domization is indispensable to ensure that all other traits which may affect an
individual's behavior were assigned randomly to the to be exposed and sham-
exposed individuals. Make sure, that each exposed animal is actually parasitized
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by parasite A. Now wait until parasite A is ripe to be transmitted to the next host
and record the behavior of each exposed and each sham-exposed animal
separately.

We assume that the experiment has been performed properly in all other
respects, e.g., in order to avoid experimenter bias the person handling and
testing the animals must not know which has been exposed to parasite A and
which has been sham-exposed. If there is a significant difference in behavior
between exposed and sham-exposed individuals, parasite A must have caused
the difference. We can, however, not conclude parasite A has manipulated its
host’s behavior. The behavioral change might be simply a side-effect of the
energy drain caused by the parasite (Milinski 1990). To conclude manipula-
tion additional experiments have to be performed. Accordingly, to show that
parasite D alters, i.e. sabotages the host manipulation of parasite C, there has
to be a significant difference between individuals experimentally exposed to
parasite D and C and those experimentally exposed only to parasite C.

4.2 Cooperation — When Parasites Agree

4.2.1 Facilitating Cooperation: Hitch-Hiking

If host manipulation is beneficial but costly and baseline transmission rates are low,
then parasites should seek out opportunities to co-infect hosts infected by other para-
sites with appropriate host manipulation (Thomas et al. 1998b). This should result in
non-random associations between parasites (Cézilly et al. 2014). Preferential infection
of suitably manipulated hosts, termed hitch-hiking, can be considered an adaptation if
it is genetically determined and has become prevalent by conferring a selective advan-
tage (Thomas et al. 1998b). In order to show that hitch-hiking occurred, preferential
infections of already infected hosts need to be shown to increase fitness through
enhanced transmission, ideally under experimental conditions (Thomas et al. 1998b).
To our knowledge, this has never been done. Indeed, experimental studies testing
whether parasites associate with each other according to their manipulation are missing
entirely. In a survey of different naturally infected fish species, those larval helminthes
that used the same host subsequent to the present fish host showed stronger associa-
tions than those that did not (Poulin and Valtonen 2001). Poulin and Valtonen (2001)
suggested associations due to appropriate host manipulation as one possible explana-
tion for the pattern they observed. Other studies have focused on one specific host spe-
cies and investigated patterns of association including at least one parasite known to
manipulate host behavior. Some did indeed find positive associations between parasites
with the same interests (Thomas et al. 1997; Dezfuli et al. 2000; Poulin et al. 2003;
Leung and Poulin 2007; Wisenden et al. 2012), but others did not (Thomas et al. 1998a;
Poulin et al. 2003; Lagrue and Poulin 2008; Leung and Poulin 2010; Rauque et al.
2011). Infecting already infected hosts comes at some costs: the co-infecting parasites
will compete over the host’s resources (Thomas et al. 1998b; Vickery and Poulin 2009).
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This cost has to be paid also by the manipulator whose host is hitch-hiked, but unlike
the hitch-hiker it stands nothing to gain from it in return (Thomas et al. 1998b). Many
parasites need to undergo a certain time of development within their intermediate host,
during which ingestion even by the correct consecutive host would be fatal (e.g.
Hammerschmidt et al. 2009; Dianne et al. 2011). To benefit fully from hitch-hiking
timing would be crucial. Infecting the right host when it already manipulates its host
might increase disastrous premature predation rather than transmission. It should in
any case result in a conflict over host manipulation. Accordingly, hitch hiking should
only work in fast developing parasites (Thomas et al. 1998b).

Hitch-hiking is not the only possible explanation for associations between para-
sites with parallel life cycles. The concurring life cycles themselves could cause
associations between parasites. Parasites accumulate in their definite host. They (or
their eggs) leaving it via defecation are likely to do so together with parasites using
the same definite host. Hence, such parasites are more likely to develop in the same
area contrary to those from different definitive hosts making it more likely that they
will eventually infect the same host (Poulin and Valtonen 2001). Since associations
have only been studied using naturally infected hosts, we cannot conclude anything
about how such associations may come about. One possibility to distinguish asso-
ciations due to parallel life cycles from actual hitch-hiking might be to study pat-
terns of associations and relate them to host manipulation. If associations are due to
hitch-hiking, they should be strongest in associations that involve both manipulators
and non-manipulators but absent if no manipulators are present.

4.2.2 Cooperation

Once two manipulating parasites with the same aim with regards to host manipula-
tion have co-infected the same host, they have a high potential to cooperate. The
simplest case of cooperation involves multiple parasites of the same species at the
same developmental stage. A number of theoretical models have predicted what
should happen in this case. They all assume that host manipulation bears both costs
and benefits (Poulin 1994; Brown 1999; Vickery and Poulin 2009). Benefits, i.e.
altered predation risk, have been shown in a few systems (Wedekind and Milinski
1996; Mouritsen and Poulin 2003; Dianne et al. 2011; Weinreich et al. 2013).
Evidence for costs, especially energetic costs, has remained largely elusive and is
limited to indirect, correlational evidence (Franceschi et al. 2010; Maure et al. 2011).

If costly, host manipulation should not be maximized but optimized (Poulin
1994). Accordingly, parasites should adjust the extent of manipulation to the
(expected) presence of other parasites. Thus, individual investment into host manip-
ulation should decrease as within host parasite population size increases (Fig. 4.2,
red line, Poulin 1994; Brown 1999; Vickery and Poulin 2009), though exceptions
may occur if both benefits and relatedness between parasites are very high. In this
case the already very high benefits are received by close kin likely to share the genes
responsible for this manipulation with the manipulator (Vickery and Poulin 2009).
In either case, total manipulation should still increase with increasing parasite
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number (Fig. 4.2, blue line, Poulin 1994; Brown 1999; Vickery and Poulin 2009).
Individual investment into host manipulation has never been measured and doing so
might proof challenging. By contrast, total host manipulation has often been
recorded as the total extent of (behavioral) change induced by parasites. In naturally
infected hosts, total host manipulation often correlates with parasite number for at
least some traits (Giles 1987; LoBue and Bell 1993; Brown et al. 2001; Mouritsen
2002; Latham and Poulin 2002; Addino et al. 2010; Seppéld et al. 2011; Fredensborg
and Longoria 2012; Rode et al. 2013; Corréa et al. 2014b). This seems to hold in
both mass exposed (Urdal et al. 1995; Seppili et al. 2005; Luong et al. 2011) and
individually infected (Benesh et al. 2009; Cox and Holland 1998, 2007; Dianne
et al. 2012; Franceschi et al. 2008; Hafer and Milinski 2015; Santos et al. 2011;
Santos and Santos 2013) hosts. Some effect of parasite number on the strength of
host manipulation, though it does not always seem to be linear, seems particularly
consistent in parasites that usually infect their hosts in high numbers (Cox and
Holland 1998, 2007; Mouritsen 2002; Latham and Poulin 2002; Seppild et al. 2005;
Addino et al. 2010; Santos et al. 2011; Seppild et al. 2011; Luong et al. 2011;
Fredensborg and Longoria 2012; Santos and Santos 2013; Corréa et al. 2014b).
Parasite number should correlate with manipulation strength, if host manipulation
results from the impairment of a certain organ (Thomas et al. 2011). Brown (1999)
predicted that host manipulation should only occur once a certain threshold in para-
site population size within a host was reached. Such a threshold might be automatic
if host manipulation depends on the impairment of a certain organ, which cannot be
accomplished by a single parasite. The trematode Diplostomum sp. encysts in the
eyes of fish obscuring their vision and thereby making them more vulnerable to
predation especially at higher parasite numbers within one host (Fig. 4.3, Seppild

Extent of host manipulation

Parasite number

Fig. 4.2 Theoretical expectations of host manipulation resulting from cooperation over host
manipulation (Based on Poulin 1994; Brown 1999; Vickery and Poulin 2009)
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et al. 2005). This, however, only takes effect when a considerable number of para-
sites has encysted inside the eye (Seppild et al. 2011).

In parasite species in which the number of individual parasites per host is usually
very low and single infections may be the rule, evidence for an effect of parasite
number on host manipulation is less clear. Some studies did find it (Brown et al.
2001; Dianne et al. 2012; Franceschi et al. 2008; Giles 1987; Hafer and Milinski
2015; LoBue and Bell 1993; Rode et al. 2013; Urdal et al. 1995), but others did not,
including both studies using naturally infected (Cézilly et al. 2000; Latham and
Poulin 2002) and experimentally exposed (Poulin et al. 1992; Benesh et al. 2005;
Franceschi et al. 2010; Dianne et al. 2014) hosts. The cestode Schistocephalus soli-
dus first reduces host activity to avoid premature predation and then increases it to
enhance predation to continue its life cycle (Hammerschmidt et al. 2009). In a
strictly experimental study, we (Hafer and Milinski 2015) found that two cestodes
did not manipulate their first intermediate copepod host more than a single one did
when they suppressed predation risk before they had reached infectivity for the next
host. Once the parasites were infective to the next host and should enhance preda-
tion risk, they did enhance each other’s manipulation (Fig. 4.4a, b). These findings
confirmed previous correlational evidence from the same system (Urdal et al. 1995).
We (Hafer and Milinski 2015) speculated that manipulation after reaching infectiv-
ity could be caused only through energy drain by the procercoid, which is a poten-
tial mechanism whenever predation risk needs to be increased (Milinski 1990). In
cestodes energy drain might be a frequent mechanism resulting in host manipula-
tion (Lafferty and Shaw 2013). Interestingly, most of the studies that found a cor-
relation between parasite number and manipulation in systems with usually low
parasite numbers per host used cestodes (Brown et al. 2001; Giles 1987; Hafer and
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Fig. 4.4 The effect of multiple infections of the cestode Schistocephalus solidus on the activity
(mean +95 % CI) of its first intermediate copepod host. (a, b) Illustrate the outcome when there is
potential for cooperation; two parasites (continuous lines) enhance each other’s manipulation but
only after reaching infectivity (about 11 days post infection). (c) Illustrates the outcome of a con-
flict (red line) between young, not yet- infective S. solidus (green lines) and older, infective ones
(blue lines). Error bars from the treatments already presented in (a) and (b) have been omitted for
better readability. Bold numbers on the X-axis indicate that parasites have reached infectivity. C
unexposed control copepods, Sing_t0 copepods singly infected with one parasite on day 0, Sim_t0
copepods simultaneously infected with two parasites on day 0, Sing_t7 copepods singly infected
with one parasite on day 7, Sim_t7 copepods simultaneously infected with two parasites on day 7,
Seq copepods sequentially infected with two parasites, one each on day O plus day 7 (After Hafer
and Milinski 2015)

Milinski 2015; LoBue and Bell 1993; Rode et al. 2013; Urdal et al. 1995). Energy
drain should increase as parasite size and number increases. This might result in
similar patterns (correlation between parasite number and host manipulation) as
predicted by theoretical models (Poulin 1994; Brown 1999; Vickery and Poulin
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2009) without fulfilling one of their assumptions, i. e. energetic costs associated
with host manipulation: energy drain comes at no extra cost.

A correlation between parasite number and host manipulation might also be
caused by more parasites having a larger combined volume. Dianne et al. (2012)
found that experimentally infected gammarides harboring a single acanthocephalan
parasite were more strongly manipulated if that parasite was larger. In parasites that
can vary strongly in their mass, increased individual mass might have the same
effect as increased parasite number. Only a limited number of studies has taken this
possibility into consideration and found that parasite size seemed to be responsible
for stronger manipulation (Seppéli et al. 2005; Benesh et al. 2009).

Benefits of manipulation will change with size and composition of the parasite
community within a host. Increased parasite number also leads to increased competi-
tion. This decreases the potential gains of successful manipulation and transmission
to the subsequent host (Poulin 1994; Vickery and Poulin 2009). Hence, in some cases,
individual decrease in host manipulation might be so strong that even overall host
manipulation decreases as parasite number increases (Vickery and Poulin 2009). This
represents a bystander dilemma as studied in humans. If an emergency occurs, an
increased number of bystanders do not increase the chances that at least one of them
will aid the victim. Instead, the victim is less likely to receive any help at all, because
from the perspective of any one bystander there are others that could provide the
required help (reviewed by Fischer and Krueger 2011; Latané and Nida 1981). In
gammarides, experimental double infection with an acanthocephalan parasite leads
to increased phototaxis compared to single infections. Nevertheless, in infections
with more than two parasites this host manipulation does not seem to increase any
further (Franceschi et al. 2008). In mice infected with the nematode Toxocara canis,
exploratory behavior is increased if parasite burdens are low but not if they are high
compared to control mice (Cox and Holland 1998). Such an effect could also be
caused by reduced ability of parasites to manipulate due to resource limitations or
damages imposed on the host (Rigaud and Haine 2005; Franceschi et al. 2008).

Cooperation is not necessarily limited to individuals of the same species but can
also occur between members of different species if they have the same aim. This
hypothesis has received much less attention. Observational field evidence suggests
that it can also facilitate cooperation (Lafferty and Morris 1996; Poulin et al. 2003;
Santiago Bass and Weis 2009; Rode et al. 2013). For example, Artemia naturally
infected with two microsporidian parasites are found more likely to be swarming,
which is thought to enhance transmission via spores to other Artemia, than those
infected only with one (Rode et al. 2013).

4.2.3 Free Riding

If multiple parasites with agreeing aims manipulate a host, host manipulation
becomes a public good: An individual parasite that manipulates bears the costs of
manipulation but all co-infecting parasites will benefit equally (Brown 1999;
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Vickery and Poulin 2009). As discussed above parasites could increase their chances
of encountering a suitably infected host by preferentially infecting already infected
hosts. To our knowledge, the existence of free riding, i.e. benefits of increased trans-
mission through co-infecting without contributing to manipulation, has not been
investigated explicitly in complex life cycle parasites. Salvaudon et al. (2013) iden-
tified a potential case in vector transmitted plant viruses. Two viruses, the zucchini
yellow mosaic virus and the watermelon mosaic virus infect cucurbits and are trans-
mitted by aphids. The former virus modifies aphid-plant interaction in a way that
enhances its transmission; the latter does not but probably benefits from these modi-
fications. The existence of free-riding raises the question of how host manipulation
can be maintained if it is potentially exploited by other parasites (Brown 1999). Two
trematode parasites, Acanthoparyphium sp and Curtuteria australis infect cockles
and require birds to prey upon them and serve as the parasites’ definite host. They
can enhance the likelihood of bird predation by encysting at the tip of the cockle’s
foot and thereby impairing its burrowing ability. However, encysting there comes at
a cost: It also enhances dead end predation by fish that chew off the tip of the foot
(Mouritsen and Poulin 2003). Both trematodes can also encyst in other body parts
where they do not pay the cost from potential dead end predation, but cannot manip-
ulate. Acanthoparyphium sp. only rarely encysts at the tip of the foot and would
hence benefit from associating with C. australis which encysts at the tip of the foot
much more often (Leung and Poulin 2010). Leung and Poulin (2010), however,
found the opposite result when they exposed field collected cockles to both parasites
in the lab: The stronger manipulator, C. australis is also the stronger competitor. It
sometimes excluded Acanthoparyphium sp. from co-infections.

4.3 Conflict - When Parasites Disagree

4.3.1 Avoiding Conflict

Akin to seeking out suitably manipulated hosts, parasites would benefit from avoid-
ing unsuitably manipulated hosts. This not only applies to complex life cycle para-
sites with different subsequent hosts but also to parasites that benefit most from a
non-manipulated host, e.g. because they need to remain in it or rely on vertical
transmission. There are two ways parasites can avoid co-infections. Already present
parasites could protect their host from subsequent infection by unsuitably manipu-
lating parasites. There is some evidence that vertically transmitted parasites or sym-
bionts offer protection against pathogenic parasites (reviewed by Haine 2008;
Brownlie and Johnson 2009; Feldhaar 2011). Such parasites would be fatal for the
host’s reproduction and fitness. Vertically transmitted parasites directly depend on
their host’s reproduction for transmission. Hence, any reduction in host reproduc-
tion would also result in reduced parasite fitness (reviewed by Haine 2008; Brownlie
and Johnson 2009; Feldhaar 2011). Accordingly, Haine et al. (2005) tested whether
a vertically transmitted parasite would succeed in protecting its gammaride host
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from a manipulating trematode by recording the prevalence of single and co-
infections in naturally infected hosts. They found no evidence that the vertically
transmitted parasite prevented co-infections by the trematode.

If a host is already infected by an unsuitably manipulating parasite, a second
parasite could avoid infecting this host. Distinguishing such avoidance from avoid-
ance that evolved to eliminate resource competition could however proof difficult
(Fauchier and Thomas 2001). Studies looking at negative associations between
parasites with mutually exclusive life cycles have, to our knowledge, been limited
to amphipod hosts (Dezfuli et al. 2000; Fauchier and Thomas 2001; Outreman et al.
2002; Lagrue and Poulin 2008; Haine 2008; Rauque et al. 2011). With one excep-
tion (Fauchier and Thomas 2001), they failed to find any negative association.
Instead of protection or avoidance, parasites might respond to co-infections by a
parasite with unsuitable manipulation by sabotaging that manipulation (Dianne
et al. 2010; Hafer and Milinski 2015; Haine et al. 2005).

4.3.2 Conflict
4.3.2.1 Conflict Between Parasites with Different Definitive Hosts

Two parasites with mutually exclusive definitive hosts should be at a conflict over
host manipulation. Cézilly et al. (2000) used field infected gammarides to investigate
this conflict between two acanthocephalan parasites, the fish infecting
Pomphorhynchus laevis and the bird infecting Polymorphus minutus. Pomphorhynchus
laevis strongly changed the gammarids’ vertical distribution in the water column
while P. minutus infected individuals became more photophilic. Double infections
seemed to result in some compromise: The host’s vertical distribution was intermedi-
ate compared to singly infected hosts while their photophilia was stronger than that
of only P. minutus infected hosts but not significantly different from that of hosts
infected only by P. laevis. In another study using naturally infected amphipods
harboring a manipulating acanthocephalan fish parasite co-infection with a
non-manipulating bird infecting trematode had no significant effect on host manipu-
lation (Rauque et al. 2011). However, since these studies used naturally infected
hosts their results should be interpreted with caution (see Box 4.1). Toxoplasma
gondii and the trematode Toxocara canis both change the behavior of their current
rodent host to increase its susceptibility to their successive hosts, cats and dogs,
respectively. Queiroz et al. (2013) and Corréa et al. (2014a) studied their interactive
effect on rats and mice using experimental infections. Since both parasites have dif-
ferent definitive hosts, one might expect a conflict even though this was not the focus
of either study. However, even the effects of single infections with either parasite did
not significantly differ from each other (Queiroz et al. 2013; Corréa et al. 2014a) and
thus the question of how such a conflict would be resolved becomes obsolete.

A conflict over which of two different definitive hosts has to be reached will only
occur if manipulation is sufficiently specific (Cézilly et al. 2014). Not all mutually
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exclusive life cycles might also lead to mutually exclusive manipulation. Predation
enhancement seems often very unspecific. For example, three-spined sticklebacks
infected by the cestode Schistocephalus solidus not only show a reduced fear
response when presented with a simulated bird predator which presents a suitable
definitive hosts to S. solidus (e.g. Giles 1983; Barber et al. 2004), but also when
exposed to piscivorus predatory fish which would be dead-end predators (e.g
Milinski 1985). Other means, e.g. spines in sticklebacks might help reduce dead-end
predation (Hoogland et al. 1956). Nevertheless, such a general increase in predation
susceptibility is not likely to result in any conflict over host manipulation even
between parasites with very different definitive hosts. Such parasites might even
benefit from each other’s manipulation. Hence, in order to investigate conflict over
host manipulation, significant differences between manipulation effects by different
parasites should be shown in singly infected hosts as a prerequisite. Only Cézilly
et al. (2000) managed to do so, though, compared to uninfected hosts, both parasites
manipulated into the same direction albeit to varying extends. To proof a potential
for a conflict it should ideally be shown that one behavioral alteration benefits one
parasite but is costly (through a relative increase in dead-end predation) to the other.
This has never been done. There is urgent need for experimental studies that inves-
tigate a clear conflict between manipulating parasites with different definitive hosts.

4.3.2.2 Conflict Between Parasites with Different Transmission Strategies

A conflict will also occur between parasites if one parasite has to remain within the
host and the other has to pass to a subsequent host. Such a conflict is inevitable
when a vertically transmitted parasite, or indeed any vertically transmitted organ-
ism, and a manipulating parasite co-infect the same host. There is probably no host
without any vertically transmitted parasite, symbiont or commensal. Accordingly, a
conflict due to different transmission strategies should be universal whenever a
manipulating parasite infects a host. Nevertheless, this conflict has rarely been stud-
ied. In naturally infected gammarides co-infection by a vertically transmitted micro-
sporidian parasite reduced manipulation by a bird infecting acanthocephalan
parasite (Haine et al. 2005). In another study with naturally infected gammarides,
Thomas et al. (2002) observed that hosts harboring a manipulating bird trematode
were less manipulated when they also harbored a non-manipulating nematode
which has to remain inside the gammaride. However, when they experimentally
cured and re-infected the host with the nematodes, they were unable to reverse or
reintroduce this effect. This illustrates the urgent need for experimental studies.

4.3.2.3 Conflict Between Different Developmental Stages
A conflict between two different developmental stages of the same parasite species

will occur if parasites need to spend a certain time within their intermediate host
before they become infective to their next host and manipulate accordingly. In this
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case, predation suppression may occur before and predation enhancement after the
parasite reaches infectivity. This has been predicted theoretically (Parker et al.
2009) and shown experimentally (Hammerschmidt et al. 2009; Dianne et al. 2011).
In isopods, an acanthocephalan parasite induces color changes thought to enhance
predation. However, only infective parasites will benefit from predation.
Accordingly, color change is stronger in hosts with infective parasites but also
occurs, albeit to a lesser extent, in hosts with not yet-infective ones. Unsurprisingly,
hosts naturally infected by both stages seem to resemble those with infective para-
sites (Sparkes et al. 2004). Dianne et al. (2010) investigated the same conflict by
using gammarides experimentally infected at two different time points and measur-
ing their reaction to light. Again, the infective parasite seemed to win the conflict,
but there was some indication of sabotage by the not yet-infective one. In a similar
experiment, using lab bred copepods and S. solidus, we (Hafer and Milinski 2015)
found that, as in previous studies, the infective parasite won the conflict. However,
unlike in the studies discussed above, in this system, the infective and the not yet-
infective parasite manipulate into opposite directions. Despite the fact that the not
yet-infective parasite had a much larger effect on host behavior when each parasite
was alone, the infective one completely sabotaged manipulation by the not yet-
infective one in co-infections (Fig. 4.4c). This remained true even when we used
two instead of one not yet-invective parasite to make up for their smaller volume
(Hafer and Milinski 2015). More studies will be needed to determine whether the
parasite that comes first and becomes infective first always has an advantage. Is this
something that is typical of intraspecific conflict between different developmental
stages? There, the more advanced parasite might have an advantage by having to
mitigate any effect it had before reaching infectivity even without a co-infecting
parasite. This mitigation could also act against a co-infecting parasite (Hafer and
Milinski 2015).

4.4 Where to Go?

Once two parasites that disagree over host manipulation co-infect the same host,
there is evidence for sabotage of host manipulation but the evidence is mostly cor-
relational, often unclear and experimental evidence restricted to a conflict between
different developmental stages (Dianne et al. 2010; Hafer and Milinski 2015).
Hence we need more experimental studies, preferentially with two different parasite
species between which a clear conflict over host manipulation exists. Investigating
such conflict over host manipulation requires the availability of at least two suitable
species and their host that can be handled in the laboratory. We should further widen
the scope of the contestants we use and not only consider parasites but also com-
mensals and symbionts as agents that could be interested in altering host behavior
or at least sabotaging host manipulation. Indeed, symbiotic microbes do seem to
affect host behavior (reviewed by Feldhaar 2011; Ezenwa et al. 2012). Nearly all
research investigating the impact of multiple infections on host behavior has been
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focused on complex life cycle parasites. They are, however, not the only parasites
manipulating their hosts. For example vector transmitted parasites increase encoun-
ters between their current and subsequent hosts (Koella et al. 2006; Fereres and
Moreno 2009; Mauck et al. 2012). Hence, the effect of multiple infections involving
for example vector transmitted parasites deserves further attention. Vector transmit-
ted plant viruses do seem to interact in their effect on vector behavior (Srinivasan
and Alvarez 2007; Syller 2012; Salvaudon et al. 2013; Lightle and Lee 2014).

An exact understanding of the mechanisms underlying host manipulation is still
largely missing, though much progress has been made in recent years (Adamo 2012;
Lafferty and Shaw 2013; Helluy 2013; Hughes 2013; Perrot-Minnot and Cézilly
2013; Houte et al. 2013). Both parasites will, for example, interact with the host’s
immune system potentially affecting also the other parasite. The interaction with the
host’s immune system could be exploited by parasites for host manipulation (Adamo
2002; Lafferty and Shaw 2013; Helluy 2013). Understanding host manipulation by
an individual parasite will be crucial to understand how parasites interact at a mech-
anistic level in multiple infections where there is potential for either cooperation or
conflict. It comes down to a question that has driven studies of host manipulation for
decades: Did host manipulation specifically evolve for that purpose or is it, at least
originally, a side effect of infection e.g. caused by inevitable energy drain (Milinski
1990; Poulin 1995; Cézilly and Perrot-Minnot 2005; Poulin 2010; Moore 2013).
When two or more parasites co-occur in the same host, do they specifically interact
with each other’s manipulation or do their manipulations simply add up? Revealing
the mechanisms of host manipulation might also give us a better understanding of
the costs of host manipulation which is a crucial assumption made when modeling
cooperation with regards to host manipulation. For example, if parasites manipulate
by draining energy, causing stress responses or impairing certain organs, parasite
number and host manipulation are likely to correlate without cooperation having
necessarily evolved.

Whether parasites will evolve specific responses to the presence of other, poten-
tially manipulating parasites will largely depend on the underlying selection pres-
sures which will be strongly influenced by the likelihood of such interactions to
occur (Rigaud and Haine 2005). We do not know what proportion of hosts is actu-
ally manipulated by a parasite. Only a limited number of systems has been investi-
gated and studies are biased towards traits that are easily accessible by human
perception, while those that are not might be overlooked (Moore 2013). Some para-
sites that usually occur in high numbers within one host can always expect to
encounter other conspecifics. Hence, as theoretical models predict, they should be
adapted to cooperate or even free-ride on the manipulation of others and need not be
able to conduct all necessary manipulation on their own (Poulin 1994; Brown 1999;
Vickery and Poulin 2009). While the data is limited and often correlational, there
nevertheless seems to be a pattern that in parasite species that usually occur at high
parasite numbers per host, parasite number does affect host manipulation. Other
parasites may not be able to adapt to encounter a particular parasite but every para-
site will encounter some other parasite, commensal or symbiont. Manipulating
parasites can probably expect to encounter organisms which have an interest in a
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normally behaving host. Parasites would benefit from evolving general strategies to
suppress any parasite with manipulation unsuitable to them — or counter manipula-
tion. Are they likely to have the ability to do so? If not they might have to restrict
themselves to deal with the most frequent parasites. We need to test the interaction
of one parasite species with multiple other ones. Of course doing so, especially
experimentally, will be a challenge. If such a generalist mechanism was possible it
might put the manipulator at an advantage — it will always encounter other, non-
manipulating organisms, but not every organism within a host might encounter a
manipulating parasite.

Studying the interaction between different parasites when it comes to host
manipulation might be more than just an academic enterprise. Humans too are sub-
ject to manipulating parasites. About 30 % of humans worldwide are infected by
Toxoplasma gondii known to change various personality traits (e.g. da Silva and
Langoni 2009; Flegr 2013). Are there also other parasites, pathogens, commensals
or symbionts that can impact the behavior of infected human hosts? Humans are not
only (accidental) intermediate hosts to manipulating parasites, they may also
encounter manipulating parasites as definitive hosts. Malaria parasites manipulate
their insect vector to increase transmission between human hosts (e.g. Koella et al.
2002; Lacroix et al. 2005). Could other parasites or symbionts alter the extent of
that manipulation and thereby also possibly infection probabilities? If yes, they
could be used to limit the impact of malaria.

References

Adamo SA (2002) Modulating the modulators: parasites, neuromodulators and host behavioral
change. Brain Behav Evol 60:370-377. doi:10.1159/000067790

Adamo SA (2012) The strings of the puppet master: how parasites change host behaviour. In:
Hughes DP, Brodeur J, Thomas F (eds) Host Manipulation by parasites, 1st edn. Oxford
University Press, Oxford, pp 36-51

Addino M, Lomovasky BJ, Cremonte F, Iribarne O (2010) Infection by gymnophallid metacer-
cariae enhances predation mortality of SW Atlantic stout razor clam Tagelus plebeius. J Sea
Res 63:102-107. doi:10.1016/j.seares.2009.11.001

Barber I, Walker P, Svensson PAP (2004) Behavioural responses to simulated avian predation in
female three spined sticklebacks: the effect of experimental Schistocephalus solidus infections.
Behaviour 141:1425-1440. doi:10.1163/1568539042948231

Benesh DP, Duclos LM, Nickol BB (2005) The behavioral response of amphipods harboring
Corynosoma constrictum (acanthocephala) to various components of light. J Parasitol 91:731—
736. doi:10.1645/GE-440R.1

Benesh DP, Seppild O, Valtonen ET (2009) Acanthocephalan size and sex affect the modification
of intermediate host colouration. Parasitology 136:847-854. doi:10.1017/S0031182009006180

Brown SP (1999) Cooperation and conflict in host-manipulating parasites. Proc R Soc B 266:1899.
doi:10.1098/rspb.1999.0864

Brown SP, Loot G, Grenfell B, Guégan J (2001) Host manipulation by Ligula intestinalis: accident
or adaptation? Parasitology 123:519-529. doi:10.1017/S0031182001008678

Brownlie J, Johnson K (2009) Symbiont-mediated protection in insect hosts. Trends Microbiol
17:348-354. doi:10.1016/j.tim.2009.05.005


http://dx.doi.org/10.1159/000067790
http://dx.doi.org/10.1016/j.seares.2009.11.001
http://dx.doi.org/10.1163/1568539042948231
http://dx.doi.org/10.1645/GE-440R.1
http://dx.doi.org/10.1017/S0031182009006180
http://dx.doi.org/10.1098/rspb.1999.0864
http://dx.doi.org/10.1017/S0031182001008678
http://dx.doi.org/10.1016/j.tim.2009.05.005

64 N. Hafer and M. Milinski

Cézilly F, Perrot-Minnot M-J (2005) Studying adaptive changes in the behaviour of infected hosts:
a long and winding road. Behav Processes 68:223-228. doi:10.1016/j.beproc.2004.08.013
Cézilly F, Grégoire A, Bertin A (2000) Conflict between co-occurring manipulative parasites? An
experimental study of the joint influence of two acanthocephalan parasites on the behaviour of
Gammarus pulex. Parasitology 120:625-630

Cézilly F, Perrot-Minnot M-J, Rigaud T (2014) Cooperation and conflict in host manipulation:
interactions among macro-parasites and micro-organisms. Front Microbiol 5:248. doi:10.3389/
fmicb.2014.00248

Corréa F, Chieffi P, Lescano SAZ, dos Santos SV (2014a) Behavioral and memory changes in Mus
musculus coinfected by Toxocara canis and Toxoplasma gondii. Rev Inst Med Trop Sao Paulo
56:353-356. doi:10.1590/S0036-46652014000400014

Corréa LL, Souza GTR, Takemoto RM et al (2014b) Behavioral changes caused by
Austrodiplostomum spp. in Hoplias malabaricus from the Sdo Francisco River, Brazil. Parasitol
Res 113:499-503. doi:10.1007/s00436-013-3679-6

Cox DM, Holland CV (1998) The relationship between numbers of larvae recovered from the brain
of Toxocara canis-infected mice and social behaviour and anxiety in the host. Parasitology
116:579-594

Cox DM, Holland CVC (2007) Relationship between three intensity levels of Toxocara canis lar-
vae in the brain and effects on exploration, anxiety, learning and memory in the murine host. J
Helminthol 75:33-41. doi:10.1079/JOH200028

Da Silva RC, Langoni H (2009) Toxoplasma gondii: host-parasite interaction and behavior manip-
ulation. Parasitol Res 105:893-898. doi:10.1007/s00436-009-1526-6

De Queiroz ML, Viel TA, Papa CHG et al (2013) Behavioral changes in Rattus norvegicus coin-
fected by Toxocara canis and Toxoplasma gondii. Rev Inst Med Trop Sao Paulo 55:51-53.
doi:10.1590/S0036-46652013000100009

Dezfuli BS, Giari L, Poulin R (2000) Species associations among larval helminths in an amphipod
intermediate host. Int J Parasitol 30:1143-1146. doi:10.1016/S0020-7519(00)00093-X

Dianne L, Rigaud T, Léger E et al (2010) Intraspecific conflict over host manipulation
between different larval stages of an acanthocephalan parasite. J Evol Biol 23:2648-2655.
doi:10.1111/j.1420-9101.2010.02137.x

Dianne L, Perrot-Minnot M-J, Bauer A et al (2011) Protection first then facilitation: a manipulative
parasite modulates the vulnerability to predation of its intermediate host according to its own
developmental stage. Evolution 65:2692-2698. doi:10.5061/dryad.jc86t

Dianne L, Bollache L, Lagrue C et al (2012) Larval size in acanthocephalan parasites: influence of
intraspecific competition and effects on intermediate host behavioural changes. Parasit Vectors
5:166. doi:10.1186/1756-3305-5-166

Dianne L, Perrot-Minnot M-J, Bauer A et al (2014) Parasite-induced alteration of plastic response
to predation threat: increased refuge use but lower food intake in Gammarus pulex infected
with the acanothocephalan Pomphorhynchus laevis. Int J Parasitol 44:211-216. doi:10.1016/j.
ijpara.2013.11.001

Ezenwa VO, Gerardo NM, Inouye DW et al (2012) Animal behavior and the microbiome. Science
338:198-199. doi:10.1126/science. 1227412

Fauchier J, Thomas F (2001) Interaction between Gammarinema gammari (Nematoda),
Microphallus papillorobustus (Trematoda) and their common host Gammarus insensibilis
(Amphipoda). J Parasitol 87:1479-1481. doi:10.1645/0022-3395(2001)087[1479:IBGGNM]
2.0.CO;2

Feldhaar H (2011) Bacterial symbionts as mediators of ecologically important traits of insect
hosts. Ecol Entomol 36:533-543. doi:10.1111/j.1365-2311.2011.01318.x

Fereres A, Moreno A (2009) Behavioural aspects influencing plant virus transmission by homop-
teran insects. Virus Res 141:158-168. doi:10.1016/].virusres.2008.10.020

Fischer P, Krueger J (2011) The bystander-effect: a meta-analytic review on bystander interven-
tion in dangerous and non-dangerous emergencies. Psychol Bull 13:517-537. doi:10.1037/
20023304


http://dx.doi.org/10.1016/j.beproc.2004.08.013
http://dx.doi.org/10.3389/fmicb.2014.00248
http://dx.doi.org/10.3389/fmicb.2014.00248
http://dx.doi.org/10.1590/S0036-46652014000400014
http://dx.doi.org/10.1007/s00436-013-3679-6
http://dx.doi.org/10.1079/JOH200028
http://dx.doi.org/10.1007/s00436-009-1526-6
http://dx.doi.org/10.1590/S0036-46652013000100009
http://dx.doi.org/10.1016/S0020-7519(00)00093-X
http://dx.doi.org/10.1111/j.1420-9101.2010.02137.x
http://dx.doi.org/10.5061/dryad.jc86t
http://dx.doi.org/10.1186/1756-3305-5-166
http://dx.doi.org/10.1016/j.ijpara.2013.11.001
http://dx.doi.org/10.1016/j.ijpara.2013.11.001
http://dx.doi.org/10.1126/science.1227412
http://dx.doi.org/10.1645/0022-3395(2001)087[1479:IBGGNM]2.0.CO;2
http://dx.doi.org/10.1645/0022-3395(2001)087[1479:IBGGNM]2.0.CO;2
http://dx.doi.org/10.1111/j.1365-2311.2011.01318.x
http://dx.doi.org/10.1016/j.virusres.2008.10.020
http://dx.doi.org/10.1037/a0023304
http://dx.doi.org/10.1037/a0023304

4 Cooperation or Conflict: Host Manipulation in Multiple Infections 65

Flegr J (2013) How and why Toxoplasma makes us crazy. Trends Parasitol 29:156-163.
doi:10.1016/j.pt.2013.01.007

Franceschi N, Bauer A, Bollache L, Rigaud T (2008) The effects of parasite age and intensity
on variability in acanthocephalan-induced behavioural manipulation. Int J Parasitol 38:1161-
1170. doi:10.1016/j.ijpara.2008.01.003

Franceschi N, Bollache L, Cornet S et al (2010) Co-variation between the intensity of behavioural
manipulation and parasite development time in an acanthocephalan—amphipod system. J Evol
Biol 23:2143-2150. doi:10.1111/5.1420-9101.2010.02076.x

Fredensborg BL, Longoria AN (2012) Increased surfacing behavior in longnose killifish infected
by brain-encysting trematode. J Parasitol 98:899-903. doi:10.1645/GE-3170.1

Giles N (1983) Behavioural effects of the parasite Schistocephalus solidus (Cestoda) on an inter-
mediate host, the three-spined stickleback, Gasterosteus aculeatus L. Anim Behav 31:1192—
1194. doi:10.1016/S0003-3472(83)80025-6

Giles N (1987) A comparison of the behavioural responses of parasitized and non-parasitized
three-spined sticklebacks, Gasterosteus aculeatus L., to progressive hypoxia. J Fish Biol
30:631-638. doi:10.1111/§.1095-8649.1987.tb05790.x

Hafer N, Milinski M (2015) When parasites disagree: evidence for parasite-induced sabotage of
host manipulation. Evolution 69:611-620. doi:10.1111/evo.12612

Haine ER (2008) Symbiont-mediated protection. Proc Biol Sci 275:353-361. doi:10.1098/
rspb.2007.1211

Haine ER, Boucansaud K, Rigaud T (2005) Conflict between parasites with different trans-
mission strategies infecting an amphipod host. Proc R Soc B 272:2505-2510. doi:10.1098/
rspb.2005.3244

Hammerschmidt K, Koch K, Milinski M et al (2009) When to go: optimization of host switching
in parasites with complex life cycles. Evolution 63:1976-1986. doi:10.1111/j.1558-5646.2009.
00687.x

Helluy S (2013) Parasite-induced alterations of sensorimotor pathways in gammarids: collateral
damage of neuroinflammation? J Exp Biol 216:67-77. doi:10.1242/jeb.073213

Holmes JC, Bethel WM (1972) Modification of intermediate host behaviour by parasites. Zool J
Linn Soc 51:123-149

Hoogland R, Morris D, Tinbergen N (1956) The spines of sticklebacks (Gasterosteus and
Pygosteus) as means of defence against predators (Perca and Esox). Behaviour 10:205-236.
doi:10.1163/156853956X00156

Houte S, Ros VVID, Oers M et al (2013) Walking with insects: molecular mechanisms behind
parasitic manipulation of host behaviour. Mol Ecol 22:3458-3475. doi:10.1111/mec.12307

Hughes DP (2013) Pathways to understanding the extended phenotype of parasites in their hosts.
J Exp Biol 216:142-147. doi:10.1242/jeb.077461

Koella JC, Rieu L, Paul REL (2002) Stage-specific manipulation of a mosquito’s host-seeking
behavior by the malaria parasite Plasmodium gallinaceum. Behav Ecol 13:816-820.
doi:10.1093/beheco/13.6.816

Koella JC, Hurd H, Biron DG (2006) New prospects for research on manipulation of insect vectors
by pathogens. PLoS Pathog 2:633-635. doi:10.1371/journal.ppat.0020072

Lacroix R, Mukabana W, Gouagna L, Koella JC (2005) Malaria infection increases attractiveness
of humans to mosquitoes. PLoS Biol 3:1590-1593. doi:10.1371/journal.pbio.0030298

Lafferty KD (2006) Can the common brain parasite, Toxoplasma gondii, influence human culture?
Proc Biol Sci 273:2749-2755. doi:10.1098/rspb.2006.3641

Lafferty KD, Morris AK (1996) Altered behavior of parasitized killifish increases susceptibility to
predation by bird final hosts. Ecology 77:1390-1397. doi:10.2307/2265536

Lafferty KD, Shaw JC (2013) Comparing mechanisms of host manipulation across host and para-
site taxa. J Exp Biol 216:56—66. doi:10.1242/jeb.073668

Lagrue C, Poulin R (2008) Intra- and interspecific competition among helminth parasites: effects
on Coitocaecum parvum life history strategy, size and fecundity. Int J Parasitol 38:1435-1444.
doi:10.1016/j.ijpara.2008.04.006


http://dx.doi.org/10.1016/j.pt.2013.01.007
http://dx.doi.org/10.1016/j.ijpara.2008.01.003
http://dx.doi.org/10.1111/j.1420-9101.2010.02076.x
http://dx.doi.org/10.1645/GE-3170.1
http://dx.doi.org/10.1016/S0003-3472(83)80025-6
http://dx.doi.org/10.1111/j.1095-8649.1987.tb05790.x
http://dx.doi.org/10.1111/evo.12612
http://dx.doi.org/10.1098/rspb.2007.1211
http://dx.doi.org/10.1098/rspb.2007.1211
http://dx.doi.org/10.1098/rspb.2005.3244
http://dx.doi.org/10.1098/rspb.2005.3244
http://dx.doi.org/10.1111/j.1558-5646.2009.00687.x
http://dx.doi.org/10.1111/j.1558-5646.2009.00687.x
http://dx.doi.org/10.1242/jeb.073213
http://dx.doi.org/10.1163/156853956X00156
http://dx.doi.org/10.1111/mec.12307
http://dx.doi.org/10.1242/jeb.077461
http://dx.doi.org/10.1093/beheco/13.6.816
http://dx.doi.org/10.1371/journal.ppat.0020072
http://dx.doi.org/10.1371/journal.pbio.0030298
http://dx.doi.org/10.1098/rspb.2006.3641
http://dx.doi.org/10.2307/2265536
http://dx.doi.org/10.1242/jeb.073668
http://dx.doi.org/10.1016/j.ijpara.2008.04.006

66 N. Hafer and M. Milinski

Latané B, Nida S (1981) Ten years of research on group size and helping. Psychol Bull 89:308-
324. doi:10.1037/0033-2909.89.2.308

Latham ADM, Poulin R (2002) Effect of acanthocephalan parasites on hiding behaviour in two
species of shore crabs. J Helminthol 76:323-326. doi:10.1079/JOH2002139

Lefevre T, Lebarbenchon C, Gauthier-Clerc M et al (2009) The ecological significance of manipu-
lative parasites. Trends Ecol Evol 24:41-48. doi:10.1016/j.tree.2008.08.007

Leung TLF, Poulin R (2007) Interactions between parasites of the cockle Austrovenus stutch-
buryi: hitch-hikers, resident-cleaners, and habitat-facilitators. Parasitology 134:247-255.
doi:10.1017/S0031182006001478

Leung TLF, Poulin R (2010) Intra-host competition between co-infecting digeneans within a
bivalve second intermediate host: dominance by priority-effect or taking advantage of others?
Int J Parasitol 41:449-454. doi:10.1016/j.ijpara.2010.11.004

Lightle D, Lee J (2014) Raspberry viruses affect the behavior and performance of Amphorophora
agathonica in single and mixed infections. Entomol Exp Appl 151:57-64. doi:10.1111/
eea.12170

LoBue CCP, Bell M (1993) Phenotypic manipulation by the cestode parasite Schistocephalus
solidus of its intermediate host, Gasterosteus aculeatus, the threespine stickleback. Am Nat
142:725-735. doi:10.1086/285568

Luong LT, Hudson PJ, Braithwaite VA (2011) Parasite-induced changes in the anti-predator behavior
of acricketintermediate host. Ethology 117:1019-1026.doi:10.1111/j.1439-0310.2011.01951.x

Mauck K, Bosque-Pérez NA, Eigenbrode SD et al (2012) Transmission mechanisms shape patho-
gen effects on host-vector interactions: evidence from plant viruses. Funct Ecol 26:1162-1175.
doi:10.1111/.1365-2435.2012.02026.x

Maure F, Brodeur J, Ponlet N et al (2011) The cost of a bodyguard. Biol Lett 7:843-846.
doi:10.1098/rsbl.2011.0415

Milinski M (1985) Risk of predation of parasitized sticklebacks (Gasterosteus aculeatus L.) under
competition for food. Behaviour 93:203-216. doi:10.1163/156853986X00883

Milinski M (1990) Parasites and host decision-making. In: Barnard CJ, Behnke JM (eds) Parasitism
and host behaviour. Taylor & Francis Group, London, pp 95-116

Milinski M (1997) How to avoid seven deadly sins in the study of behavior. Adv Stud Behav
26:159-180. doi: 10.1016/S0065-3454(08)60379-4

Milinski M (2014) The past and the future of behavioral ecology. Behav Ecol 25:680-684.
doi:10.1093/beheco/aru079

Moore J (2002) Parasites and the behavior of animals. Oxford University Press, New York

Moore J (2013) An overview of parasite-induced behavioral alterations — and some lessons from
bats. J Exp Biol 216:11-17. doi:10.1242/jeb.074088

Mouritsen KN (2002) The parasite-induced surfacing behaviour in the cockle Austrovenus
stutchburyi: a test of an alternative hypothesis and identification of potential mechanisms.
Parasitology 124:521-528. doi:10.1017/S0031182002001427

Mouritsen KN, Poulin R (2003) Parasite-induced trophic facilitation exploited by a non-
host predator: a manipulator’s nightmare. Int J Parasitol 33:1043-1050. doi:10.1016/
S0020-7519(03)00178-4

Outreman Y, Bollache L, Plaistow S, Cézilly F (2002) Patterns of intermediate host use and
levels of association between two conflicting manipulative parasites. Int J Parasitol 32:15-20.
doi:10.1016/S0020-7519(01)00304-6

Parker GA, Ball MA, Chubb JC et al (2009) When should a trophically transmitted parasite manip-
ulate its host? Evolution 63:448-458. doi:10.1111/j.1558-5646.2008.00565.x

Perrot-Minnot M-J, Cézilly F (2013) Investigating candidate neuromodulatory systems under-
lying parasitic manipulation: concepts, limitations and prospects. J Exp Biol 216:134-141.
doi:10.1242/jeb.074146

Petney T, Andrews R (1998) Multiparasite communities in animals and humans: frequency, structure
and pathogenic significance. Int J Parasitol 28:377-393. doi:10.1016/S0020-7519(97)00189-6


http://dx.doi.org/10.1037/0033-2909.89.2.308
http://dx.doi.org/10.1079/JOH2002139
http://dx.doi.org/10.1016/j.tree.2008.08.007
http://dx.doi.org/10.1017/S0031182006001478
http://dx.doi.org/10.1016/j.ijpara.2010.11.004
http://dx.doi.org/10.1111/eea.12170
http://dx.doi.org/10.1111/eea.12170
http://dx.doi.org/10.1086/285568
http://dx.doi.org/10.1111/j.1439-0310.2011.01951.x
http://dx.doi.org/10.1111/j.1365-2435.2012.02026.x
http://dx.doi.org/10.1098/rsbl.2011.0415
http://dx.doi.org/10.1163/156853986X00883
http://dx.doi.org/10.1016/S0065-3454(08)60379-4
http://dx.doi.org/10.1093/beheco/aru079
http://dx.doi.org/10.1242/jeb.074088
http://dx.doi.org/10.1017/S0031182002001427
http://dx.doi.org/10.1016/S0020-7519(03)00178-4
http://dx.doi.org/10.1016/S0020-7519(03)00178-4
http://dx.doi.org/10.1016/S0020-7519(01)00304-6
http://dx.doi.org/10.1111/j.1558-5646.2008.00565.x
http://dx.doi.org/10.1242/jeb.074146
http://dx.doi.org/10.1016/S0020-7519(97)00189-6

4 Cooperation or Conflict: Host Manipulation in Multiple Infections 67

Poulin R (1994) The evolution of parasite manipulation of host behaviour: a theoretical analysis.
Parasitology 109:109-118

Poulin R (1995) “Adaptive” parasitized changes in the behaviour of animals: a critical review. Int
J Parasitol 25:1371-1383. doi:10.1016/0020-7519(95)00100-X

Poulin R (2010) Parasite manipulation of host behavior: an update and frequently asked questions.
Adv Study Behav 41:151-186. doi:10.1016/S0065-3454(10)41005-0

Poulin R, Thomas F (1999) Phenotypic variability induced by parasites: extent and evolutionary
implications. Parasitol Today 15:28-32. doi:10.1016/S0169-4758(98)01357-X

Poulin R, Valtonen ET (2001) Interspecific associations among larval helminths in fish. Int J
Parasitol 31:1589-1596. doi:10.1016/S0020-7519(01)00276-4

Poulin R, Curtis M, Rau M (1992) Effects of Eubothrium salvelini (Cestoda) on the behaviour of
Cyclops vernalis (Copepoda) and its susceptibility to fish predators. Parasitology 105:265-271.
doi:10.1017/S0031182000074199

Poulin R, Nichol K, Latham ADM (2003) Host sharing and host manipulation by larval hel-
minths in shore crabs: cooperation or conflict? Int J Parasitol 33:425-433. doi:10.1016/
S0020-7519(03)00002-X

Rauque CA, Paterson RA, Poulin R, Tompkins DM (2011) Do different parasite species interact in
their effects on host fitness? A case study on parasites of the amphipod Paracalliope fluviatilis.
Parasitology 138:1176-1182. doi:10.1017/S0031182011000928

Rigaud T, Haine ER (2005) Conflict between co-occurring parasites as a confounding factor in
manipulation studies? Behav Processes 68:259-262. doi:10.1016/j.beproc.2004.09.005

Rode NO, Lievens EJP, Flaven E et al (2013) Why join groups? Lessons from parasite-manipulated
Artemia. Ecol Lett 16:493-501. doi:10.1111/ele.12074

Salvaudon L, De Moraes CM, Mescher MC (2013) Outcomes of co-infection by two potyvi-
ruses: implications for the evolution of manipulative strategies. Proc R Soc B. doi:10.1098/
rspb.2012.2959

Santiago Bass C, Weis JS (2009) Conspicuous behaviour of Fundulus heteroclitus asso-
ciated with high digenean metacercariae gill abundances. J Fish Biol 74:763-772.
doi:10.1111/j.1095-8649.2008.02148.x

Santos EGN, Santos CP (2013) Parasite-induced and parasite development-dependent alter-
ation of the swimming behavior of fish hosts. Acta Trop 127:56-62. doi:10.1016/j.
actatropica.2013.03.008

Santos EGN, CunhaRA, Santos CP (201 1) Behavioral responses of Poecilia vivipara (Osteichthyies:
Cyprinodontiformes) to experimental infections of Acanthocollaritrema umbilicatum (Digenea:
Cryptogonimidae). Exp Parasitol 127:522-526. doi:10.1016/j.exppara.2010.10.018

Seppilda O, Karvonen A, Valtonen ET (2005) Manipulation of fish host by eye flukes in rela-
tion to cataract formation and parasite infectivity. Anim Behav 70:889-894. doi:10.1016/].
anbehav.2005.01.020

Seppild O, Karvonen A, Valtonen ET (2011) Eye fluke-induced cataracts in natural fish popu-
lations: is there potential for host manipulation? Parasitology 138:209-214. doi:10.1017/
S0031182010001228

Sparkes TC, Wright VM, Renwick DT (2004) Intra-specific host sharing in the manipulative para-
site Acanthocephalus dirus: does conflict occur over host modification? Parasitology 129:335—
340. doi:10.1017/S003118200400564

Srinivasan R, Alvarez JM (2007) Effect of mixed viral infections (Potato virus Y-Potato leafroll virus)
on biology and preference of vectors Myzus persicae and Macrosiphum euphorbiae (Hemiptera:
Aphididae). J Econ Entomol 100:646—655. doi:10.1603/0022-0493(2007)100[646:EOMVIP]
2.0.CO;2

Syller J (2012) Facilitative and antagonistic interactions between plant viruses in. Mol Plant Pathol
13:204-216. doi:10.1111/J.1364-3703.2011.00734.X

Thomas F, Mete K, Helluy S et al (1997) Hitch-hiker parasites or how to benefit from the strategy
of another parasite. Evolution (NY) 51:1316-1318


http://dx.doi.org/10.1016/0020-7519(95)00100-X
http://dx.doi.org/10.1016/S0065-3454(10)41005-0
http://dx.doi.org/10.1016/S0169-4758(98)01357-X
http://dx.doi.org/10.1016/S0020-7519(01)00276-4
http://dx.doi.org/10.1017/S0031182000074199
http://dx.doi.org/10.1016/S0020-7519(03)00002-X
http://dx.doi.org/10.1016/S0020-7519(03)00002-X
http://dx.doi.org/10.1017/S0031182011000928
http://dx.doi.org/10.1016/j.beproc.2004.09.005
http://dx.doi.org/10.1111/ele.12074
http://dx.doi.org/10.1098/rspb.2012.2959
http://dx.doi.org/10.1098/rspb.2012.2959
http://dx.doi.org/10.1111/j.1095-8649.2008.02148.x
http://dx.doi.org/10.1016/j.actatropica.2013.03.008
http://dx.doi.org/10.1016/j.actatropica.2013.03.008
http://dx.doi.org/10.1016/j.exppara.2010.10.018
http://dx.doi.org/10.1016/j.anbehav.2005.01.020
http://dx.doi.org/10.1016/j.anbehav.2005.01.020
http://dx.doi.org/10.1017/S0031182010001228
http://dx.doi.org/10.1017/S0031182010001228
http://dx.doi.org/10.1017/S003118200400564
http://dx.doi.org/10.1603/0022-0493(2007)100[646:EOMVIP]2.0.CO;2
http://dx.doi.org/10.1603/0022-0493(2007)100[646:EOMVIP]2.0.CO;2
http://dx.doi.org/10.1111/J.1364-3703.2011.00734.X

68 N. Hafer and M. Milinski

Thomas F, Poulin R, Renaud F (1998a) Nonmanipulative parasites in manipulated hosts: ‘hitch-
hikers’ or simply ‘lucky passengers’? J Parasitol 84:1059-1061

Thomas F, Renaud F, Poulin R (1998b) Exploitation of manipulators: “hitch-hiking” as a parasite
transmission strategy. Anim Behav 56:199-206. doi:10.1006/anbe.1998.0758

Thomas F, Fauchier J, Lafferty KD (2002) Conflict of interest between a nematode and a trematode
in an amphipod host: test of the “sabotage” hypothesis. Behav Ecol Sociobiol 51:296-301.
doi:10.1007/s00265-001-0442-2

Thomas F, Poulin R, Brodeur J (2010) Host manipulation by parasites: a multidimensional phe-
nomenon. Oikos 119:1217-1223. doi:10.1111/j.1600-0706.2009.18077.x

Thomas F, Brodeur J, Maure F et al (2011) Intraspecific variability in host manipulation by para-
sites. Infect Genet Evol 11:262-269. doi:10.1016/j.meegid.2010.12.013

Urdal K, Tierney JF, Jakobsen PJ (1995) The tapeworm Schistocephalus solidus alters the activity
and response, but not the predation susceptibility of infected copepods. J Parasitol 81:330-333

Vickery WL, Poulin R (2009) The evolution of host manipulation by parasites: a game theory
analysis. Evol Ecol 24:773-788. doi:10.1007/s10682-009-9334-0

Wedekind C, Milinski M (1996) Do three-spined sticklebacks avoid consuming copepods, the
first intermediate host of Schistocephalus solidus?—An experimental analysis of behavioural
resistance. Parasitology 112:371-383. doi:10.1017/S0031182000066609

Weinreich F, Benesh DP, Milinski M (2013) Suppression of predation on the intermediate host
by two trophically-transmitted parasites when uninfective. Parasitology 140:129-135.
doi:10.1017/S0031182012001266

Wisenden BD, Martinez-Marquez JY, Gracia ES, McEwen DC (2012) High intensity and preva-
lence of two species of trematode metacercariae in the fathead minnow (Pimephales prome-
las) with no compromise of minnow anti-predator competence. J Parasitol 98:722-727.
doi:10.1645/GE-2454.1


http://dx.doi.org/10.1006/anbe.1998.0758
http://dx.doi.org/10.1007/s00265-001-0442-2
http://dx.doi.org/10.1111/j.1600-0706.2009.18077.x
http://dx.doi.org/10.1016/j.meegid.2010.12.013
http://dx.doi.org/10.1007/s10682-009-9334-0
http://dx.doi.org/10.1017/S0031182000066609
http://dx.doi.org/10.1017/S0031182012001266
http://dx.doi.org/10.1645/GE-2454.1

Chapter 5
Can Parasites Change Thermal Preferences
of Hosts?

Elzbieta Zbikowska and Anna Cichy

5.1 Introduction

The notion that temperature is a master variable controlling animal biochemistry,
physiology, and behavior needs no explanation. In the physiological range elevated
temperature accelerates biochemical changes and increases cellular metabolic rate,
leading to accelerated growth, early sexual maturity and ability to reproduce
(Thomas and Blanford 2003). All organisms have thermal optimum at which their
biological processes reach maximum potential, and slow down below and above
this limit (Gutierrez et al. 2003). Whereas at temperatures below the optimum the
effects of the blocked progress are usually reversible, at temperatures above the
optimum they are permanent, as a consequence of protein denaturation. Literature
provides many examples of how temperature affects the growth and fertility of
organisms (Aziz and Raut 1996; Gilbert and Raworth 1996; Gillooly et al. 2002;
Aggiletta et al. 2004; Zuo et al. 2012).

Free living and parasitic ectotherms, whose body temperature depends mainly on
the temperature of the surroundings, constitute a particularly valuable source of
information about the relationship between temperature and physiology (Jonhston
and Bennett 1996; Portner 2002; Zippay et al. 2004; Muiioz et al. 2005). Thus ecto-
thermic hosts of parasites posing a threat to humans and animals have always
inspired research. Referred to as vectors of malaria, Anopheles mosquitoes trans-
mitting Plasmodium sp., develop more rapidly at elevated temperatures (Bayoh and
Lindsay 2003). Similarly, Biomphalaria glabrata snails, the source of cercariae of
human schistosomes, significantly accelerate egg hatching at temperatures raised by
10-15 °C (Sturrock and Sturrock 1972). A rise in temperature affects the develop-
ment of micro- and macroparasites in ectothermic hosts (Lv et al. 2006; Harvell
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etal. 1999, 2002): it accelerates the multiplication of polyhedrosis virus in Bombyx
mori (Kobayashi et al. 1981), significantly shortens the development of different
Plasmodium sp. in definitive hosts (Fialho and Schall 1995; Craig et al. 1999) as
well as the development of tapeworm larvae (Macnab and Barber 2011) and trema-
todes (Studer et al. 2010) in intermediate hosts.

Beside geological factors, temperature, distinguishing climate zones, has greatly
contributed to the present species distribution in the world. In the animal kingdom
adaptations to low temperatures are extremely important for free living endotherms
and ectotherms. Moreover, the geographical range limits of parasites transmitted in
both groups of hosts are determined indirectly or directly by thermal conditions.
Temperature, affecting the distribution of endothermic hosts, indirectly determines
the range limits of their parasites. Host migrations as well as human activity leading
to the introduction (whether conscious or not) of certain species to new areas are
responsible for expanding the range limits of parasites. The direct correlation
between temperature and parasite transmission in different climate zones results
from the parasite ability to produce resting forms (cysts or eggs resistant to frost
penetration) aiding the propagation of the species, as well as from incorporating
ectothermic hosts in parasite lifecycles. Since the body temperature of ectotherms is
usually the same as that of the surroundings, parasitic lifecycle stages in ectother-
mic hosts are directly affected by this factor (Marcgoliese 2008; Blanar et al. 2009).
The increased prevalence of parasitic forms in thermally polluted water bodies
located in cold climate zones may serve as an example (Eure 1976; Hoglund and
Thulin 1990; Zbikowska et al. 2014). In addition, the direct effect of temperature on
parasites is well illustrated by area prevail of endemic malaria in human popula-
tions: it is much smaller than what would be expected from the range limits of
endothermic and ectothermic hosts (i.e. people and malarial mosquitos) participat-
ing in the transmission (Howes et al. 2013).

The topic of how temperature determines the boundaries of parasitic human and
animal invasions has been frequently discussed in view of the forthcoming global
warming (Harvell et al. 2002; Brooks and Hoberg 2007; Mas-Coma et al. 2008;
Marcgoliese 2008; Meerburg and Kijlstra 2009; Dobson 2009; Lafferty 2009;
Adamo and Lovett 2011; Paull and Johnson 2011; Studer and Poulin 2014).
Remarkably, arguments accentuating the threat of “global warming” draw attention
to numerous research projects including the investigation into thermal behavior of
ectotherms. The ability of ectotherms to select thermal conditions in the environ-
ment has already been analyzed in numerous pioneering studies (Reynolds and
Casterlin 1976; Reynolds 1977a, b; Casterlin and Reynolds 1979a; Reynolds 1979;
Reynolds and Casterlin 1979a, b; Richards et al. 1977; Casterlin and Reynolds
1980a, b; Kingsolver and Watt 1983). While in some ectothermic species thermore-
ceptive organs have already been identified (Sullivan 1954; Murray 1959; Bailey
1969; Ploomi et al. 2004), in other (molluscs) the existence of such organs is pre-
sumed, based solely on the observations of thermal behavior of these animals
(Sokolova et al. 2000).

The majority of studies on thermal behavior of ectotherms focuses on behavioral
fever, a defensive reaction of organisms invaded by pathogens (viruses, bacteria,
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fungi) or parasites (protists, metazoa), (Kluger 1979; Bernheim and Kluger 1976;
Bronstein and Conner 1984; Myhre et al. 1997; Kalsbeek 2001; Ouedraogo et al.
2003, 2004). Behavioral fever in response to the infection by pathogens was reported
in reptiles (Vaughn et al. 1974), bony fish (Reynolds et al. 1976), amphibians
(Casterlin and Reynolds 1977), and numerous invertebrates (Casterlin and Reynolds
1979b, 1980b; Louis et al. 1986; Watson et al. 1993; Lefcort and Eiger 1993; Inglis
et al. 1996; Adamo 1998; Blanford et al. 1998; Blanford and Thomas 1999, 2000;
Starks et al. 2000; Elliot et al. 2002; Roode and Lefevre 2012). The temptation to
find parallels between the mechanisms of fever in ectotherms and endotherms trig-
gered search for similar elements involved in the induced increase in body tempera-
ture in the representatives of both groups (Stanley 2006; Nakamura 2011; Boltafia
et al. 2013). The investigation provided some interesting results, which, if treated
with due care, may enable researchers to expand the knowledge of the mechanisms
of thermal behavior of ectotherms.

Owing to the monoxenic lifecycle and a very short ontogenesis, the impact of
pathogens on their hosts is usually limited to provoking a defensive reaction,
including a fever response. On the other hand, created through co-evolution, long-
lasting host-parasite relationships seem to be more complex; defense reactions of
hosts are considerably limited or even used for the propagation of parasites (Dobson
and Carper 1992). In this case, responses to parasitic invasion can include not only
behavioral fever but also behavioral anapyrexia, i.e. reverse fever, ensuring the
stability of the relationship on the specimen level (Muller and Schmid-Hempel
1993; Adamo 1998; Moore and Freehling 2002; Macnab and Barber 2011;
Zbikowska 2011).

In long-lasting relationships changes in the body temperature of ectothermic
hosts can benefit the following: (i) the host (ii) the parasite, (iii) the host and the
parasite (Fialho and Schall 1995; Lefevre et al. 2008). Behavioral fever, though
exhausting for hosts (Boorstein and Ewald 1987) leads to the mobilization of phago-
cytes and the production of defense humoral factors (Boltafia et al. 2013). However,
increased body temperature of hosts resulting from their migration to warmer
microenvironments accelerates parasitic growth (Eling et al. 2001; Paull and
Johnson 2011), increases the number of parasitic offspring (Koprivnikar and Poulin
2009), and boost the invasive potential of parasitic larvae released into the environ-
ment (Thieltges and Rick 2006). For this reason, it is difficult to classify an increase
in the host body temperature as a reaction aimed at exterminating intruders, consid-
ering that the thermal tolerance of the parasite is often higher than that of the host
(Moore 2002). On the other hand, lowering thermal preferendum extends the life of
the infected host but extends the production of parasite propagules (Zbikowska
2006), also contributing to the success of the latter.

Moreover, literature provides numerous examples of how parasites manipulate
thermal preferences of their hosts and describes cases in which host thermal behav-
ior helps parasites reach successive stages in their heteroxenic life cycle (see review
by Dawkins 2012). The “manipulation hypothesis”, however, is still the subject of
controversy in the scientific community. Although there is abundant evidence that
behavioral changes observed in infected hosts enhance parasite propagation (see
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review by Thomas et al. 2005), conflicting interpretations abound (Kavaliers and
Colwell 1992; Campbell et al. 2010). Minchella (1985) maintains that changes of
this kind have no adaptive value for parasites and can only be viewed as mere coin-
cidences. Moore and Gotelli (1990) believe that the fact that a parasite invade the
host nervous system is never caused by its “desire” to control host behavior but by
the wish to avoid host defense. Host altered behavior, beneficial for the parasite,
seems “fortuitous payoft”. Finally, Poulin (1995), a keen supporter of the hypothe-
sis of manipulation, emphasizes the fact that parasites transmitted in food chains
benefit coincidentally when the infected parasite donor feeds intensively thus expos-
ing itself for the consumption by parasite recipient. The author mentions certain
conditions that must be met so that behavioral changes of infected hosts can be
considered the signs of manipulation: (i) they must be complex, (ii) they must show
symptoms of purpose, (iii) they should occur independently in different lineages of
parasites, (iv), they should significantly increase the fitness of one of the
counterparts.

It is not always possible to analyze cases considered parasite-induced changes in
host thermal preferences according to Poulin’s guidelines. The key to determine
whether parasites manipulate hosts or not is to understand the mechanism of the
observed modifications. The majority of available publications focus on specula-
tions only and fail to explain the molecular background. Despite this drawback,
presented evidence of parasite impact on host thermal behavior provides good basis
for further analysis. A variety of host-parasite relationships allows for an assess-
ment of thermobehavioral adaptations in different lineages.

Due to their medical or economic importance, three groups of ectothermic hosts,
i.e. molluscs, arthropods, and fish are subject to investigation on parasite-induced
changes in thermal behavior. Molluscs, and snails in particular, are key hosts in
lifecycle of Digenea. In arthropods, insects serve as vectors of malaria and filariasis,
but also as pollinators which determine agricultural production. Interest in their
thermal preferences results from both the advances of biological control of vectors
of parasitosis and veterinary care over beneficial insects. Finally, the economic
importance of fish and possible losses in fish farms caused by parasites encourage
research on various aspects of host-parasite interactions, including those related to
thermal preferences.

5.2 Example 1: Snails and Parasites

Digenean trematodes are strongly associated with snails. Remarkably, over 85 % of
these parasites use gastropods as their first intermediate hosts — they develop their
early larval stages in several hundred species of Gastropoda (Combes et al. 1980;
Faltynkova et al. 2007, 2008; Zbikowska and Nowak 2009; Cichy et al. 2011). The
influence of ambient temperature on snail physiology has been studied by many
authors (Hylleberg 1975; Costil 1994; Navarro et al. 2002; Britton and McMahon
2004). Kavaliers (1992) and Sokolova et al. (2000) suggest that snails have
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thermodetecting organs and can choose or avoid some thermal microhabitats in the
environment. This fact may indicate that the migration of snails in the thermally
diversified environment is not accidental. Aware of the healing effect of behavioral
fever, Leffcort and Bayne (1991) studied thermal preferences of Biomphalaria gla-
brata infected with Schistosoma mansoni, determined to assess whether parasite
invasion will affect host thermal behavior. The failure to obtain symptoms of behav-
ioral fever in Biomphalaria and an unyielding attitude of Cabanac and Rossetti
(1987) regarding the phylogeny of fever and mollusc inability to display this defense
response, led to the stagnation in the research into parasite impact on snail thermal
behavior.

Over 10 years ago, while we were investigating the prevalence of larval Digenea
in populations of freshwater snails, we observed that the fitness of Lymnaea stagna-
lis hosts kept in different thermal conditions depended on the parasite species
(Zbikowska 2004). Since available literature failed to provide any data on thermal
preferences of L. stagnalis infected with trematodes, we decided to investigate
whether gastropods have the ability to generate a behavioral fever response.
Although the initial results indicated that the mean daily value calculated of the
temperatures selected in thermal gradient (Fig. 5.1) by L. stagnalis infected with
immature sporocysts of Plagiorchis elegans or Diplostomum pseudospathaceum
was slightly higher than the mean daily calculated for control snails (free of infec-
tion), the difference was only around 1 °C (P=0.0499). Surprisingly, the results of
our research showed that snails releasing fully formed cercaria (i.e. snails with a
patent invasion) of certain trematode species selected significantly lower (5 °C dif-
ference, P <0.001) temperature than control snails. Further research established that
L. stagnalis with a patent invasion of Trichobilharzia szidati (Zbikowska 2005),
Plagiorchis elegans, Diplostomum pseudospathaceum (Zbikowska 2011), or
Notocotylus attenuatus (Zbikowska and Zbikowski 2015), as well as Planorbarius
corneus with a patent invasion of Notocotylus ephemera, showed signs of behav-
ioral anapyrexia (Zbikowska and Cichy 2012) (Fig. 5.2). In spite of many attempts

Fig. 5.1 A set for
automatic registration of
snail thermal preferences.
Snails move in a chamber
with an oblong thermal
gradient (temperature
range: +8 to+38 °C). The
position is recorded by the
infrared sensors connected
to thermocouples. The data
are transferred to a
computer and stored by
GRAD software
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Fig. 5.2 Mean daily values calculated of temperatures selected by Lymnaea stagnalis (infected
with Diplostomum pseudospathaceum, Plagiorchis elegans, Trichobilharzia szidati or Notocotylus
attenuatus) and Planorbarius corneus (infected with Notocotylus ephemera). Only the preferences
of snails with a patent invasion were statistically significantly different from the preferences of
uninfected snails (control snails) and from the preferences of snails with a pre-patent invasion
(p<0.001)

to analyze reversed fever in endotherms, the mechanism of this process is still
poorly understood (Clemmer et al. 1992; Steiner and Branco 2003). Observations
indicate that it is a response to the injection of high doses of pyrogens (Amaral et al.
2002). However, it has not yet been determined whether the fact that snails with a
patent trematode invasion select cooler places can be considered behavioral anapy-
rexia. Taking into account that a metabolic rate and oxygen consumption decrease
at low temperatures, and that weakened snails have a higher survival probability
(Torsten 2005), it can be concluded that the observed thermobehavioral reaction of
hosts releasing cercariae ensured a longer lifetime for parasites. Our laboratory
experiment conducted at constant temperatures demonstrated that snails infected
with the majority of parasites mentioned above lived longer at a lower (<20 °C) than
at a higher temperature (>25 °C). This suggests that the symptoms of behavioral
anapyrexia displayed by infected snails extended the duration of their interaction
with parasites. Not only does this behavior prolong host survival but it also increases
chances for parasite success by allowing more parasite larvae within a single
infected host (Zbikowska 2005; Zbikowska and Cichy 2012; Zbikowska and
Zbikowski 2015).

We continued the research on thermal preferences of snails with a patent trema-
tode invasion (releasing cercariae) and with a pre-patent invasion (before releasing
cercariae, developing sporocysts and/or redia). All investigated specimens of the
latter group selected a relatively high temperature of 25+ 1 °C in the thermal gradi-
ent, which seems interesting in view of the fact that these animals normally inhabit
lakes in the temperate climate zone. In the majority of cases the temperature was
similar to that selected by non-infected snails (Fig. 5.2). Our laboratory experiments
indicate that at elevated temperatures the metabolic rate of snails increased, causing
accelerated reproduction and improved egg production in non-infected specimens
(Zbikowska 2006), and leading to accelerated parasite growth in infected speci-
mens, unable to breed because of the invasion. As previously mentioned, keeping
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infected individuals at a constant elevated temperature shortened their life but,
according to Hechinger et al. (2009), trematodes castrating snails affect host ther-
mal preferences to ensure their own success, not host fitness. In addition, under
natural conditions snails had the opportunity to adjust the body temperature to, for
example, the specific stage of parasite development (Bates et al. 2011), which was
not possible in the laboratory.

L. stagnalis infected with Echinoparyphium aconiatum and P. corneus infected
with Echinostoma spiniferum constituted a particularly interesting experimental
group. Similarly to snails with a pre-patent invasion of other species and to unin-
fected snails, specimens with a pre-patent invasion of the above echinostomes
tended to move to the warmer end of the thermal gradient (Fig. 5.3). However,
increased temperature proved fatal: under these conditions infected snails lived for
the shortest period of time (Zbikowska 2006; Zbikowska and Zbikowski 2015).
Moreover, unlike hosts of other trematode species, snails releasing echinocercariae
in the thermal gradient showed no symptoms of behavioral anapyrexia (Zbikowska
2005; Zbikowska and Cichy 2012; Zbikowska and Zbikowski 2015). In a series of
additional tests we made several interesting discoveries. Unlike other trematode
species, echinostomes use snails as second intermediate hosts. Moreover, they fre-
quently choose the same snail species which served as their first intermediate hosts.
However, due to the high mortality of the previously infected hosts, the transmission
of echinocercariae to snails already releasing cercariae is rarely successful (Sorensen
and Minchella 1998). Similar thermal preferences of infected and uninfected snails
provide an opportunity for parasites to be successfully transmitted, supposing that
the preferences are the same in the natural environment.

It should be noted, however, that the accelerated death of the first intermediate
hosts of echinostomes at an elevated temperature shortens the time when parasites
can shed cercariae. In order to establish how this affects parasite transmission we
investigated the rate of echinocercariae emission in different thermal conditions. We
discovered that at a temperature of 25+ 1 °C the rate of cercariae emission from first
hosts is twice as high as at 19+1 °C. In addition, echinocercariae invasiveness
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towards second intermediate hosts increases in direct proportion to temperature
(Zbikowska 2006; Zbikowski and Zbikowska 2009). Thus the fact that first hosts of
echinostomes remain at elevated temperatures increases their mortality, but pro-
motes parasite transmission.

Based on the understanding of lifecycles of all investigated parasites and on the
monitoring of seasonal changes in their prevalence in snails populating lakes of
northern Poland (Fig. 5.4) we made an assumption that E. spiniferum, and E. aco-
niatum winter in snails in the form of metacercariae, not sporocysts, as is the case
with D. pseudospathaceum and P. elegans. The presence of snails with a patent
invasion of echinostomes in the coastal zone in the warmest months (July-August)
facilitates parasite transmission, leading to the exhaustion of first intermediate hosts
(Zbikowska 2006; Cichy 2013). The development strategy of the investigated echi-
nostomes involves a short but intensive exploitation of first intermediate hosts
because easy transmission to second intermediate hosts (snails) guarantees their
extended survival in the environment in the form of metacercariae, relatively harm-
less for hosts (Fried and Graczyk 2000). The consumption of metacercariae by birds
completes the parasitic lifecycle. The comparison of reproductive strategies of the
investigated echinostomes and other trematode species shows that the presence or
absence of the symptoms of behavioral anapyrexia is a decisive factor in parasite
transmission (Fig. 5.5). D. seudospathaceum cercariae leave a snail to penetrate a
host fish (Valtonen and Gibson 1997). Extending the relationship with the snail
extends the emission of invasive larvae. The cercariae of bird schistosomes 7. szidati
leave a snail to find a final host (Meuleman et al. 1983). Also in this case, cercariae
emission, extended for many weeks, increases the likelihood of parasite reproduc-
tive success. Finally, in the strategy developed by the two studied species of noto-
cotylids, the released cercariae quickly transform into metacercariae, which wait to
be ingested by definitive hosts (Zdarska 1964). It can be assumed that again an
extended interaction with intermediate hosts increases the likelihood of parasite
success by extending their availability to definitive hosts.

25 mD. OPele @ T.szidati
B N.attenuatus @ N.ephemera B E.aconiatum

B E.spiniferum

Average % of shedding cerceriae snails

May June July August September October

Fig. 5.4 Seasonal dynamics of the prevalence of patent invasions of 7 trematode species in snails
collected in the coastal zone of lakes



5 Can Parasites Change Thermal Preferences of Hosts? 77

a b
no snail hosts 19 °C 5 25°C ’
b L §

R

Fig. 5.5 Snail thermal preferences in view of Digenea lifecycles. (a) At lower temperatures host
snails for a long time release cercariae: Diplostomum pseudospathaceum (target: fish), Plagiorchis
elegans (target: insect larvae), Trichobilharzia szidati (target: water birds), and larvae encysting
into metacercariae: Notocotylus attenuatus and N. ephemera. Extended larval shedding and
increased survival of both host-seeking cercariae and encysted metacercariae improves chances for
parasite reproductive success (Zbikowska 2006). (b) At elevated temperatures uninfected snails
accelerate their development (Hodasi 1976); in snails with a pre-patent invasion of Diplostomum
pseudospathaceum, Plagiorchis elegans, Trichobilharzia szidati, Notocotylus attenuatus,
N. ephemera, Echinoparyphium aconiatum, Echinostoma spiniferum parasite larvae develop
faster, and echinocercariae released from snails (i) find more effectively and (ii) invade sooner
second intermediate hosts (Zbikowski and Zbikowska 2009) (Author of photographs: Anna Cichy)

The above examples of the correlation between snail thermal behavior and para-
site invasion do not confirm host manipulation. However, it is worth emphasizing
that various trematode species can take advantage of thermal preferences of even
the same host species. This observation may indicate that host thermal behavior is a
response to the presence of parasitic larvae.

Diverse parasite-induced changes in thermal biology of the first intermediate
host Zeacumantus subcarinatus infected with two castrating trematodes,
Maritrema novaezealandesis and Philophthalamus sp. as well as an interesting
analysis of the manipulation of host thermal behavior were presented by Bates
et al. (2011). The authors discovered that the animals acclimated to high tempera-
tures (35 and 40 °C) for a short period of time (1 h) became more resistant to these
temperatures in the environment. The tolerance of specimens infected with
M. novaezealandesis was significantly higher than the tolerance of specimens
infected with Philophthalamus sp. According to the authors, high tolerance to heat
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observed in the hosts of M. novaezealandesis constitutes an important element of
their adaptation to high temperature in their habitat. In the experiment larvae
of M. novaezealandesis survived a one-hour exposure to 40 °C whereas larvae of
Philophthalamus sp. failed to survive. Although a higher number of
Philophthalamus sp. cercariae were released at temperatures above 25 °C, parasite
rediae responded badly to increased temperature. The authors also accentuated
that the hosts of double invasions (with M. novaezealandesis and Philophthalamus
sp.) were more tolerant to a rise in temperature than individuals infected only with
Philophthalamus sp. They interpreted this as a possible effect of some substances
(hormone-like compounds and regulatory peptides) secreted by M. novaezea-
landesis. The authors’ suggestion make it clear why snails infected with this para-
site selected warmer places in the thermal gradient. The influence of a hypothetical
Maritrema-derived substance on snail behavior would make parasites more effec-
tive at competing for space in the environment. In these circumstances, the reduced
fitness of hosts may be viewed as a problem of secondary importance and a side
effect of “manipulation”. This is consistent with the results obtained by Fredensborg
et al. (2005), who maintained that regardless of thermal conditions, the develop-
ment of infected individuals carries higher costs.

To sum up the observations of Z. subcarinatus infected with two trematode spe-
cies, Bates et al. (2011) suggested four possible explanations of the observed
changes in thermal biology of parasitized snails: (i) the impact of different parasites
on thermal responses of the same host may vary but generally depends on “the spa-
tial segregation or pathy distribution of conspecific hosts harboring different para-
site species as they seek microhabitats with contrasting thermal properties”, (ii) the
effect of temperature on infected hosts can change over a long period of time, (iii)
in certain conditions a co-infection can enhance chances for parasite success, (iv)
parasites may manipulate host thermal preferences.

It is hard to resist the logic of the above arguments suggesting the impact of
trematodes on thermal biology of their first intermediate hosts. However, we firmly
believe that only when the effect of “hormone-like compounds and regulatory pep-
tides” (or any other substance) on the mechanism of the observed thermoregulatory
reactions is sufficiently recognized, will the real causes of this phenomenon be
revealed. We have already initiated research on behavioral fever in P. corneus. In a
series of experiments using a thermal gradient we have established that the snails
exhibit symptoms of behavioral fever in response to injections of bacterial, fungal
(Zbikowska et al. 2013a), and viral (Zbikowska et al. 2013b) pyrogens. Inoculating
snails with pyrogens normally used to trigger sterile inflammation in endotherms
was aimed at determining whether these animals respond to substances used effec-
tively in comparative thermal biology of different endo- and ectothermic species.
Positive effects of the experiments encouraged us to investigate the impact of anti-
pyretics on behavioral fever induced by pyrogens. We are convinced that the results
of our research as well as the discovery that P. corneus can produce substances
involved in fever reactions in endotherms (see review by Coyne 2011) will enable
us to understand the mechanism of snail thermal behavior controlled (?) by
parasites.
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5.3 Example 2: Insects and Parasites

Research on thermal behavior of insects focuses on both behavioral fever and the
relationship between host thermal preferences and parasite success. An interesting
analysis of the interactions between honeybees and monoxenic Nosema ceranae
was delivered by Campbell et al. (2010). In their experiment bees infected with
microsporidia selected higher temperatures than uninfected specimens. Pointing out
that V. ceranae shows increased fertility at elevated temperatures (Martin-Hernandez
et al. 2009), the authors concluded that observed differences between thermal pref-
erences of infected and uninfected insects are induced by parasites, the main benefi-
ciaries of the changes.

It must be accentuated that the choice of honeybees was not random. N. ceranae,
originally known as a parasite of Asian Apis cerana, has recently been identified in
other pollinators such as Apis mellifera in Taiwan (Huang et al. 2007), bumblebee
in South America (Plischuk et al. 2009), China (Li et al. 2012) and Europe (Graystock
et al. 2013) and is now considered a serious threat to bumblebee and bee colonies
around the world. The authors are convinced that the parasite’s leap into new areas
and its effective competition with N. apis may be associated with an increased
reproduction of this species in bees, which select a higher temperature under the
influence of microsporidia. Regardless of whether the changes in thermal prefer-
ences of infected bees can be considered an example of manipulating host thermal
behavior or only a side effect of parasite invasion, the natural selection in parasite
genes aimed at exploiting the host raised thermal preferendum considerably
increases the success of the former, thus fulfilling one of Poulin’s conditions (1995).

Not only monoxenic parasites benefit from altered thermal preferences of
infected insect hosts. Heteroxenic parasites, including Plasmodium sp., can also
increase their chances for successful transmission. Many species of these etiologi-
cal vectors of malaria divide their lifecycle between ectothermic definitive and
endothermic intermediate hosts (Collins and Jeffery 2007). This fact encourages
reflection on parasite possibility to control thermal behavior of ectothermic hosts in
order to (i) find endothermic hosts more effectively (ii) adapt insect preferences to
the temperature optimal for parasite development. The results of the research on
thermoreception and its contribution to helping infected mosquitoes find endother-
mic hosts indicate that temperature plays a role in this process (Maekawa et al.
2011). However, there are more examples indicating the possibility of manipulating
thermal preferences of insect hosts during intra-insect parasite development, i.e.
from gametocyte to sporozoite stage.

Interesting observations were made by Fialho and Schall (1995), who studied the
transmission of Plasmodium mexicanum by flies of the Lutzomyia vexator.
Analyzing the behavior of flies infected with P. mexicanum, the authors concluded
that the parasites were able to manipulate their hosts and that the manipulation
shortened parasite development in definitive hosts. Given the high mortality rate of
infected vectors (only 2 % survive two meals, vital for parasite reproductive suc-
cess), temperature-dependent acceleration of parasite growth within the insect
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significantly facilitates parasite propagation. The experiment was conducted in the
temperature range well tolerated by both hosts and parasites, i.e. 16-32 °C. The
authors established that once flies consumed vertebrate blood, they moved to
warmer environments to raise their body temperature. This improved their digestion
and accelerated egg laying. However, the temperature selected by flies which con-
sumed blood contaminated with parasites was higher than that preferred by unin-
fected specimens. The observation that at temperatures above 22 °C parasite growth
in the insect was significantly accelerated justified the hypothesis of parasite manip-
ulation of host thermal behavior. The authors, analyzing the curves of “parasite
development” (sporozoites traveling from mature oocysts to sandfly salivary glands)
and “sandfly feeding schedule” (sandfly finds a suitable oviposition site, lays eggs
and is ready for another blood meal) emphasize the fact that a temperature rise has
a more significant influence on the development of parasite oocysts than on host
reproduction. This complies with Poulin’s criterion (1995) of host manipulation by
a parasite.

The experiment showed that not all insect-Plasmodium sp. relationships can be
regarded as cases of parasite manipulation of host thermal behavior. Blanford et al.
(2009) studying Anopheles stephensi mosquitoes infected with Plasmodium yoelii
found no differences between the thermal preferences of experimental and control
specimens. However, they made an important observation that in the thermal gradi-
ent both the control and experimental insects selected temperature ranging between
24 and 28 °C, which had a favorable effect on both the insect reproduction and early
stages of parasite development (Noden et al. 1995; Kirby and Lindsay 2004). We
believe that this temperature range was sufficient to fulfill lifecycles of both coun-
terparts in A. stephensi — P. yoelli relationship.

These two examples prove that a categorical evaluation of thermal preferences in
a host-parasite relationship, cannot be provided. The fact that thermal optima of the
counterparts overlap, seriously hampers the interpretation. We believe that the com-
parison of mean temperatures calculated for time intervals shorter than 24 h would
make it possible to see the differences between control and experimental insects.
Parasite development may depend not only on mean daily temperatures, but also on
temperature fluctuations recorded over shorter periods of time. It should be accentu-
ated that since temperature regulates physiological processes of both counterparts,
their mutual influence may escape arbitrary statistical analysis.

The presence of parasites in insects may lead to increasing or lowering the host
thermopreferendum, compared to the control group. As was demonstrated in the
subchapter on snails and trematodes, ectotherms are capable of generating symp-
toms of behavioral anapyrexia, i.e. selecting lower temperatures in response to para-
site invasion. The therapeutic effect of low temperatures has already been recorded
in insects infected with parasitoids (Muller and Schmid-Hempel 1993) and in cer-
tain parasitic infections.

Moore and Freehling (2002) studied the effect of temperature-sensitive acanto-
cephalan Moniliformis moniliformis on thermal behavior of two species of cock-
roaches. Although mean temperatures calculated of the values selected by infected
and uninfected insects were similar, they observed inhibited parasite development
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in both host species when the cockroaches had the possibility to choose thermal
conditions (compared to hosts kept at a constant, relatively high temperature of 28
or 30 °C). The authors concluded that reduced temperature might have a healing
effect on infected hosts, which had been already emphasized in the earlier publica-
tion by Moore (2002). Nevertheless, it cannot be excluded that selecting colder
microenvironments by infected insects can also benefit parasites, offering more
time to synchronize the presence of donor and recipient hosts in the environment
(Combes 1999). The authors do not analyze the results of their laboratory experi-
ment in relation to the natural habitat of infected insects. As is well-known, the
delayed development of parasites, correlated with phenological conditions, facili-
tates their transmission (Mackauer and Sequeira 1993).

The selected examples of parasite-induced modifications of insect thermal
behavior show different types of these changes: increased thermopreferendum,
reduced thermopreferendum or no reaction. However, changes in thermal biology of
hosts always bring real or potential benefits for parasites. These profits result either
from accelerated parasite transmission to a subsequent host (for monoxenic N. cera-
nae or heteroxenic Plasmodium sp. whose survival depends on the ability of the
insect to consume two meals) or extended interaction with the host (cockroach-M.
moniliformis relationship).

These examples demonstrate that arbitrary statistical analysis restricts the inter-
pretation of the results. When thermal tolerance ranges of the host and parasite
overlap, the possible impact of the latter on the thermal behavior of the first can be
difficult to identify, especially when the comparison is based on the mean value of
the temperatures selected in 24 h (A. stephensi — P. yoelli example). We appreciate
the significance of the analysis of the cockroach — M. moniliformis relaltionship, in
which the authors used a more sophisticated method of comparing the impact of the
constant temperature versus the temperature selected by insects in the thermal
gradient.

5.4 Example 3: Fish and Parasites

A great number of parasite invasions in fish is temperature-related. It is generally
known that too low temperature of water is responsible for fungal infections and a
higher mortality rate in aquarium fish. On the other hand, an elevated temperature
mobilizes hosts’ immune system and increases their ability to eliminate pathogens
(Butler et al. 2013).

Similarly to the previously examined examples of invertebrate hosts, in verte-
brates more complex temperature-related responses accompany parasitic invasions.
The complexity again results from the host-parasite co-evolution, by which para-
sites, through mimicry (Hurford and Day 2013), the suppression of host defense
mechanisms (Christensen and LaFond 1986) or location in areas inaccessible for
host digestive enzymes (Fischer and Freeman 1973), are able to survive within hosts
and produce propagules as well as use host physiology and behavior for the
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transmission. Numerous examples of temperature-dependent parasitic invasions in
fish were presented by Khan (2012).

Macnab and Barber (2011) tested the hypothesis that an increase in temperature
aggravates the conflict between the tapeworm Schistocephalus solidus and
Gasterosteus aculeatus fish species. Maintained at 20 °C for 8 weeks the tapeworm
larvae (plerocercoids) reached an invasive size in experimentally infected fish. In
contrast, kept at 15 °C for the same amount of time they failed to do so. In addition,
the authors used a set of interconnected aquariums with different water temperature,
in which they observed thermal preferences of fish infected with young or mature
(ready for transmission) plerocercoids. Fish infected with young larvae selected
significantly lower temperatures than the hosts of the invasive parasite stages. Since
the dose of parasitic material was comparable to the dose of parasitic fungi that
causes behavioral fever, it was expected that the infected fish would increase rather
than reduce their thermopreferendum. However, assuming that the host reaction
bearing the symptoms of behavioral anapyrexia (which, as previously mentioned, in
endotherms is generated in response to high doses of pyrogen) is typical of S. soli-
dus invasion, it must be considered a surprise that G. aculeatus invaded by large
(older) plerocercoids, ready for further invasion, chose the aquarium with the
warmest water.

Thermal behavior of fish infected with plerocercoids cannot be explained by
energy deficiency resulting from parasite invasion. It is obvious that this energy
shortage was more severe in specimens infected with older larvae and that a higher
degree of host exhaustion would justify their selecting colder environments.
Although this analysis is largely speculative, it must be accentuated that in both host
groups it was the parasite that was the beneficiary of the altered thermal behavior of
the host. The migration of the fish infected with young plerocecoids to colder places
(in the natural environment to the deeper parts of a water body) protected larvae
incapable of further transmission from premature ingestion by definitive hosts
(birds). At the same time fish infected with mature, invasive plerocercoids migrated
to warmer places (in the natural environment to the surface of a water body) and
became easier prey for final hosts, thus increasing the likelihood of parasite trans-
mission. Not knowing the mechanism of the observed thermobehavioral reactions,
the authors do not reject the possibility that they are a by-product of parasite inva-
sion. However, it is obvious that fish behavior contributes to the reproductive suc-
cess of parasite.

The above example indicates that regardless of the systematic position, ectother-
mic hosts can respond to the presence of parasites by altering their thermal prefer-
ences. That complies with Poulin’s requirement (1995) of an independent emergence
of similar reactions to parasite invasion in different evolutionary lineages of hosts.
A trophic link between fish and fish-eating birds creates a convenient route of trans-
mission for many parasitic species. In life cycles of these parasites fish act as inter-
mediate hosts, and birds, as final (Loot et al. 2001; Pérez-del-Olmo et al. 2014).
Numerous studies focus on increased availability of infected fish for bird hosts as a
consequence of alterations in fish behavior or appearance caused by the invasion of
parasitic larvae (see review by Mikheev 2011). Such spectacular changes as
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blindness (Crowden and Broom 1980), reduced ability to escape (shifted center of
mass, blocked fins) (Maillard 1976) and impaired mimicry (Bullard and Overstreet
2008), indicate beyond all doubt that the problems are caused by parasites trying to
improve their transmission. Nevertheless, the theory that parasite-induced changes
in thermal biology of fish hosts facilitate parasite transmission is difficult to prove
and requires detailed research into the physiology and metabolism of these
animals.

5.5 Conclusions

The above examples of changes in host thermal biology present a range of host-
parasite interactions shaped by evolution. Repeated in different evolutionary lin-
eages, the responses of ectothermic hosts to parasite invasions, based on the selection
of higher or lower temperatures than uninfected animals, seem particularly interest-
ing. It is obvious that thermobehavioral reactions alone, so difficult to interpret in
terms of statistical analysis, fail to prove definitively parasite contribution to manip-
ulating host behavior. However, the results of numerous studies lead to the conclu-
sion that parasite transmission is always facilitated by altered thermal preferences
of hosts. Falsifying the hypothesis of the parasite impact on host thermal behavior,
it can be assumed that differences between thermal biology of infected and unin-
fected specimens result from the mobilization of their immune system due to the
increased thermopreferendum. On the other hand, lowering the body temperature is
connected with the depletion of the host’s energy resources. However, the results
obtained by the authors mentioned in this chapter indicate that host reactions depend
on parasite species. Different thermobehavioral reactions of the same host species
to two different parasite species (albeit invading the same body tissues) are particu-
larly useful to prove that the observed changes are not random. Regardless of
whether thermal biology of infected hosts can be regarded as a sign of manipulation,
the fact that the parasites use their host thermal preferences to improve their trans-
mission is a remarkable feature. Hence the assumption that a possibility to modify
parasite-induced changes in thermal biology of hosts is determined by a parasite
lifecycle. Here too, as in the case of snails-echinostomes versus snails-other trema-
todes, two types of relationships are possible: (i) a short, but intense, highly patho-
genic for the host, or (ii) extended on the specimen level, less pathogenic for the
host. The combination of thermal experiments and studies on various aspects of the
physiology of host-parasite interactions would provide additional evidence for
the still speculative analysis.

In our opinion, at present it is not possible to determine whether the observed
parasite-induced changes in host thermal biology can be considered the manipula-
tion of host physiology. This topic requires a detailed investigation into the mecha-
nism of thermobehavioral reactions. We believe that exploring the issue using
methods generally applied in the research on fever and anapyrexia in endotherms
will provide an insight into the nature of thermal behavior of ectothermic hosts.
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Chapter 6
Host Manipulation by Toxoplasma gondii

Jaroslav Flegr

The first indices of manipulation activity of Toxoplasma appeared in 60—70s of the
twentieth century. Hutchison and his coworkers and successors published about 20
papers showing that congenital, acute and even chronic toxoplasmosis have specific
impacts on the behavior of infected mice. The infection was associated with hyper-
activity in an open field (Hay et al. 1984b, 1983), increased voluntary wheel running
(Hay et al. 1985), decreased ability to discriminate between familiar and novel stim-
uli (Hay et al. 1984a), impairment of motor performance and coordination
(Hutchison et al. 1980a), and impairment of memory resulting in learning deficits
(Piekarski et al. 1978; Witting 1979), for review see (Hutchison et al. 1980b;
Skallova et al. 2006). In nineties, the manipulation activity of Toxoplasma started to
be systematically studied by Joanne Webster in Oxford on a more suitable animal
model, the rat (Rattus norvegicus). In contrast to short-lived and toxoplasmosis sen-
sitive mice, in this toxoplasmosis tolerant animal, acute toxoplasmosis quickly pro-
ceeds into its latent stage (as usually occurs in humans) in which all clinical
symptoms of disease disappear but some specific behavioral symptoms of the para-
site manipulation remain apparent for a long time. Infected rats express deficits in
learning (Piekarski et al. 1978; Witting 1979), decreased neophobia and increased
trappability (Webster et al. 1994), hyperactivity in a familiar environment (Webster
1994) and an increased exploration of a novel object (Berdoy et al. 1995). The most
impressive product of manipulation activity described on this stage of research in
rats, which was later confirmed also in mice and humans, is the so called Fatal
attraction phenomenon, i.e. change their native, inborn fear of the odor of cats into
an attraction to this odor (Berdoy et al. 2000). The infected mice and rats visit more
often and stay longer in places containing the odor of cat urine. Conversely, they are
not attracted by the odor of urine of other species (Vyas et al. 2007).
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Some of the toxoplasmosis-associated behavioral changes weaken or even disap-
pear with time from the infection and differ depending on strain of Toxoplasma and
the species or strain of host. For example, the maximum reduction of mouse activity
and maximum impairment of reaction times of infected mice were observed at the
peak of pathological symptoms and disappeared before 12 weeks post infection
(Hrda et al. 2000). The fatal attraction phenomenon that was observed in mice 2
months after infection with two Type II strains of Toxoplasma (Prugniaud and
MEA49) did not exist in ME49 after another 5 months; on the other hand, only this
strain experienced impaired spatial working memory (Kannan et al. 2010). The
Toxoplasma infection very often has different, frequently even contrasting, effect on
behavior of males and females (Xiao et al. 2012). The Fatal attraction phenomenon
was observed only in females of Balb/c mice while a decrease in preference for
novel food was observed only in male mice. Infected female mice expressed higher
activity in open field test while infected males lower activity. A gene expression
study revealed that Toxoplasma infection altered the expression of genes involved in
the development of the forebrain, neurogenesis, and sensory and motor coordina-
tion in females, while in male mice, infection led mainly to modulation of genes
associated with olfactory function (Xiao et al. 2012). Large Toxoplasma strain spe-
cific differences were also observed in the concentration of various neurotransmit-
ters in the brains of artificially infected animals, suggesting that Type I strains of
Toxoplasma probably express the strongest manipulative activity (Abdoli 2013;
Xiao et al. 2013). It is not clear yet, which of the Toxoplasma-associated behavioral
changes are products of manipulative activity of the parasite aimed to increase the
probability of the transmission in latent phase of infection (Holmes and Bethel,
1972), and which are the product of other manipulative activities of parasite, e.g. of
the down-regulation of the host immune functions, and which are just transient side-
effects of passed acute infection. The most convincing evidence for the manipula-
tive nature of some of the observed toxoplasmosis-associated changes was obtained
on other experimental model, namely on humans (Flegr 2013b).

The study of Toxoplasma manipulation of human behavior started at early 90s of
the past century. The first studies showed that personality profiles of subjects with
latent toxoplasmosis (about one third of humans worldwide) specifically differ from
personality profile of Toxoplasma-free subjects (Flegr and Hrdy 1994). The inten-
sity of changes in some personality factors increases with time since the infection or
with decreases in anti-Toxoplasma antibodies. This suggests that these changes rep-
resent results of the cumulative effects of latent toxoplasmosis rather than transient
after effects of passed acute infection. Some changes in personality are in the same
direction in men and women, e.g., a decreased tendency for novelty seeking or
decreased consciousness, while some are in the opposite direction in men and
women, e.g., an increased Cattell’s factor of pretension in men and decreased in
women, increased Cattells’ factor of superego strength in women and decreased in
men (Flegr 2010). The changes in personality profile are associated with corre-
sponding changes in infected subjects’ behavior. For example, Toxoplasma-infected
men scored lower in tidiness of their clothes than uninfected men, whereas infected
women scored higher than uninfected women (Lindova et al. 2006). In experimental
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games (Dictator game and Ultimatum game) the infected male students expressed
less altruism while infected women more than their non-infected pears (Lindova
et al. 2010). Latent toxoplasmosis may even be responsible for differences in some
cultural traits between countries. For example, the prevalence of toxoplasmosis
explains a significant portion of the variance in aggregate neuroticism among popu-
lations, in the ‘neurotic’ cultural dimensions of sex roles and uncertainty avoidance
(Lafferty 2006) as well as the variance in the incidence of suicides (Lester 2010).

An analogous version of the Fatal attraction phenomenon and the decreased psy-
chomotor performance that were described originally in experimentally infected
rodents were later observed in Toxoplasma-infected humans. In a double blind
experiment, infected men rated the smell of highly diluted cat urine (but not urine
of other four animals) as more pleasant and infected women as less pleasant than
Toxoplasma-free subjects (Flegr et al. 2011). Both infected men and women have
impaired reaction times (Havlicek et al. 2001) and express many specific defects in
cognitive performance (Beste et al. 2014; Flegr et al. 2013; Pearce et al. 2013, 2014;
Priplatova et al. 2014; Stock et al. 2013), including in school achievements (Ferreira
et al. 2013; Flegr et al. 2012b). Again, the impairment in reaction times increases
with the time since infection when the age of subjects is statistically controlled. It is
highly probable that observed changes in reaction times (and also decreased capac-
ity of long term concentration) are responsible for the observed about 2.6 times
higher probability of traffic accidents and work place accidents observed in
Toxoplasma-infected subjects in about 6 independent studies in past ten years (Flegr
et al. 2002; Kocazeybek et al. 2009; Yereli et al. 2006). The subjects with Rh posi-
tive blood group are fully (heterozygotes) or at least partly (homozygotes) protected
against deterioration of reaction times (Novotna et al. 2008), risk of traffic accidents
(Flegr et al. 2009) and many other effects of latent toxoplasmosis as well as against
other detrimental factors as smoking, aging and fatigue, as demonstrated in subse-
quent studies (Flegr et al. 2012a). This byproduct of Toxoplasma manipulation
activity research not only solved an old enigma surrounding the existence of the Rh
polymorphism, but could become important in many fields of human physiology
and for clinical practices in the future.

The studies published mainly at the beginning of twenty-first century shed some
light on the physiological mechanisms of Toxoplasma manipulation. 7. gondii pos-
sesses two unique genes for key enzymes that catalyze the synthesis of the impor-
tant neurotransmitter dopamine (Gaskell et al. 2009). These genes are expressed in
Toxoplasma bradyzoites in tissue cysts in the brains of infected animals; a large
amount of dopamine is produced there and is exported to the surrounding neural
tissue (Prandovszky et al. 2011). The level of dopamine in the brain is known to
negatively correlate with the personality trait of novelty seeking, one the traits that
is significantly lower in Toxoplasma-infected subjects. The increased level of dopa-
mine, or rather resulting imbalance in concentration of dopamine between different
parts of brain could also explain the tight connection between schizophrenia and
toxoplasmosis, a phenomenon studied for more than 50 years (Willner 1997). It is
known that the imbalance in dopamine concentration plays a key proximal role in
schizophrenia. Nearly all modern antipsychotic drugs either decrease the level of
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Fig. 6.1 The regional gray matter volume reduction in schizophrenia for Toxoplasma-infected
subjects (upper image), and Toxoplasma-free (lower image) subjects. Significant results (P <0.05,
FWE, cluster > 50 voxels) are displayed on study specific 3D template and mean image slices. L or
R, left or right hemisphere; the intensity of color reflects difference in gray matter density between
schizophrenia and control subjects, the bar in the lower left corner represents T value for slices.
Toxoplasma-infected patients but not Toxoplasma-free patients had reduced grey matter density in
specific regions of a brain in comparison with corresponding controls (Horacek et al. 2012)
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dopamine in brain of schizophrenic patients or inhibit binding of this neurotransmit-
ter to its receptors (Nikam and Awasthi 2008). Results of recent studies suggest that
toxoplasmosis plays an important role in the onset of schizophrenia in a significant
portion of genetically predisposed patients. Moreover, the clinical picture of schizo-
phrenia in Toxoplasma-infected patients differs from that of Toxoplasma-free
patients. For example, the decrease in gray matter density in the brain occurs only
in Toxoplasma-infected patients (Horacek et al. 2012), Fig. 6.1 and the same is true
for gender differences in the onset of schizophrenia — on average, a 3-year delay of
the onset of the disease in women exists only in Toxoplasma-infected subjects
(Holub et al. 2013). Toxoplasma-infected schizophrenia patients express more
severe positive symptoms of the psychiatric disease (more frequent or intense hal-
lucinations, delusions) than Toxoplasma-free subjects (Holub et al. 2013; Wang
et al. 2006).

Men with latent toxoplasmosis have increased levels of free testosterone while
women have decreased levels (Flegr et al. 2008). It has been observed in a rodent
model that Toxoplasma induces synthesis of this steroid hormones in the testes of
infected males (Lim et al. 2013). Increased levels of testosterone could explain why
Toxoplasma infected men are in average 3 cm taller than their Toxoplasma-free
peers and their photos are also rated as more masculine and dominant by female
raters (Flegr et al. 2005). It is possible that the increased level of testosterone results
in higher competiveness, which may also at least partly explain the higher risk of
traffic accidents (however, this was observed also in female drivers) or the increased
probability of birthing sons in women and in mice females with relatively recent
Toxoplasma infection (Kanikova et al. 2007a, b). It is also not clear whether
increased levels of testosterone are a symptom of manipulation activity by
Toxoplasma aimed to increase its chance for successful transmission, or a part of its
struggle with the host immune system (testosterone is known to have a potent
immunosuppressive activity), or whether it is just some nonadaptive side effect of
the parasitic infection. In Toxoplasma-infected rats, however, the Fatal attraction
phenomenon (loss of the fear response to cat odor and its change into an attraction)
can be observed only in intact, not castrated males (Lim et al. 2013). It can be also
speculated that increased levels of testosterone in males, resulting in increased sex-
ual activity, could result in increased efficiency of sexual transmission of
Toxoplasma. Viable parasites were frequently observed in seminal fluid of infected
males and sexual transmission of toxoplasmosis from infected male to female dur-
ing sexual intercourse was observed in many animal species. In humans, only indi-
rect evidence for sexual transmission of toxoplasmosis exists (Flegr 2013a; Flegr
etal. 2014a). It can probably occur only in acute or post-acute phase of the infection
and therefore the unprotected sex is probably only a marginal risk factor of toxo-
plasmosis. However, it can play an extremely important role in acquiring the most
devastating form of toxoplasmosis, congenital toxoplasmosis, i.e., in transmission
of the parasite from mother in acute phase of the infection to a developing embryo.
It is indicative that about two thirds of Toxoplasma infections in pregnant women
cannot be explained by the known risk factors.
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Clinical Relevance

Research of manipulation activity by Toxoplasma started as typical basic research
in the field of evolutionary parasitology. Results obtained during past 20 years, how-
ever, showed that this activity of the parasite could have an important effect on
human wellbeing and that latent toxoplasmosis could have an even larger public
health and economic impact than other forms of toxoplasmosis put together. For
example, just the increased risk of traffic and work place accidents could be together
responsible for a similar number of deaths as malaria. Schizophrenia, which affects
about 1 % humans, represents huge economic burden. The prevalence of
toxoplasmosis also explains large part of between-countries differences in the
incidence of other serious psychiatric and nonpsychiatric diseases, including
obsessive—compulsive disorder, epilepsy, suicides, and cardiovascular diseases
(Flegr et al. 2014b), see Fig. 6.2. At least some of the observed associations between
these diseases and toxoplasmosis can be caused by manipulation activity of the
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parasite. Presently, no effective method of treatment of, or vaccination against,
toxoplasmosis exists. However, the results of manipulation activity studies suggest
that more effort should be focused not only on prevention and treatment of
Toxoplasma infection, but also to prevention of manipulative activity of this common
parasite in future.
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Chapter 7
The Brain Worm Story

Heinz Mehlhorn

7.1 Introduction

Although the so-called small liver fluke, the trematode Dicrocoelium dendriticum,
which as adult worm infects the bile ducts of a broad spectrum of ruminants but also
those of horses, camels, donkeys, guinea pigs and humans, is known since 1819
(Rudolphi 1819, Loos 1899 cited by Krull and Mapes 1952). However, its most
important feature =the ability to induce a significant behavioral change of infected
intermediate hosts (ants) is only known since the middle of the last century (Limmler
1962; Hohorst and Graefe 1961; Hohorst and Limmler 1962; Romig et al. 1980).
Similar changes of behaviour were seen in ants (Camponotus compressiscapus)
infected by the African liver fluke Dicrocoelium hospes (Lucius 1980; Lucius et al.
1980). In the evening both species the infected ants climb on plants and fix them-
selves there with their mandibles. This fixation is released, when temperatures
increase next morning. But since the most important final hosts (ruminants) feed in
the meadow early in the morning, ingestion rates of attached ants increase and thus
many adult worms may develop (Manga-Gonzalez et al. 2001).
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7.2 The Worms

7.2.1 Species and Names

— Dicrocoelium dendriticum (syn. D. lanceolatum): occurs in Europe, Asia,
America and North Africa,

— Dicrocoelium hospes: occurs in Africa South of the Sahara,

— Dicrocoelium sinensis: occurs in some Chinese regions.

7.2.2 Origin of Names

Greek: dikroos=double; koilos=furcated; dendron=empty; Latin: lan-
ceola=1ance; hospes=host; chinensis=from China.

7.2.3 Morphology

The adult hermaphroditic and contractile worms (flukes) of these species are highly
stretchable and reach a length of up to 12 mm and a width of up to 3 mm (Figs. 7.1,
7.2, and 7.3). They are found in the bile ducts and in the gall bladder of their hosts
where they disturb severely the spreading of bile and thus minimize food digestion
and growth of infected hosts. Huge numbers of worms may lead even to anemia.
Infected livers of slaughtered animals cannot be used for human consumption.
(Piekarski 1963; Lucius and Frank 1978; Romig 1980; Hinaidy 1983; Spindler et al.
1986; Schuster and Neumann 1986; Mehlhorn 2012, 2016)

7.2.4 Life Cycle

Adult worms excrete huge numbers of brownish thick-walled eggs (40 pm X 25 pm)
already containing a miracidium (Figs. 7.1 and 7.4). The posterior region of this
miracidium contains two dense regions which represent the so-called germ balls.

»
>

Fig. 7.1 Diagrammatic representation of life cycle stages of Dicrocoelium dendriticum. A Final
host: chiefly sheep and cattle; humans are incidental (“accidental hosts”). I Sexually mature liver
fluke (see under III). 1 a Egg with a fully formed miracidium. B Intermediate host: land snails
(Helicella, Zebrina). 2 Miracidium which has emerged from a snail. 3 a The youngest sprorocyst. b
The oldest sporocyst stage (mother sporocyst). ¢ Daughter sporocyst. d A single cercaria (the so-
called Cercaria vitrina). e Shell of Helicella ericetorum. f Shell of Zebrina dendrita. C 2.
Intermediate hosts: ants. 4 a Slime balls laid by the snail on grass stem. 4 b An isolated (single) slime
ball laid by the snail. 5 a An ant eating slime balls. 5 » Mature metacercariae from ants. (/) A mira-
cidium emerging. (/I) “Cercaria vitrina”. (III) A sexually mature liver fluke (From: Piekarski 1963)
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When xerophilic snails (land pulmonates: Stylommatophora; e.g. Zebrina species,
Helicella species, Cochlicopa species, Limicolaria species) ingest such eggs, the
miracidia hatch (being provided with a bore spike) and migrate into the snail “liver”
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Fig. 7.2 Light micrograph of an coloured adult worm of Dicrocoelium dendriticum

(digestion gland), where they settle and develop into mother sporocysts. Inside the
latter daughter sporocysts are formed asexually from germ balls. Inside these daugh-
ter sporocysts mostly 10—-40 cercariae are developed. They also possess an anterior
bore spike, two suckers and a single tail, which is used for pulling movements. The
development inside the snail takes 3—5 months. After this the cercariae leave the
sporocysts via an opening and migrate into the breathing hollow of the snail, where
they are included into 1 mm sized slime balls, which protect the cercariae from dry-
ing. Aggregation of such slime balls may reach 1-5 cm in diameter and then may
contain hundreds of infectious cercariae. As soon as second intermediate hosts (=
ants mainly of the genus Formica) ingest such slime balls, the cercariae penetrate
into the stomach wall of the ant and pass by help of their stiletto-like bore spike
leaving their tail behind. Having reached the haemocoel of the ant, the cercariae
wander from there into the head of the ant, where in general one (rarely 2 or 3) cer-
caria penetrates into the subesophageal ganglion (brain), while the rest of the cer-
cariae return into the haemocoel of the hind body, where they encyst themselves to
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Fig. 7.3 Scanning electron micrograph of the anterior end of an adult worm of Dicrocoelium
dendriticum showing that the surface is smooth=not covered by scales like it is the case in the
large liver fluke Fasciola hepatica

so-called metacercariae. The cercaria inside the ganglion, however, does not become
firmly encysted, but is covered only by a smooth layer and thus remains unable to
develop further into an adult worm, when ingested by a final host as has been shown
by experimental transmissions (Hohorst and Graefe 1961; Hohorst 1962; Limmler
1962). In the case of D. dendriticum the brain of infected ants contains mostly only
one single metacercaria, while in the case of infections with D. hospes in general
two are found in the Camponotus ants.

These unsheated so-called “brain-worms” introduce a peculiar change in the
behaviour of the infected ants. While uninfected worker ants enter their nest as soon
as temperatures decrease (e.g. in the evening), infected ones bite firmly and unde-
tachable into leaves of grass — apparently induced by a permanent cramp/spasm of
the muscles of the mouthparts. This fixed attachment is only released on next morn-
ing, when temperatures increase. Since many final hosts such as sheep start their
feeding early in the morning, they have higher chances to ingest larger numbers of
such attached =infected ants compared to a situation with free running ants during
daytime.

The location of the so-called “Hirnwurm” (German Hirn=brain; wurm = worm)
stages in the brain of infected ant specimens is different in D. dendriticum and
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Fig. 7.4 Light micrograph
of an egg of Dicrocoelium
dendriticum showing the
included miracidium. D
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MIC miracidium larva

MiIC

20um

D. hospes. The “Hirnwurm” of D. dendriticum was mostly (90 %) situated in the
ventral part of the subesophageal ganglion in close contact to the origin of the man-
dible nerves, while those of D. hospes have a definite preference for the antennal
lobes, where mostly both lobes contain each such a stage. Since they are mostly
found in the dorsal part of this lobe, contacts with the origin of the antennal nerve
are common (Romig et al. 1980).

The pure presence of such “Hirnwurm” stages, however, cannot explain alone
the attachment behaviour of infected ants, since the presence of metacercariae of the
bird trematode Brachylecithum mosquensis inside the second intermediate host
(Camponotus species) leads to other behavioural changes of infected ants than
attachment to plants. These changes, however, also likewise enhance the probability
that ants and with them the metacercariae become ingested by the final host (birds)
(Carney 1969; Carpenter 1970). However, the localization of the metacercariae of
B. mosquensis in the “brain” of the ants is different, since one or two deviating
metacercariae are seen mostly only in the proximity of the supraesophageal
ganglion, while the “Hirnwurm” of D. dendriticus mostly develops in the
subesophageal ganglion.
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However, it needs more physiological and molecular biological studies to find
out the triggering of the behavioural changes of trematode-infected ants. The pure
presence of a “Hirnwurm” in the brain of an ant cannot explain the observed effects.
This is underlined by findings that parasite stages (cysticercoids) of the tapeworm
Choanotaenia sp., which do not enter the central nervous system of their intermedi-
ate hosts (ants of the genus Leptothorax nylanderi), induce similar behavioural
changes: they rest in groups on the ground without feeding=just increasing the
chance to become ingested (Plateaux 1972).

Furthermore nearly identical reactions of ants (=climbing and fixing themselves
on plants) were also found in ants being infected with the fungus species of the
genus Entomophthora (Loos-Frank and Zimmermann 1976; Wilson 1977).

Thus the functional origin and steering of the described behavioural changes are
far from being understood. Such a peculiar behaviour is surely not explained by the
meaning of term altruism, which describes a behaviour (of humans) when one indi-
vidual spends his life to save that of others.
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Chapter 8
The Bodyguard Phenomenon

Heinz Mehlhorn

8.1 Introduction

Parasites, that change host behavior, are diverse and comprise viruses, bacteria and
a wide range of eukaryotes including fungi, protozoans, worms and parasitoids
(insects). The existing host-parasite/parasitoid relationships can be defined either
narrowly, where the parasite is physically and metabolically dependent on the host,
or more broadly as it is the case in ecological-evolutionary systems comprising
more or less obligate partnerships. The bodyguard phenomenon belongs to the latter
group (Horwitz and Wilcox 2005; Thomas et al. 2010a, b).

Bodyguards are commonly known as trained, armed and (hopefully) well paid
persons, who should protect important personalities from aggressions of envious
contemporaries. Before this background the term has been transformed to the
mostly non-voluntary protection activities of animals that are forced by a parasite
or a parasitoid to act in this way, whereby often sophisticated methods have been
developed by protection searchers. Such a forced protection may be initiated by
injection of paralyzing compounds — or even more sophisticated — by various
modes of manipulations (Hart 1990), which according to Poulin (2010) and Maure
et al. (2013) alter significantly the normal behavior of the protection givers in
such a way, that they set back their own life and offer perfect protection to the
“client”, when guaranteeing the survival during its larval development and/or
phases of any vulnerability or weakness. This type of bodyguard protection,
which will be presented here more in detail, is one of in total four categories
established by Maure et al. (2013) to cover and describe host manipulations by
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various parasites. The second type of common manipulations besides the body-
guard phenomenon occurs e.g. when gammarid crustaceans infected with trema-
tode larvae stay close to the air-water interface even when these sites are dangerous
due to activities of potential final hosts (waterfowls) of the trematodes instead of
escaping into deeper water regions, what is done by uninfected specimens of the
same species of crustaceans (Helluy 1984; Bethel and Holmes 1977). As third
type of host manipulations is considered when hosts that normally avoid water
contact such as crickets (e.g. Nemobius sylvestris) jump into water and thus give
parasitizing larval nematomorph stages (e.g. Paragordius tricuspidatus) the
chance to leave its host and to find potential mating partners in the water (Thomas
et al. 2002a, b). The fourth and last of the Maure et al. (2013) types of host manip-
ulations is seen in the group of parasites using a so-called vector-borne transmis-
sions. This type of manipulation occurs, when parasites such as the agents of
malaria (Plasmodium species) induce their vectors (mosquitoes of the genus
Anopheles) to reduce the amount of blood ingested at a donor and to visit more
hosts for further food uptake. This changed behavior would increase the chance
that infectious Plasmodium stages (sporozoites) that are transmitted potentially
during each sucking act become distributed to significantly more hosts thus
increasing the general survival chance for these vector-dependent parasites
(Jensen and Mehlhorn 2009).

Examples for bodyguard manipulations and for so-called released bodyguard
dimensions are presented in the review of Maure et al. (2013). Some selected
examples are considered here more in detail.

8.2 True Bodyguards

8.2.1 Ladybird Beetle and Parasitic Wasp

In this case the wasp injects a fertilized egg into the body cavity of such a ladybird
beetle. As soon as the prepupal stage of the wasp is able to hatch from the body cav-
ity, it produces a cocoon at which the partially paralyzed ladybird beetle becomes
attached and then starts by displaying heavy twitches to defend the cocoon of the
wasp against aggressive predators (Maure et al. 2011).

8.2.2 Caterpillar (Butterfly Larva) and Parasitic Wasp

The larva of the butterfly Pieris brassicae defends by heavy web spinning and
aggressive movements the included larva of the parasitic wasp Cotesia glomerata
from predation and hyperparasitism (Harvey et al. 2011).
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8.2.3 Spider Hosts and Parasitic Wasp

The orb-webweaving spider Allocyclosa bifurca builds under the control of the
parasitoid wasp Polysphincta gutfreundi a highly stable orb web, within which the
larva of the parasitic wasp places its pupal cocoon, which is then additionally cov-
ered by silk threads, which increase considerably the intended camouflage
(Eberhard 2001; 2010a, b).

8.2.4 Bumble Bee and Endoparasitic Fly

When bumble bees (Bombus terrestris) are parasitized by a copoid fly larva, the bee
workers start unusual digging activities. Within these pit-like hollows the fly pupa
has better hibernation chances than on plain ground.

8.3 Predation Suppressions and Bodyguard Dimension

These terms are introduced and subsequently used by Parker et al. (2009) and
Maure et al. (2013). Parker et al. (2009) use “predation suppression” in a way,
that this term should cover the evolutionary stable strategy of parasites to switch
from predation suppression during the non-infective phase of their life cycle to a
considerable predation enhancement as soon as the infective stage is reached and
thus can be transmitted. Maure et al. (2013) claim the existence of such examples
being close to their “bodyguard dimension” group and present the following
examples:

(a) Medoc et al. (2009) demonstrated that the amphipod crustacean Gammarus
roseli, when infected with the acanthocephalan worm Polymorphus minutus
(Fig. 8.1), showed better swimming abilities in the presence of non-host
predators, spent more time at the surface of the water and remained signifi-
cantly longer hidden, when exposed to non-host predators compared to non-
infected stages of Gammarus specimens. These apparent multiple
manipulations by the acanthocephalan worm larva help that infected stages
of its intermediate host (Gammarus) are less common ingested by non-host
predators but remain high enough in number to produce a significant infec-
tion rate among effective predators (birds such as ducks, chicken,
seagulls=final hosts), which are essential to propagate the species, since
they contain the sexual stages (for life cycle of P. minutus see Taraschewski
and Sures in: Mehlhorn 2016; Fig. 8.1).
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Fig. 8.1 Life cycle of common acanthocephalan species. (a) Macracanthorhynchus hirudinaceus;
(b) Polymorphus minutus. 1 The adults live in the intestine of their final hosts, being attached by their
hooked proboscis. The penetration of the intestinal wall leads to inflamed protrusions (/P) appearing
along the outer side. 2 After copulation the adult females excrete eggs for several months (patent period).
These eggs are passed fully embryonated (i.e. they contain the hooked acanthor larva) with the feces of
the host. 3—6 Intermediate hosts (Gammarus spp. or beetle larvae) become infected by ingesting infective
eggs. Inside the intestine the acanthor is released from the egg (4), enters the body cavity, and is trans-
formed into an acanthella larva (5). The latter grows up within 60-95 days (in M. hirudinaceus) and is
described as infective larva (cystacanth). Infection of the final host occurs when they swallow infected
intermediate hosts. The young worms reach sexual maturity within 60-90 days in M. hirudinaceus (after
20 days in P. minutus) and start egg production (=end of prepatent period). AC acanthor, BH body hooks,
IP inflamed protrusion of IW, /W intestinal wall, PH proboscis hooks, RA released acanthor
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(b)

(©)

(d)

Hammerschmidt et al. (2009) showed a similar type of manipulation that also
decreases the possibility that copepods containing as first intermediate hosts
the procercoid larva of the fish tapeworm Triaenophorus crassus are ingested
by non-competent fish species, which cannot act as a second intermediate host
(developing the plerocercoid larva) as it becomes possible by some other
especially adapted fish species. Final hosts of this pseudophyllidean species
are fish, which belong to the raptor group (Mehlhorn 2016; Wiesner and
Ribbeck 1978).

Another more simple type of “bodyguard dimension” is described by Milinski
(1985). The specimens of the stickleback species Gasterosteus aculeatus avoid
any predator when infected by microsporidian cysts of the species Glugea ano-
mala thus giving higher chances to this protozoan parasites to produce of much
more infective spores, which would not be set free in case of an early killing of
the host fish by a predator (Fig. 8.2a, b).

Again another type of “bodyguard dimension” is found in the transmission
cycle of the bird malaria species Plasmodium gallinaceum. These protozoan
parasites stimulate their insect vector (the mosquito Aedes aegypti) twice in a
sequential manner. During the phase when the sporozoites of the protozoan
parasites are not yet produced or not yet infectious, the female mosquito shows
a reduced blood feeding activity. However, the total number of bites and the

Fig. 8.2 Macroscopic (b) and diagrammatic (a) representations of a 2-spine-stickleback
(Gasterosteus aculeatus), which show whitish protruding cysts of a microsporidian species
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number of hosts attacked for blood meals becomes considerably increased as
soon as the sporozoites have entered the salivary glands of the mosquito and
have reached there full infectivity (by producing the typical protecting surface
coat) (Koella et al. 2002). Then exist considerable higher chances of the infec-
tious stage of the parasite (sporozoite) to reach a maximum number of their bird
hosts.

(e) A simultaneous and multifactorial bodyguard activity was described in the case
of the intermediate host Gammarus insensibilis infected by the trematode
Microphallus pupillorobustus. There the infected crustacean shows several
bodyguard-like behavioural changes that protect the included worm stage from
being ingested by the wrong host (e.g. non-patent predators). Among these
peculiar modifications occur: changing to a positive phototactism, negative
geotactism, a different evasive behaviour, longer intermolt periods, reduced
pairing activity and thus reduced fecundity and finally an increase of its glyco-
gen contents being surely supporting the enclosed parasite (Helluy 1984;
Ponton et al. 2005; Thomas et al. 1995; Maure et al. 2013).

8.4 Conclusions

The above described systems of bodyguard protection or related host-parasite com-
binations are probably only the tip of the iceberg of the true amount of such interac-
tions. Rarely and unsufficiently investigated are also the different steering systems
and types of physiological interactions between the partners in a bodyguard system.
Thus research in this field is urgently needed.
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Chapter 9
Remote Control: Parasite Induced Phenotypic
Changes in Fish

Thomas Kuhn, Regina Klapper, Julian Miinster, Dorian D. Dorge,
Judith Kochmann, and Sven Klimpel

9.1 Introduction

According to the concepts of evolution and adaptation, the entire biology of all
animal species, whether free-living or parasitic, is a result of and geared towards its
survival and reproduction. By definition, a parasite is an organism that lives on or in
another organism (host) exploiting the resources necessary for their own survival
and causing it harm. Although probably one of the most successful life strategies in
nature (in fact, it is generally believed that parasites outnumber free-living species
in food webs), limiting determinant is doubtlessly the need of the parasite to encoun-
ter an appropriate host at each stage of its life cycle (e.g. Windsor 1998; MacKenzie
1999; Poulin and Morand 2004; Rossiter 2013). The life-cycle of fish parasites can
either be direct or indirect, i.e. involving one or a trophic transmission via several
host species, respectively. Fish parasites with a complex life cycle are faced with a
particular challenge in large volume aquatic environments where densities of hosts
are generally low. Under such circumstances, the emergence of specific strategies to
increase frequencies of encounters of parasites and hosts seems inevitable (Cézilly
et al. 2010). Parasites have evolved strategies to increase the probability of a suc-
cessful transmission, i.e. either by increasing random encounters simply by dis-
seminating vast amounts of propagules, or by producing specified propagules that
will reduce the randomness of host encounters (Combes 1991; Sasal and Thomas
2005).

Among these strategies, the (targeted) alteration of the host’s phenotype is cer-
tainly the most impressive and spectacular way of a parasite to improve its odds in
the transmission process. Although it has generated a lot of attention among
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scientists who put massive efforts into the documentation and exploration of these
phenomena, the basic mechanisms behind these alterations remain largely unknown.
Those who have thoroughly studied and reviewed the facilitation of parasite trans-
mission and demographic effects, (physiological) mechanisms, adaptive nature,
population biology, and phenotypic alterations in hosts in the context of parasite
induced changes in host behaviour are, to name but a few, Barber (2007), Barber
et al. (2000), Combes (1991), Dobson (1988), Hurd (1990), Lafferty (1999), Moore
(1984, 2002, 2013), Moore and Gotelli (1990), Poulin (1994), Poulin and Thomas
(1999).

Combes (1991) analysed the elementary ethological mechanisms that may have
been the object of selection in a parasite’s life cycle and coined the term “favoriza-
tion” which describes an adaptive ethological process modifying the spatio-temporal
positions of the parasite and its target in a way that increases the probability of their
encounter. Kuris (1997) introduced the more specific term “parasite increased sus-
ceptibility to predation” to represent the manipulation by a parasite that increases
predation on its intermediate hosts. Lafferty (1999) refined this later as “parasite
increased trophic transmission (PITT)” under the assumption that an increased pre-
dation is not necessarily adaptive (cf. Combes 1991).

In this context, Poulin (1995) pointed out that phenotypic changes can only be
considered adaptive if certain prerequisites apply and proposed four criteria to dis-
tinguish between adaptive and non-adaptive alterations: (1) complexity of altera-
tions, (2) degrees of purposive design, (3) independent evolution among lineages,
and most importantly, (4) an increase of the fitness of the host. However, the ques-
tion whether phenotypic host alterations are of adaptive origin or rather side effects
or “by products” of an infection, is still controversially discussed (e.g. Cézilly et al.
2010; Thomas et al. 2012).

An impressive number of publications exist that have compiled and categorised
parasitic infections and the correlated occurrence of changes in phenotypic traits (e.g.
behaviour, morphology, physiology) of their hosts. Among those, many studies on
fish parasites have documented an impact on almost every aspect of fish behaviour
(Barber et al. 2000). The aim of this short communication is to provide a quick and
basic overview over the forms and diversity of parasite induced behavioural changes
in marine and freshwater fish species. Most frequently reported parasites and fish
behaviour alterations were compiled and presented in a table. Additionally, some
parasite specific forms of behaviour are exemplified in the text. As this overview study
does not claim to be exhaustive, we refer the reader to more detailed and in depth
reviews by e.g. Barber (2007), Barber et al. (2000), Dobson (1988), Moore (2002).

9.2 Forms of Host Manipulation

Host manipulation, best studied and known from parasites with indirect life cycles,
seems to enhance probabilities of transmission and vulnerability to predatory defini-
tive hosts (Moore 2002; Thomas et al. 2005). Poulin (2010) defined host
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manipulation as any alteration in host phenotype induced by a parasite that has fit-
ness benefits for the parasite. As such, typical phenotypic changes in hosts comprise
behavioural alterations alongside changes in host morphology and/or physiology.
As described by Thomas et al. (2005) there are two ways of how parasites can alter
host behaviour. Direct mechanisms involve interactions with nervous system or
muscle, e.g. neuroactive substances may be secreted by the parasite resulting in a
behavioural change of the host. Indirect effects can occur when the presence of the
parasite affects host development, intermediate metabolism and/or immunity, lead-
ing secondarily to changes in behaviour (host-mediated). By the same token it is
assumed that a direct manipulation of the host’s behaviour requires the parasite to
expend energy, whilst indirect manipulations do not pose additional energetic costs
for the parasite. However, a differentiation of manipulative behavioural changes
(direct and indirect) as well as the isolation of specific mechanisms has proven to be
difficult. Another problem is that many results on parasite induced behavioural
changes in hosts have been obtained in laboratory experiments. Thus, they might
only be valid under controlled conditions and their relevance in the field needs to be
considered carefully. In conclusion, changes in host behaviour are most likely a mix
of direct and indirect effects and it is believed that the basic mechanisms behind
host manipulation involve four physiological systems, which are to a large extent
interconnected: neural, endocrine, neuromodulatory, and immunomodulatory
(Lafferty and Shaw 2013).

Various alterations in behaviour of hosts infected by parasites are known and
have been extensively described by Moore (2002). In fish hosts, they are frequently
reported from host individuals carrying very heavy parasite burden (Barber et al.
2000). In this section, a general overview of the most common behavioural changes
in fish hosts will be given: foraging behaviour (Fig. 9.1), implications on motility
(Fig. 9.2), altered sexual behaviour (reproduction) (Fig. 9.3), anti-predator behav-
iour (predator avoidance) (Fig. 9.4), and habitat selection (Fig. 9.5). For a more
extensive review see Barber et al. (2000).

9.2.1 Foraging Behaviour (Fig. 9.1)

Alterations of foraging behaviour may either be directly caused by the physical
presence of the parasite that restricts the capacity of the stomach (Wright et al.
2006), or a response of the host to compensate for the physiological disadvantages
by the infection (e.g. Godin and Sproul 1988). One of the disadvantages is that para-
sites utilize the host’s energy reserves for their own growth and development. Thus,
energetic drain is one of the major physiological implications of parasite infections
leading to nutritional stress in the host. However, nutritional stress can also be a
consequence of infections that reduce the competitive ability or act on the foraging
success (Barber and Wright 2005). Hence, one way to counteract the energetic limi-
tation is to avoid food competition through alterations in prey choice and diet com-
position (e.g. Milinski 1984). Another way for compensation is to increase time for
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Fig. 9.5 Influence of parasites on habitat selection of fish host

foraging, which is a typical behaviour of hosts infected by large parasite species
(Barber and Wright 2005; Ostlund-Nilsson et al. 2005). Conversely, decreased for-
aging is observed in hosts infected with highly pathogenic parasites and might be
caused by decreased appetite, which may be an adaptive strategy by the host to
deprive energy for the parasite and consequently lower the growth rate of parasites
(Bernier 2006, 2010; Chin et al. 2004).

9.2.2 Implications on Motility (Fig. 9.2)

Motility is a key element of organisms and a prerequisite for flight and foraging
behaviour. Changes in motility can be found in a wide variety of fish genera. Here,
parasite infections mostly result in reduced, but versatile, swimming behaviour, e.g.
due to muscle atrophy, a damaged nervous system or impairment of blood circula-
tion (Barber 2007; Coleman 1993; Shirakashi and Goater 2005; Sweeting 1977).
Frequent infection sites are organs necessary for orientation such as eyes, inner ear,
nostrils and linea lateralis (Barber 2007). Fish motility might also be affected by
infestations of the cardio-visceral system or infections with blood sucking ectopara-
sites compromising the endurance and swimming performance (Barber 2007;
Coleman 1993). Whether ectoparasites increase the host’s energetic costs of
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swimming, e.g. by changing hydrodynamics, is controversially discussed (Binning
et al. 2014; Ostlund-Nilsson et al. 2005).

9.2.3 Reproduction (Fig. 9.3)

How parasites alter the reproductive behaviour of their hosts includes a broad
research spectrum. Here, only gonad development, mate choice, courtship, and
parental care will be addressed briefly. A widely distributed strategy of parasites is
the interference with host reproductive effort (Barber et al. 2000). Fecundity reduc-
tion can be caused by parasites through simple nutrient theft (‘consumers’) or
manipulation of energy allocation away from reproduction to growth (‘castrators’)
(Baudoin 1975; Hall et al. 2007; Heins et al. 2010). Most likely as a response to the
reduced fecundity, two phenomena, known as ‘gigantism’ and ‘early infection
fecundity compensation’, are known from infected hosts (see Hall et al. 2007). Host
castration occurs widely among taxa, but most often occurs in invertebrates such as
crustaceans, echinoderms, and molluscs. This can be explained by a higher invest-
ment in reproductive tissues relative to the body mass in smaller species (Lafferty
and Kuris 2009). However, a variety of fish are also affected (in Fogelman et al.
20009).

Alternatively to direct physical implications, parasites can also alter mating
behaviour. Sexual selection is the preference of certain mating partners over others
in order to increase fitness. Traits that are selected include benefits such as parental
care, attractiveness of offspring, and resistance against pathogens and parasites
(Andersson 1994). The Hamilton-Zuk (H-Z) hypothesis (1982) states that females
choose their mating partners based on the evolved secondary sexual characters,
which should reflect the heritable resistance to parasites. More specifically, it is
hypothesized that female sticklebacks prefer brighter males because (1) colouration
reflects the healthiness of the mating partner, i.e. males would be pale if they were
infected with white-spot disease (2) after spawning males do parental care and
healthier males should be more able to defend the eggs (Milinski and Bakker 1990),
and (3) the offspring are more resistant to parasites which is especially beneficial in
habitats with high parasite abundance (Barber et al. 2000). On the latter point, a
study has been conducted that supported the sexual ornamentation theory (H-Z
hypothesis) and showed a trade-off between growth and parasite resistance, which
may reflect the maintenance of heritable variation in infection resistance and male
colouration (Barber et al. 2000). In order to further study the heritability of resis-
tance to pathogens and parasites, a variety of studies has focused on the diversity of
major histocompatibility complex (MHC) alleles which is important in controlling
the vertebrate immune system and plays a considerable role in mate choice
(Consuegra and Garcia de Leaniz 2008; Eizaguirre et al. 2012; Reusch et al. 2001).
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9.2.4 Predator Avoidance and Microhabitat Selection
(Figs. 9.4 and 9.5)

Trophically transmitted parasites may facilitate their transmission by manipulating
their hosts for higher vulnerability to predation (Parasite transmission hypothesis,
Kuris 1997; Moore 2002). As predation has a serious fitness consequence for both
hosts and parasites there should be strong selection on avoidance traits (Barber et al.
2000). Parasite-induced host vulnerability to predators should occur in a way that
targets an increase in predation by a definitive host, as otherwise a non-host preda-
tion would lead to the end of the parasite life-cycle (Mouritsen and Poulin 2003).
Predators themselves should avoid infected fish if parasites pose a high impact on
their constitution (Barber et al. 2000). There are several ways of parasite-induced
changes on predator avoidance which facilitate a transmission of parasites from
intermediate to final hosts.

Protective colouring is a host adaptation to decrease the risk of being detected by
a predator and can be lost by parasite-induced morphological changes such as
white- and black-spot disease making parasites more visible on the host (Bakker
etal. 1997; Krause and Godin 1996; Milinski 1985). Another example is the orange-
yellow acanthocephalan parasite Pomphorhynchus laevis. As it is visible through
the transparent cuticle of crustacean Gammerus pulex the crustacean becomes more
prone to fish predators (Bakker et al. 1997).

In order to not encounter their predators, fish avoid being present at the same
time and place as their predators (Barber et al. 2000). Hosts that have been parasit-
ized, however, need to increase foraging activity and thus, seem to return to feeding
more quickly after a frightening event compared to uninfected individuals (Giles
1983; Godin and Sproul 1988). A form of predator avoidance is shoaling. Fish form
preferentially large shoals, especially after a predator attack, due to the effects of
predator confusion, risk dilution and early predator detection (see Krause and Godin
1994a). A social adaptation of fish against parasites may be to form larger shoals in
their presence in order to reduce the individual risk to acquire a parasite (Poulin and
FitzGerald 1989). Conversely, parasitized fish have been shown to spend less time
in shoals and occur more frequently in the more risky peripheral shoal positions
(Krause and Godin 1994b).

Parasite-induced alterations in predator avoidance often overlap with habitat
choice. Habitat choice is associated with predator avoidance, mating, and foraging
behaviour (Barber et al. 2000). Parasites may alter aggression levels and territorial
behaviour which affect vulnerability to predators due to reduced avoidance (Mikheev
et al. 2010). Alterations in habitat choice can also be related to physiological
restrictions. Parasites might pose high metabolic demands, e.g. ectoparasites on the
gills reduce the oxygen level for host respiration or impair gas exchange efficiency
(Barber and Wright 2005; Smith 1972). As a consequence fish need to compensate
the respiratory deficiency through location of habitats with higher oxygen levels.
Such habitats are usually near the water surface where fish are more visible to avian
predators (Barber and Wright 2005; Lester 1971). Physiological restrictions such as
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cataracts caused by eye-infecting parasites lead to surface-swimming behaviour and
consequently increase the risk of being detected (Crowden and Broom 1980).
Impairments in the visual performance forces fish to sojourn at habitats with better
light conditions, and reduce the ability to recognize predators (Seppal et al. 2004).

9.3 Examples of Phenotypic Changes in Fish

Based mainly on the reviews by Moore (2002) and Barber et al. (2000), 57 studies
were chosen to represent common parasite-fish behavioural interactions and cover-
ing as many different parasite species and hosts as possible. Behavioural changes
were found among seven different parasite groups: Protozoa (Microsporidia,
Sporozoa), Myxozoa, Digenea, Monogenea, Cestoda, Nematoda, Crustacea.
Changes were categorized into five major categories (Table 9.1 and Fig. 9.6) based
on former classifications used by Barber et al. (2000): foraging, habitat selection,
motility, predator avoidance and reproduction. A behaviour that could not be
unequivocally assigned was noted as indetermined, e.g. aggressiveness.

The most common behavioural change was involving motility with 34 cases, fol-
lowed by predator avoidance (10), reproduction (8), foraging (5), and habitat selec-
tion (3). Most species involved in behavioural changes were found among the group
of Digenea, with 13 different parasite species, followed by Cestoda with 6 different
species. All other groups were more or less equally represented by 3 or 4 different
parasite species. Within the Digenea Diplostomum spathaceum seems to infest dif-
ferent host species causing a different behavioural change in each. In contrast to
this, Myxobolus cerebralis, a species belonging to the Myxozoa, occurs in many
different fish species but evokes only changes in motility, known as whirling dis-
ease. In the group of Cestoda, Ligula intestinalis seems to infect at least three dif-
ferent fish species of which all show a different behavioural change, either in
reproduction, habitat choice or foraging (Table 9.1).

Glugea anomala, a protozoan species, uses Gasterosteus aculeatus as its host
and three different types of behavioural alterations have been observed, i.e. forag-
ing, motility and predator avoidance. However, this last example, which is based on
two studies (Milinski 1985; Ward et al. 2005), clearly suggests that parasite infec-
tions might not only lead to changes in one type of host behaviour (always charac-
terized and interpreted from a human perspective) but might rather be an
amalgamation of different behavioural changes possibly associated with other phe-
notypic changes in the host (e.g. in morphology, physiology). Altogether, these
changes might enhance successful trophic transmissions of the parasite.

In the following section some examples of parasite-host interactions depicted in
Table 9.1 will be presented in more detail for each parasite group.
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Table 9.1 Reported forms of fish host manipulation, including parasite and host species, its
phenotypic changes and the respective references

Form of Phenotypic
Parasite species Host species manipulation | change References
Protozoa
Cryptobia Oncorhynchus Foraging Anorexia Woo (2011)
salmositica mykiss
Glugea anomala Gasterosteus Foraging Increased food | Milinski (1985),
aculeatus intake Ward et al. (2005)
G. anomala G. aculeatus Motility Reduced Milinski (1985),
swimming Ward et al. (2005)
speed
G. anomala G. aculeatus Predator Dorsal spine Milinski (1985)
avoidance not raised in
presence of
predator
G. anomala G. aculeatus Predator Increased Ward et al. (2005)
avoidance shoaling
behaviour
Ichthyophthirius G. aculeatus Reproduction | Mate choice Milinski and
multifiliis influenced Bakker (1990)
Pleistophora Osmerus Motility Reduced Sprengel and
ladogensis eperlanus swimming Liichtenberg
speed (1991)
Myxozoa
Kudoa ovivora Labridae Reproduction | Reduced Swearer and
fecundity Robertson (1999)
Mpyxobolus arcticus Oncorhynchus Motility Reduced Moles and
nerka swimming Heifetz (1998)
speed
M. cerebralis Hucho hucho Motility Tumbling Steinbach Elweell
movement et al. (2009)
(whirling
disease)
M. cerebralis Oncorhynchus Motility Tumbling Gilbert and
aguabonita movement Granath (2003)
(whirling
disease)
M. cerebralis O. clarkii Motility Tumbling Gilbert and
movement Granath (2003),
(whirling Steinbach Elweell
disease) et al. (2009)
M. cerebralis 0. mykiss Motility Tumbling El-Matbouli et al.
movement (1999), Gilbert
(whirling and Granath
disease) (2003)
M. cerebralis O. nerka Motility Tumbling Gilbert and
movement Granath (2003)
(whirling

disease)
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Table 9.1 (continued)

Parasite species

M. cerebralis

M. cerebralis

M. cerebralis

Digenea

Acanthocollaritrema
umbilicatum

Ascocotyle
pachycystis

A. pindoramensis

Austrodiplostomum
mordax

Crassiphiala
bulboglossa

Diplostomum phoxini

D. spathaceum

D. spathaceum

D. spathaceum

Host species

0. tshawytscha

Salvelinus
confluentus

S. fontinalis

Poecilia vivipara

Cyprinodon
variegatus

Poecilia vivipara

Basilichthys sp.

Fundulus
diaphanus

Cyprinodon
variegatus

Leuciscus
leuciscus

Oncorhynchus
mykiss

O. mykiss

Form of
manipulation

Motility

Motility

Motility

Motility

Motility

Motility

Motility

Predator
avoidance

Motility

Foraging

Indet.

Predator
avoidance

Phenotypic
change

Tumbling
movement
(whirling
disease)
Tumbling
movement
(whirling
disease)
Tumbling
movement
(whirling
disease)

Changes

in locomotion
Reduced
swimming
performance
Changes

in locomotion
Tumbling
movement,
surfacing
behaviour
Shoaling not
increased after
predator attack
Altered
swimming
behaviour in
heavily
infected fish
Frequently
near surface,
reduced
feeding
efficiency
Increased
aggressiveness
towards
conspecifics
Reduced
escape
behaviour in
presence of
predator

127
References
Gilbert and
Granath (2003)
Gilbert and
Granath (2003)
Gilbert and
Granath (2003)
Santos et al.
(2011)
Coleman (1993)

Santos and Santos
Portes (2013)

Szidat (1969)

Krause and Godin
(1994a, b)

Rees (1957)

Crowden and
Broom (1980)

Mikheeyv et al.
(2010)

Seppili et al.
(2004)

(continued)
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Table 9.1 (continued)

Parasite species

D. spathaceum

D. spathaceum

Euhaplorchis
californiensis

Nanophyetus
salmincola

N.salmincola

N. salmincola

Ornithodiplostomum

ptychocheilus

Psilostomum
ondatrae
Psilotrema
spiculigerum
Telogaster
opisthorchis

T. opisthorchis

Monogenea

Gyrodactylus
bullatarudis

Gyrodactylus sp.

G. turnbulli

G. turnbulli

Host species

O. mykiss

Poecilia
reticulata
Fundulus
parvipinnis

Oncorhynchus
kisutch

O. mykiss

Salmonidae

Pimephales
promelas

Perca flavescens
P. flavescens

Galaxias
vulgaris

Gobiomorphus
breviceps

Poecilia
reticulata

Micropterus
salmoides

Poecilia
reticulata

P. reticulata

Form of
manipulation

Predator
avoidance

Motility

Motility

Motility

Motility

Motility

Motility

Motility
Motility

Predator
avoidance

Predator
avoidance

Motility

Motility

Reproduction

Reproduction

Phenotypic
change

Reduced
shoaling
behaviour in
presence of
predator
Sluggish
movements
Erratic motion,
surfacing

Reduced
swimming
performance
Reduced
swimming
performance
Reduced
swimming
performance
Reduced
schooling,
reduced
optomotor
performance

Disorientation
Disorientation

Decreased
antipredator
response
Decreased
antipredator
response

Abnormal
swimming
behaviour
Sluggish
movements
Females less
selective in
mate choice
Males less
showy,
reduced colour
intensity

T. Kuhn et al.

References

Seppili et al.
(2008)

Brassard et al.
(1982)

Lafferty (1997),
Lafferty and
Morris (1996)
Butler and
Milleman (1971)

Butler and
Milleman (1971)

Butler and
Milleman (1971)

Radabaugh
(1980a, b),
Shirakashi and
Goater (2002)

Beaver (1939)
Beaver (1939)

Poulin (1993)

Poulin (1993)

Scott (1985)

Herting and Witt
(1967)

Lépez (1999)

Houde and Torio
(1992)
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Table 9.1 (continued)

Parasite species
Cestoda

Diphyllobothrium
dendriticum

Eubothrium salvelini

Ligula intestinalis
L. intestinalis
L. intestinalis

L. intestinalis

L. intestinalis

L. intestinalis

Proteocephalus sp.

Schistocephalus
solidus

S. solidus

S. solidus

S. solidus

Host species

Oncorhynchus
nerka

0. nerka

Cyprinidae
Luxilus cornutus
L. cornutus

Rutilus rutilus

R. rutilus

Scardinius
erythropthalmus

Oncorhynchus

nerka

Gasterosteus
aculeatus

G. aculeatus

G. aculeatus

Pungitius
pungitius

Form of
manipulation

Motility

Motility

Reproduction
Habitat
selection

Indet.

Indet.

Reproduction

Foraging

Motility

Foraging

Habitat
selection

Reproduction

Habitat
selection

Phenotypic
change

Disorientation

Reduced
swimming
speed,
increased
fatigue,
disoriented
migration
Gonadal
retardation
Occurrence in
shallow water
Indet. (easy to
catch)

Indet.
(increased
predation risk)
Gonadal
retardation
Reduced
shoaling
behaviour
Disorientation

Reduced
feeding
efficiency,
reduced
predator
avoidance

Altered
thermal
preferences
Reduced
fecundity
Occurrence in
surface waters

129

References

Garnick and
Margolis (1990)

Boyce (1979)

Arme and Owen
(1968)
Dence (1958)

Dence (1958)

Sweeting (1976)

Trubiroha et al.
(2010)

Orr (1966)

Garnick and
Margolis (1990)
Arme and Owen
(1967), Barber
and Huntingford
(1995), Giles
(1983), Godin
and Sproul
(1988), Lester
(1971), LoBue
and Bell (1993),
Milinski (1985),
Ness and Foster
(1999), Tierney
etal. (1993)
MacNab and
Barber (2012)

Heins et al.
(2010)

Smith and
Kramer (1987)

(continued)
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Table 9.1 (continued)

Parasite species

Schistocephlaus sp.

Nematoda

Anguillicoloides
(Anguillicola)
crassus

Philonema
oncorhynchi

Pseudoterranova
decipiens
Crustacea
Anilocra apogonae

A. apogonae

Argulus canadensis

Lernaeocera
branchialis

Olencira
praegustator

Host species

P. pungitius

Anguilla anguilla

Oncorhynchus
nerka

Osmerus
eperlanus

Cheilodipterus
quinquelineatus

C.

quinquelineatus
Gasterosteus spp.

Gadus morhua

Brevoortia sp.

Form of
manipulation

Predator
avoidance

Motility

Motility

Motility

Motility

Reproduction

Predator
avoidance

Predator
avoidance

Indet.

Phenotypic
change

Less time
away from
surface in
presence of
predator

Reduced
swimming
speed,
increased 02
consumption

Disorientation

Reduced
swimming
speed

Reduced
swimming
performance
Castration

Seek surface
to avoid
parasites
Occurrence
near surface,
reduced
fecundity
Indet. (easy to
catch)

9.3.1 Protozoa (Microsporidia, Sporozoa)

T. Kuhn et al.

References

Smith and
Kramer (1987)

Palstra et al.
(2007), Sprengel
and Liichtenberg
(1991)

Garnick and
Margolis (1990)
Sprengel and
Liichtenberg
(1991)

Ostlund-Nilsson
et al. (2005)

Fogelman et al.
(2009)

Poulin and
Fitzgerald (1989)

Khan (1988)

Guthrie and
Kroger (1974)

Protozoa have developed a great diversity in terrestrial as well as aquatic habitats,
with over 100.000 species in more than 40 phyla, and many of them have a parasitic
life strategy (O’Donoghue 2005). Some of the parasitic protozoa are suspected to
cause changes in host behaviour. These include species, belonging to Mastigophora
(e.g. Cryptobia salmositica) and Microsporidia (e.g. Pleistophora ladogensis,
Glugea anomala). In the division of Microsporidia more than 1300 species in 150
genera are known, most of them parasitizing invertebrates, but approx. 100 species
have been found in fish already. One shared characteristic is their reproduction
being linked to host cells (Moodie 2005). The Microsporidia Glugea anomala uses
three-spined sticklebacks, Gasterosteus aculeatus as a common host. Teleost hosts
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Fig. 9.6 Occurrences of different types of host manipulation found for each parasite group

of G. anomala become infected by ingesting spores directly from the water column
or by preying on infected invertebrates. In the host tissue G. anomala forms xenoma
by hypertrophic grows of the host cells accumulating millions of spores within them
(Weissenberg 1968). Xenoma usually form in the head region of the fish as visible
small white cysts, which burst open and release the containing spores (Ward et al.
2005). Moodie (2005) speculated that migratory movements are effected by cysts in
muscle tissue. Ward et al. (2005) observed weight loss of naturally infected G. acu-
leatus, compared to none infected. Therefore, Glugea anomala seems to influence
the fish host energetic costs. It also seems to have an impact on predator avoidance
and shoaling behaviour: Under experimental conditions infected specimens showed
increased tendency to form shoals, presumably as a predator avoidance mechanism
and to take leading positions, within it, which is probably a concession to the higher
food supply as it increases their chance to prey more, compared to other positions in
the shoal (Krause 1994; Milinski 1985; Ward et al. 2005).

An example for decreased foraging behaviour is Cryptobia salmositica and its
host, the rainbow trout (Oncorhynchus mykiss). Cryptobia salmositica is a parasitic
flagellate (class Kinetoplastea) that has been categorized as haemotozoic (Woo
2011). Rainbow trout get infected either when C. salmositica multiplies in the crop
of infected blood-sucking leech (Pisciola salmositica) that transmit the kinetoplast
with the following blood meals (Woo 1994), or from fish to fish (Woo 2011).
Clinical signs of infections are high amounts of mucus on the body surface, leth-
argy, and less movement of the fish. During the acute phase of the infection, the host
has obvious lesions in haemopoietic tissues, and up to five weeks after the infection
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the fish shows anorexia causing an energetic drain (Woo 2011). On the one hand,
this can lead to immune-depression, which often facilitates secondary diseases
(Jones et al. 1986; Thomas and Woo 1992). On the other hand, anorexia has been
shown to be beneficial because it lowers the plasma protein level and consequently
reduces the severity of the infection (Li and Woo 1991). Anorexia and anaemia are
most consistent clinical signs of the parasite infection (Woo 2011).

9.3.2 Myxozoa

Myxozoa are economically important spore-forming metazoan endoparasites,
occurring predominantly in fish (MacKenzie and Kalavati 2014; Yokoyama et al.
2012). Hitherto more than 1350 species, belonging to 52 different genera are
described, occurring in freshwater and marine habitats. For a long time it was con-
troversially discussed whether they belong to the proto- or metazoan just as long
they were assumed to perform a monoxenous life cycle, until 1986 the alternation
of Myxobolus cerebralis between Oncorhynchus mykiss and Tubifex tubifex was
proven (Smothers et al. 1994; Wolf et al. 1986). Today, the heteroxenous life cycle,
including invertebrates and vertebrates, is common knowledge (Hedrick et al. 1998;
Kent et al. 2001). The life cycle of Myxosporea alternates mostly between annelids
and teleost. The life cycle includes an actinosporea-spore as infectious stadium in
the invertebrate and a myxosporea-spore in the vertebrate host. Previously these
spores had been classified as different species. While oligochaetes serve mostly as
invertebrate hosts in freshwater waters, in marine waters only polychaetes are
known (see review MacKenzie and Kalavati 2014). The vertebrate host gets infected
by consuming myxosporea-spores, which anchor themselves in the host gut epithe-
lium using polar filaments and inject an infectious sporoplasm (El-Matbouli and
Hoffmann 1998). The sporoplasm then develops into a species-specific actinosporea-
spore (e.g. tricatinomyxon (Myxobolus cerebralis), hexactinomyxon (Myxobolus
pavlovskii), or aurantiactinomyxon (Hofferellus carassii) (El-Matbouli and
Hoffmann 1998; Kent et al. 2001). These spores are released with the faeces into the
water column, where they attach themselves to the teleost host skin and release
again a sporoplasm into mucous cells which develop into myxosporea-spores. Later
again, these are, depending on the species, released with the faeces into the water
column or are otherwise set free after death of the teleost host (Kent et al. 2001).
Spores, e.g. of Myxobolus cerebralis, can be set free, after digestion of predatory
fish or birds with their faeces (Gilbert and Granath 2001; Hedrick et al. 1998).
Myxobolus cerebralis is the known agent of the whirling disease and is mainly
infecting different economically important salmonids in freshwater (Hedrick et al.
1998). Particularly young fish seem to be very susceptible to the effects of the dis-
ease and heavy infections often result in their death (Gilbert and Granath 2001).
Beside morphological changes such as a black-ended tail and deformations,
Myxobolus cerebralis causes specific behavioural changes in its teleost host (Gilbert
and Granath 2001; Hedrick et al. 1998). Rose et al. (2000) observed three specific
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behaviours associated with whirling disease in Oncorhynchus mykiss, (a) a repeated
rapid circular swimming, a kind of startle response, (b) lack of corrective movement
while in a static position in the water, resulting in a tail-up head-down posture, (c)
discontinued swimming movement and sinking to the bottom. The whirling move-
ment is probably caused by a constriction of the spinal cord, repeatedly triggering
impulses for tight turns until the signals are interrupted by competing sensory
stimuli (Rose et al. 2000). It can be assumed that those changes, caused by
M. cerebralis, increase the risk of predation, hence accelerating the release of the
myxosporea-spores back into the water column.

9.3.3 Digenea

Digenean trematodes are endoparasites with complex life cycles that vary consider-
ably between the taxa. These parasites commonly occur in the alimentary tract of
their definitive host, which is, in most cases, a vertebrate (Cribb 2005). A typical life
cycle includes the motile miracidium stage that hatches from an egg dispersed
within the host’s faeces. Molluscs are the first obligate intermediate hosts in which
the miracidium develops into an asexually reproducing sporocyst that may either
produce further generations of sporocysts or alternatively one or more generations
of rediae which themselves release infectious stages known as cercariae. Cercariae
leave the mollusc and will be either encysted (metacercariae) in or on a second
intermediate host (e.g. crustaceans, plants) or directly infect the final host and grow
into the adult stage (Cribb 2005; Moller and Anders 1986). Additional intermediate
hosts may be incorporated before infecting the definitive host. Digenea typical for
fish are represented by the families Derogenidae, Hemiuridae, Lecithasteridae and
Lepocreadiidae (Klimpel et al. 2009).

Most behavioural changes in marine and freshwater fish can be attributed to par-
asites belonging to the group of Digenea, with 13 species in at least 13 different host
species. Whether these numbers are the result of a high sampling effort due to their
enormous medical relevance or are simply reflecting their complex life and thus the
various possibilities for host alterations to occur, is not clear. Whilst changes in
foraging behaviour of infected fish hosts (Leuciscus leuciscus) as well as avoidance
of predators (e.g. Galaxias vulgaris, Oncorhynchus mykiss) have been documented
six times, alterations in locomotion and/or motility of fish are by far the most docu-
mented changes associated with Digenean infections (Table 9.1).

A popular and very well documented example of motility implications caused by
the presence of digenean trematodes in fish is Euhaplorchis californiensis infecting
killifish, Fundulus parvipinnis (Lafferty and Morris 1996). The authors provided
probably the best example for a case of increased predation on infected intermediate
hosts by definitive hosts. Euhaplorchis californiensis is a common trematode in salt
marshes of southern California. It has a three-host life cycle, which includes a num-
ber of birds as definitive and horn snails Cerithidea californica as first intermediate
hosts (Lafferty and Morris 1996). When Kkillifish F. parvipinnis, the second
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intermediate host, becomes infected with cercariae, they show “conspicuous
behaviour”, i.e., abrupt dashes up to the surface (surfacing), turning laterally so that
one side of the body is faced up (flashing), dorsal-ventral bending (contorting) and
vibrating for a few seconds (Lafferty and Morris 1996). These behavioural changes
have been associated with the parasites encysting the brain case. In experiments, the
authors demonstrated that infected specimens had a 10-fold increase susceptibility
to be eaten by the definitive hosts than their non-infected conspecifics.

An increased likelihood of detection and attack by predators of hosts has also
been associated with infections of Diplostomum spathaceum (Fig. 9.7a). After their
development in lymnaeid snails (e.g. Lymnea sp., Radix sp.), the free-swimming
cercariae of D. spathaceum penetrate the fish skin and migrate into the crystalline
lense of the fish (Lyholt and Buchmann 1996). Adult parasites live in the intestines
of piscivorously feeding birds (mainly from the family Laridae). The presence of
large numbers of parasites in the eye of their host can cause the lense to become
opaque which results in a complete lack of responsiveness to visual stimuli as shown
for heavily infected trout (Crowden and Broom 1980; Ferguson and Hayford 1941).
Generally, reduced visual acuity seems to diminish the host’s ability to locate and
capture food with the consequence that the feeding efficiency is significantly
reduced. Infected fish, e.g. Leuciscus leuciscus, compensate this by increasing the
net amount of time devoted to feeding and also by foraging in better-illuminated
surface waters where they are more prone to predation (Crowden and Broom 1980;
Dobson 1988).

In a recent experimental study, rainbow trout (Onchorhynchus mykiss) infected
with D. spathaceum showed increased aggressiveness and altered territorial behav-
iour (Mikheev et al. 2010). After an initial decrease, the aggression rates of infected
O. mykiss exceeded that of uninfected control fish, yet, quite surprisingly, they
seemed to face reduced “contest ability” in territorial fights. Similarly, Seppilé et al.
(2004, 2008) reported reduced escape behaviour as well as shoaling of experimen-
tally infected, juvenile O. mykiss in the presence of artificial aerial predators. The
authors argued that the reduction in vision is the definitive mechanism that causes
the altered fish behaviour and increased susceptibility to predators.

Motility is another trait that can be affected by parasites infesting the cardio-
visceral system and therefore compromising the endurance and swimming perfor-
mance of the fish host (Barber 2007; Coleman 1993). One parasite inducing those
changes is Ascocotyle pachycystis, usually parasitizing in the bulbus of the sheeps-
head minnow Cyprinodon variegatus. Especially during cold conditions, the nega-
tive effect of decreased oxygen transport, caused by increased blood flow resistance
by the cysts of A. pachycystis, leads to faster exhaustion of parasitized specimens
compared to unparasitized specimens (Coleman 1993).
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Fig. 9.7 Examples of host manipulating parasites. (a) Diplostomum spathaceum (Digenea). (b)
Anguillicoloides crassus (Nematoda) in eel swim bladder. (¢) Lernaeocera branchiails (Crustacea)
in cod gills. (d) Argulus sp. (Crustacea) (Photo (a): Emde)
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9.3.4 Monogenea

The taxon Monogenea is one of the largest groups of parasitic flatworms. A vast
majority is ectoparasitic on the external surfaces (fins, gills, skin) of marine and
freshwater fish while some are secondarily endoparasitic in body orifices (e.g.
mouth cavity, urinary bladder) (Hayward 2005). A few additional species live on
aquatic invertebrates and higher vertebrates such as cephalopods, turtles and
amphibians (Moller and Anders 1986). The taxon consists of two sister groups
(Monoopisthocotylea, Polyopisthocotylea) that can easily be distinguished by the
morphology of their posterior attachment organ (opisthaptor) (Whittington 2005).
The development of the monogenean species is direct (i.e. they infect only a single
host) and they usually show high degrees of host specificity. The eggs of most spe-
cies have long appendages used for attachment to the gill filaments of their hosts or
to bottom substrates. They can also be found on artificial substrates like e.g. the net
caging of aquaculture facilities where mass infections can cause enormous ecologi-
cal losses (e.g. mass mortality of aquaculture specimens) due to the serious patho-
logical effects on their attachment sites (e.g. skin) caused by their opisthaptor
(Hayward 2005). Ciliated larvae (=Oncomiracidium) hatch from eggs, infect the
vertebrate host and develop into a single adult parasite.

The role of Monogenea as inducer of phenotypic changes of fish can be consid-
ered rather insignificant. Among all the literature, only four descriptions of species
were found which all belong to the same genus, Gyrodactylus (Table 9.1).

Infections with viviparous Gyrodactylus bullatarudis have been associated with
the occurrence of an abnormal swimming behaviour of guppys Poecilia reticulata
(Scott 1985). Heavily infected guppies became lethargic and their fins often sticked
together. It is suggested that the abnormal swimming behaviour attracts the atten-
tion of conspecifics which, in turn, increases the number of contacts between
infected and uninfected hosts (Dobson 1988; Scott 1985).

Lépez (1999) examined the effects on mate choice behaviour of female P. reticu-
lata experimentally infected with Gyrodactylus turnbulli. The author observed that
infected females were significantly less discriminatory than healthy ones when they
were exposed to attractive (showy: higher “individual display rate”, higher “orange
brightness”) and unattractive (less showy: lower “individual display rate”, lower
“orange brightness’’) males in a simultaneous choice test. Lépez (1999) pointed out
that although the results point towards an indirect effect of parasitic infections,
where females are probably weakened by infection and, as a result, energetically
constrained in their mate choice behaviour (i.e. costs for actively resisting sneaky,
less attractive males or cooperation in copulation), a direct manipulation by the
parasite, thus a selective advantage, could also be the case. Regardless whether a
direct or indirect effect of the infection, parasite transmission and reproduction
should be enhanced as infected females come into contact with male conspecifics
more often than uninfected ones. In an earlier study, Houde and Torio (1992)
reported that male guppies infected with G. turnbulli appear to reduce the degree of
expression of carotenoid colours (cf. showiness) and that female guppies may be
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able to avoid becoming infected themselves by discriminating against these infected
males. However, avoidance behaviour of females against infected males would
result in a decreased transmission probability and thus putting selective pressure on
the parasites.

9.3.5 Cestoda

Cestodes (subclass Eucestoda, true tapeworms) are exclusively endoparasitic with
more than 5000 known species (Caira and Reyda 2005). Marine cestodes encom-
pass the four orders Diphyllobothriidea, Bothriocephalidea (the latter formerly
known as Pseudophyllidea), Trypanorhyncha and Tetraphyllidea (Caira and Reyda
2005; Kuchta et al. 2008), which are characterized by the morphology of the scolex
(Moller and Anders 1983). The life cycles of marine cestodes are complex and
require three hosts for completion. In the following section, Schistocephalus solidus
will be presented as an example for an indirect life cycle. Eggs of S. solidus enter
the aquatic system with the faeces of infected birds and hatch and develop to a cora-
cidium, i.e. a motile embryo. After ingestion by cycloid copepods they develop into
procercoids, which are then eaten by three-spined sticklebacks. In the fish they
develop into plerocercoids. The parasite larvae penetrate through the gut wall and
grow in the peritoneal cavity until they reach infectivity at a weight of 50 mg
(Tierney et al. 1993). Piscivorous birds feeding on infected sticklebacks serve as
final hosts (LoBue and Bell 1993).

A well-studied example for host behavioural changes is the host-parasite interac-
tion between the pseudophyllidean cestode Schistocephalus solidus and his inter-
mediate host, the three-spined stickleback Gasterosteus aculeatus. The rapidly
growing parasite induces swelling of the abdomen (Arme and Owen 1967) and
places high energy demands on the fish host during the time of parasite growth
(Barber and Huntingford 1995). Similar to the effect of a gastric banding the large
cestode constricts the stomach and inhibits greater distension (Wright et al. 2006).
As a consequence, infected fish prefer smaller, less profitable prey species (Milinski
1984). Furthermore, it has been suggested that the competitive ability might be
decreased due to the reduced streamlined shape and smaller energy reserves (Lester
1971; Milinski 1984). In an experiment, Arnott et al. (2000) showed that although
energetic demands increased, infected sticklebacks grew faster and had the same or
better body condition when being exposed to abundant food resources. Another
alteration of behaviour is the willingness to take higher risk under threat of preda-
tion (Giles 1983; Godin and Sproul 1988; Milinski 1985). Such ‘boldness’ could be
experimentally shown in parasitized G. aculeatus that returned more quickly to
feeding behaviour after a stimulated predator attack (Giles 1983; Godin and Sproul
1988).

Another result from energy theft caused by S. solidus is an alteration of fecundity
in three-spined sticklebacks revealed by a reduction in clutch size, egg mass, and
clutch mass (Heins et al. 2010). As shown by Heins et al. (2010) infected and
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uninfected female sticklebacks produced egg clutches at the same body size and
age, however, their egg masses and egg numbers differed.

Reduced fecundity was also found in cyprinids infected with plerocercoids of
Ligula intestinalis (Arme and Owen 1968; Trubiroha et al. 2010). Although both S.
solidus and Ligula intestinalis are considered to be castrators with similar life
cycles, they differ in the way of altering the host reproduction. In roach (Rutilus
rutilus) gonad development can be retarded in males and females at an early stage
of gametogenesis, which may constitute an inhibition of host reproduction through
endocrine disruption (Trubiroha et al. 2010). This seems to be a parasite strategy
which allocates the host’s energy from reproduction to parasitic growth without
decreasing host viability (Hurd 2001; Lafferty and Kuris 2009).

9.3.6 Nematoda

The phylum Nematoda represents one of the most species diverse phyla within the
Metazoa (Anderson 2000; McClelland 2005). The general nematode life cycle
includes four moults and four larval stages. Heteroxeny and paratenesis are com-
mon phenomena in the transmission pathways of parasitic species and include inter-
mediate and definitive hosts in nearly every trophic level (McClelland 2005).
Because of the dilute nature of aquatic habitats, parasitic nematodes have evolved
numerous elaborate means of maintaining themselves in an environment where con-
tact between successive hosts within a life cycle may be periodic or even rare. The
use of paratenic hosts, a low host specificity, free living stages that actively search
for susceptible hosts as well as the infection of short-lived organisms (e.g. small
invertebrates) that occur in vast numbers are only a few examples how nematodes
support their temporal and spatial dispersal and increase the likelihood to encounter
a successive host (Marcogliese 2005; McClelland 2005). Despite these elaborate
means, documentation on parasite induced phenotypic changes of hosts caused by
nematode species in aquatic habitats is fairly scarce (Table 9.1). The physical pres-
ence of the nematode, e.g. in the musculature of the fish, often results in an impair-
ment of the musculoskeletal system.

The occurrence of certain nematodes (e.g. Anisakidae: Pseudoterranova,
Anisakis) in the musculature or internal organs of their (paratenic) intermediate
hosts is well documented and has been extensively investigated on a variety of fish,
especially those with high commercial value (for recent studies see e.g. Karl et al.
2011: Anisakis; Klapper et al. 2015: Anisakis, Hysterothylacium; Kuhn et al. 2013:
Pseudoterranova). Anisakid nematodes have a heteroxenous, aquatic life cycle with
vertebrate hosts (pinnipeds, cetaceans, piscivorous birds) as definitive hosts. A
broad spectrum of micro- and macroinvertebrates as well as teleost fish serve as
intermediate/transport hosts (Mattiucci and Nascetti 2008). Moller and Klatt (1990)
found that an infection of smelt Osmerus eperlanus with larvae of the sealworm
Pseudoterranova decipiens reduces overall condition of the host and proposed an
increasing susceptibility to predation by their definitive hosts, pinnipeds of the
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families Otariidae and Phocidae. Sprengel and Liichtenberg (1991) demonstrated
that a single sealworm in the musculature of a smelt reduced the swimming speed
in a circular experimental chamber by 14.7 % compared to uninfected individuals.
Infections with more than three nematodes reduced the average speed by up to
32.2 % and co-infections with the microsporidian Pleistophora ladogensis led to a
decrease of 29.9 %, a higher reduction than that in smelt infected by two nematodes
or by microsporidians only (Sprengel and Liichtenberg 1991). The same test was
performed for the swim bladder nematode Anguillicoides (Anguillicola) crassus
(Fig. 9.7b) which revealed a reduction of swimming speed by 2.9 % (single nema-
tode) to 18.6 % (more than ten nematodes). In this context, Boon et al. (1990)
reported decreased quantities of plasma proteins and a lower haematocrit value in
experimentally, heavily infected A. anguilla. Sanguivorous activities of the L4 and
pre-adult stages decrease the number of circulating erythrocytes and therefore the
O, carrying capacities. The resulting decreased aerobic performance (energy drain)
as well as the mechanical damage of the swim bladder caused by the direct invasion
of the pre-adult stages impair the swimming performance of the host and increase
overall energy consumption (Palstra et al. 2007).

Parasites can also influence migratory behaviour of their hosts as shown by
Garnick and Margolis (1990). The authors measured the interference of three ces-
todes (Eubothrium salvelini, Diphyllobothrium dendriticum, Proteocephalus sp.)
and the nematode Philonema oncorhynchi with the orientation of seaward migrat-
ing sockeye salmon (Onchorynchus nerka) smolts and suggested that parasite infec-
tions may account, at least to some extent, for the variability observed in migratory
behaviour of smolts (Garnick and Margolis 1990).

Whilst a reduced swimming speed of the intermediate host is advantageous for
the transmission of P. decipiens into the next host, there seems to be no such benefit
for A. crassus and P. onchorhynchi as both are infecting their final hosts.

9.3.7 Crustacea

Crustaceans comprise a species-rich taxon of metazoan parasites that parasitize a
wide range of fishes and invertebrate hosts (Fig. 9.7c, d) (Busch et al. 2012). There
are seven groups of crustaceans in which parasitic forms occur: Copepoda (infect-
ing sponges, cnidarians, echinoderms, fishes and mammals), Isopoda (mostly ecto-
parasitic on crustaceans and fish), Branchiura (only fish lice of the genus Argulus in
the marine environment), Tantulocarida (ectoparasites of other crustaceans),
Cirripedia including Thoracica (parasitic on dogfish and polychaetes) and
Rhizocephala (infecting other crustaceans, mainly Decapoda), Ascothoracida (para-
sitizing echinoderms and cnidarians), and Amphipoda (suborder Hyperiidea on
gelatinous zooplankton and Caprellidea on whales). The different groups are
described in detail in Rohde (2005) and only life cycles of the main fish parasite
groups, namely copepods, isopods, and branchiurans are summarized in the
following section.
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The life cycle of copepods, a species-rich group of metazoan ectoparasites, is
mostly direct and comprises two phases, a naupliar stage with a maximum of six
stages and the copepodid stage with a maximum of five stages (Boxshall 2005a).
Most parasitic copepods extrude their eggs into paired egg sacs or uniseriate
egg strings. Sexual dimorphism is common with females typically larger and
more transformed bodies compared to dwarf males (e.g. Chondracanthidae,
Lernaeopodidae) (Boxshall 2005a). Eggs of Isopoda hatch in a brood pouch called
‘marsipium’ where they moult to the ‘manca’ or ‘pullus II’ stage (Lester 2005).
Mancae larvae are then released to find an intermediate fish host to take their first
meal. In the isopod genus Anilocra the mancae leave the optional intermediate host,
has to find a new fish host, moults, and this is repeated until they settle on the final
(fish) host, while the mancae of other species e.g. gill-inhabiting forms or tong-
biters and tissue dwellers attach only to one final host (Fogelman and Grutter 2008;
Lester 2005). Cymothoids are protandrous hermaphrodites, i.e. the first male that
infects a host changes its sex into female, whereas all following males remain males
(Lester 2005). In the life-cycle of the branchiuran Argulus (Fig. 9.7d), a mature
female leaves its host after taking a meal, lays eggs on any hard submerged surface,
these eggs hatch, and the free-swimming larvae moult into the second stage which
is parasitic as all other subsequent stages (Boxshall 2005b). They change their host
at intervals throughout the development until they reach maturation at the fifth lar-
val stage (Boxshall 2005b).

Lernaeocera branchialis (Fig. 9.7¢) is a parasitic copepod that infects the gills
or mantle cavity of various gadoid species in its adult phase (Kabata 1970). The
two-host life cycle involves two nauplius stages, after them copepod larvae para-
sitize an intermediate fish host on which they mature and mate. The mated adult
female leaves the host and has to find a second fish or sometimes a marine mam-
mal as definitive host (Boxshall 2005a). Parasitisation of cod Gadus morhua with
L. branchialis impacts on growth and mortality (Khan 1988). In an experiment
young fish infected with L. branchialis fed less, were smaller, had a lower weight,
and showed reduced fecundity. Additionally, they frequently swam close to the
surface probably due to an excess of air in the swim bladder and displayed
hyperactivity (Khan 1988).

Parasite-induced alterations in swimming behaviour were detected in brook trout
fry Salvelinus fonatlis infected with the copepod Salmincola edwardsii (Poulin
et al. 1991). In an experiment brook trout stayed more time motionless when
exposed to Salmincola edwardsii, and this decreases the chance to be attacked by
the parasite because the parasites reacts to stimuli such as passing shadows. After an
initial parasite infection, the time spent motionless in the water is diminished and
the fish increases the risk of acquiring further parasite infections.

Sticklebacks (Gasterosteus spp.) are parasitized by the branchiuran ectoparasite
Argulus canadensis, which is a free-living, blood-sucking parasite (Poulin and
FitzGerald 1989). Three-spined and black-spotted sticklebacks form larger shoals
when the parasite is present in the water and this behaviour was attributed to be
selective by lowering the risk for an individual fish to become a target of the branchi-
uran parasite waiting for suitable hosts to pass (Poulin and FitzGerald 1989).
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Cymothoid isopods are usually ectoparasites attached to the skin, gills, or oral
cavity (Bunkley-Williams and Williams 1998). Cymothoids have been found to
reduce growth, motility, and reproduction (Adlard and Lester 1995; Fogelman et al.
2009; Ostlund-Nilsson et al. 2005). In the Great Barrier Reef, cardinal fish
Cheilodipterus quinquelineatus is regularly parasitized with Anilocra apogonae, a
large, asymmetrically cymothoid isopod attached on the skin of its host. Besides the
need to increase food intake, a decreased swimming speed and endurance of the fish
host was noted which might be have been a consequence of the relative increase in
size and asymmetric attachment of the parasite negatively impacting the host’s
hydrodynamics (Ostlund-Nilsson et al. 2005). The authors concluded that the ener-
getic stress must be compensated for by increasing foraging, which may at the same
time lead to decreased predator avoidance behaviour. Additionally, A. apogonae
may act as a parasitic castrator parasitized fish were observed to have smaller
gonads, fail to mouth-brood (males), or have fewer and smaller ova (female)
(Fogelman et al. 2009).

A further example of a cymothoid isopod as parasitic castrator is Riggia para-
nensis. After burrowing into the flesh of freshwater fish Cyphocharax gilbert, infec-
tions lead to increased growth, but inhibition of the gonadal development through
affection of the endocrine system (Azevedo et al. 2006; Lima et al. 2007).

9.4 Concluding Remarks

Regardless of whether caused directly or indirectly, and whether adaptive or a by-
product, parasites have a great capability of manipulating host behaviour.
Considering only fish as hosts, most examples of parasites altering fish host behav-
iour are known from the group Digenea and the most common manipulation
involves host motility. However, a differentiation of manipulative behavioural
changes (direct and indirect) as well as the isolation of specific mechanisms has
proven to be difficult. Another problem is that lab studies with freshwater speci-
mens are largely overrepresented reflecting the difficulty of undertaking research in
this subject with marine and field studies clearly being much less feasible. Similarly,
results might only be valid under controlled conditions and their relevance in the
field needs to be considered carefully.
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Chapter 10
Virus-Induced Behavioural Changes in Insects

Yue Han, Monique M. van Oers, Stineke van Houte, and Vera L.D. Ros

10.1 Introduction

Insects are thought to be the most successful class among all known living organ-
isms due to their high diversity and wide distribution: more than a million insect
species have been described, which represent more than half of all known animal
species, and insects can be found in almost all environments (Chapman 2006;
Cranston 2010). Throughout their life cycle, insects encounter a variety of parasites,
ranging from the smallest and simplest viruses to larger and more complex organ-
isms like nematodes and parasitoids (van Houte et al. 2013; Cézilly et al. 2010).
Insects are affected in many different ways upon infestation by parasites and this
includes changes in development, metabolism, morphology, physiology and, most
intriguingly, behaviour. The most well-known examples of host behavioural changes
include the suicidal water-seeking behaviour of the cricket Nemobius sylvestris
infested with the hairworm Paragordius tricuspidatus (Thomas et al. 2002) and the
climbing behaviour of the carpenter ant Camponotus leonardi infected with the fun-
gus Ophiocordyceps unilateralis (Hughes et al. 2011). Though many parasites have
been reported to induce behavioural changes in insect hosts (Lefevre et al. 2009;
van Houte et al. 2013), the documentation on virus-induced changes in insect
behaviour is scarce. Given the high prevalence of viruses among insects, either in a
pathogenic interaction or in a virus-vector relationship (Miller and Ball 1998),
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viruses might have a huge impact on insect behaviour. In this review, we give an
overview of the documented changes of insect behaviour upon infection by viruses
and reveal what is known about the underlying molecular mechanisms.

Host behavioural changes upon infection by a parasite can be adaptive to the
parasite or to the host. Many cases that clearly show enhancement of parasite trans-
mission have been treated as compelling examples of the concept of the “extended
phenotype” (Thomas et al. 2005; van Houte et al. 2013). The concept was proposed
by Dawkins in 1982, and is defined as “genes from one organism (the parasite) hav-
ing phenotypic effects on another organism (the host)” (Dawkins 1982). However,
the behavioural changes are not always advantageous for the parasites, but can also
be adaptive to the host to reduce the pathogenic effects of the infection to the indi-
vidual or the population, or just be pathological side effects (Thomas et al. 2005;
van Houte et al. 2013).

The first part of this review deals with the known examples of insect behavioural
changes following infection by viruses that use insects as hosts or vectors, and, if
known, the underlying mechanisms of such behavioural changes are explained. An
overview of these virus-induced behavioural changes is given in Table 10.1. Special
attention is given to baculovirus-induced behavioural changes in caterpillars.
Because extensive information is available on baculovirus genomics and virus
mutants can be easily made, several viral genes behind baculovirus-induced behav-
ioural changes have successfully been identified. In the second part of this review
we discuss the ecological and evolutionary consequences of virus-induced insect
behavioural changes.

10.2 Leptopilina boulardi Filamentous Virus (LbFV) Induces
Superparasitism in the Parasitoid Wasp L. boulardi

Leptopilina boulardi is a solitary parasitoid (order Hymenoptera) that usually lays a
single egg per Drosophila host larva (order Diptera) and rejects already parasitized
larvae, since only one wasp larva can successfully develop within the body of a
Drosophila larva. Upon superparasitism (when a wasp parasitizes a Drosophila
larva that has already been parasitized by another wasp), within-host larval competi-
tion occurs and only one of the wasp larvae survives. Usually, egg-laying wasp
females avoid superparasitism, although it might occur under specific circumstances
when fly hosts are rare (van Alphen and Visser 1990). L. boulardi filamentous virus
(LbFV, an unclassified double-stranded (ds) DNA virus) infects L. boulardi wasps
and increases the tendency of L. boulardi females to accept already parasitized fly
hosts, which allows horizontal transmission of the virus from infected to uninfected
L. boulardi larvae within the superparasitized Drosophila host (Patot et al. 2009;
Varaldi et al. 2003, 2009). Theoretical models predict that such superparasitism
behaviour is beneficial to the virus (Gandon et al. 2006), since the virus can invade
new wasp lineages. It is hypothesized that the virus is injected together with the
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wasp egg into the Drosophila host during oviposition and that it infects the emerg-
ing parasitoid during its larval development (during which the parasitoid consumes
the virus-infected Drosophila hemocoel). If a single parasitoid egg is present, verti-
cal transmission occurs, because the parasitoid larva picks up the virus that was
injected by its mother into the hemocoel of the Drosophila host. If two or more wasp
eggs are present in one Drosophila larva, horizontal transmission may occur (when
the progeny from an uninfected wasp present in the Drosophila larva picks up the
virus delivered during subsequent superparasitsm by a virus-infected wasp female).
The efficiency of horizontal transfer depends on the time between successive ovipo-
sitions (Varaldi et al. 2009), which determines the difference in age and hence com-
petition ability of the already present and incoming larvae. L. boulardi females
pierce host larvae with their ovipositor to detect chemical cues associated with pre-
vious infestations. Although the exact mechanism behind the LbFV-induced super-
parasitism is unknown, it is hypothesized that LbFV affects chemoreceptor neurons
in the ovipositors used to detect chemical cues associated with previous infestations,
either through cell lysis or modulation of gene expression (Varaldi et al. 2009).

The influence of LbFV on other behavioural traits of the parasitoid wasps has
also been investigated (Varaldi et al. 2006, 2009). The virus did not affect the circa-
dian rhythms of the wasps, nor the ability of infected males to locate females
through detection of sex pheromones, the ability of females to locate odours of fly
larvae, the search patterns of foraging females, or the ability of females to discrimi-
nate between good and poor quality fly larvae. On the other hand, viral infection
lead to a strong reduction (45 %) of locomotor activity of infected wasp females
(while no effect was detected in males), possibly because of resource-allocation to
wasp traits that benefit virus transmission, like egg-load, which was increased by
11 % for infected females (Varaldi et al. 2005). This increase in egg-load might
compensate for the higher risk of an infected female being egg-limited (due to
superparasitism; single wasp females have been found to lay more than 9 eggs in a
single Drosophila host). The increase in egg-load might be an adaptive response of
the parasitoid to the presence of the virus, or a component of the virus-induced
manipulation (Gandon et al. 2006). LbFV also affects the immune response of the
Drosophila larvae against the parasitoids (Martinez et al. 2012). Virus-infected par-
asitoids are less frequently encapsulated (the main defense mechanism against para-
sitoids) than uninfected ones. This is not just a consequence of increased rates of
superparasitism, but is also found in monoparasitized larvae.

10.3 Iridovirus Infection Changes Sexual Behaviour
in Crickets and Beetles

Activation of the immune system has been shown to reduce sexual activity in a vari-
ety of animals, including invertebrates (Adamo 2008; Lawniczak et al. 2007). In
general, induction of immune responses in the field cricket Gryllus campestris, the
ground cricket Allonemobius socius and the sagebrush cricket Cyphoderris
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strepitans (order Orthoptera) reduces the calling frequency of males, thereby limiting
their chances to mate with females (Fedorka and Mousseau 2007; Jacot et al. 2004;
Leman et al. 2009). Reduced mating rates and other sickness behaviour that signal
danger to healthy individuals are beneficial for the host population in which a sick
animal lives, but would negatively affect sexually transmitted parasites that rely on
mating for their dispersal (Adamo 2014). It is therefore evident that sexually trans-
mitted viruses should have developed strategies to counteract host immune responses
that lead to reduced sexual activity in order to safeguard their transmission.

An example is seen in an iridovirus isolated from crickets (CrlV, a strain of inver-
tebrate iridescent virus 6 (IIV-6), family Iridoviridae, genus Iridovirus) (Kleespies
et al. 1999; Jakob et al. 2002), which is sexually transmitted between Gryllus texen-
sis crickets. Induction of immune responses normally leads to sickness behaviour,
including a reduction in male calling rates, but this was not the case upon IIV-6/
CrlV infection (Adamo et al. 2014). CrIV infection did not induce other sickness
behaviours either, such as illness-related anorexia (Adamo et al. 2010). When CrI'V-
infected crickets were immune-challenged with heat-inactivated bacteria, they took
longer to start courtship singing, in contrast to uninfected crickets that showed a
shorter latency to court upon immune-challenge. A likely explanation for these
observations is that CrIV infects the major components of the insect’s immune sys-
tem. The virus infects hemocytes and massive virus replication in the fat body has
been reported (Kleespies et al. 1999). As a consequence of fat body infection, the
level of immune-related host proteins strongly declined (Adamo 2014; Adamo et al.
2014). The hypothesis is that due to the reduced level of circulating immunomodu-
lators the communication between the immune system and nervous system is ham-
pered, preventing the induction of sickness behaviour. Since the immune system
itself is attacked by CrlV, the crickets can no longer respond to bacterial stimuli
either.

In contrast, Phyllophaga vandinei beetles (order Coleoptera) infected with the
IIV-6 strain Chilo iridescent virus (IIV-6/CIV) showed strongly reduced mating
behaviour (Jenkins et al. 2011). Pathologically not much is known of this virus/host
combination, but it may be that infection is not efficient enough to completely over-
take the fat body in this putatively non-natural virus/host combination. On the other
hand the CIV strain is known to be transmitted efficiently via contaminated food
(Nalgacioglu et al. 2009) and, therefore, it may not be advantageous for virus trans-
mission to keep host mating levels high.

10.4 Helicoverpa zea Nudivirus 2 Alters the Mating
Behaviour of the Corn Earworm Moth H. zea

Helicoverpa zea nudivirus 2 [HzNV-2, formerly known as Hz-2 V and as gonad-
specific virus (GSV); family Nudiviridae] manipulates the physiology and behav-
iour of its host, the corn earworm moth H. zea (order Lepidoptera), in such a way
that viral transmission is enhanced (Burand 2009; Burand et al. 2005). HzNV-2
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replicates exclusively in the reproductive tissues of both male and female moths and
this leads to malformation of these tissues and sterility of the moths (Raina and
Adams 1995; Burand et al. 2005). In addition, female moths can be fertile, asymp-
tomatic carriers that can transmit the virus vertically to their offspring (Hamm et al.
1996).

H. zea females may mate several times, but generally mate once during a given
night (Burand 2009; Raina et al. 1994). This mating pattern is regulated by the sex
pheromone level of the adult female. Pheromone production peaks during the sec-
ond and third night after adult emergence and triggers female mating and calling
behaviour, which attracts males. After mating, pheromone levels decline, and trans-
fer of male-derived anti-calling factors that are part of the seminal fluid result in the
loss of female sexual receptivity (Burand et al. 2005). Virus-infected females, how-
ever, continue calling after contact with males. This is a consequence of the pres-
ence of a ‘virus plug’ covering the reproductive opening of the female moths,
preventing the transfer of anti-calling factors. Moreover, it was shown that infected
females attracted twice as many males as uninfected females, which was a result of
increased pheromone levels. However, males could not effectively mate with
infected females due to presence of the virus plug. Nevertheless, during the short
contacts (mating attempts) males could be contaminated with the virus, which they
could transfer to other (uninfected) females during subsequent matings (Burand
et al. 2004).

While uninfected males were more attracted to infected females than to unin-
fected females, HZNV-2 infected males had no preference for infected over unin-
fected females, and in fact responded less quickly to female calls. Most mating
attempts of infected males were unsuccessful, although sexual contacts did occur,
long enough for the virus to be transmitted. Infected males lacked accessory glands
and most likely do not produce anti-calling factors. Therefore, females continued
calling after mating attempts with infected males. Subsequent mating of these
females with healthy males resulted in infected offspring (either asymptomatic or
sterile progeny) being produced (Burand and Tan 2006).

10.5 Hygienic Measures of Honeybees Against Virus
Infections

Kulincevié¢ and co-authors reported in 1969 that honeybees (order Hymenoptera)
that were infected with an as yet unidentified virus, causing the bees to become
black and hairless, were attacked by conspecifics and were occasionally stung to
death (KulinCevi¢ et al. 1969). It is not exactly clear which virus is responsible, but
this phenomenon reflects the ability of social insects to recognise infected nest
mates. Social insects, such as honeybees (Apis mellifera) live together in dense pop-
ulations with a high frequency of physical contact and a high degree of genetic
homogeny. To limit the risks of disease transmission, social insects display various
forms of antiseptic behaviour, reviewed by Wilson-Rich et al. (2009). Worker bees
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may limit damage by early removal of diseased brood from the colony, a phenom-
enon described as hygienic behaviour. Hygienic behaviour may occur in addition to
undertaking (the removal of dead adults from the hive) and grooming (Wilson-Rich
et al. 2009).

Bee virus infections often occur together with brood parasitism by Varroa
destructor mites (Ball 1989). These mites parasitize bee nymphs, increase virus
susceptibility of bees (Yang and Cox-Foster 2005) and serve as vectors for virus
transmission, e.g. Gisder et al. (2009). The combination of Varroa mites and bee
viruses poses a severe threat to bee colonies. A theoretical study showed that bee-
hives that can reduce Varroa infestation by grooming and hygienic behaviour could
in theory limit virus prevalence (Sumpter and Martin 2004). In practice, worker
bees are able to recognise Varroa mite infestation and remove infested brood. Brood
infested by mites with high virus titres were more efficiently removed, as was
shown for deformed wing virus (DWYV, family Iflaviridae, genus Iflavirus) (Schoning
etal. 2012).

Bee colonies seem to vary considerably in the ability to recognise Varroa infested
brood (Harris 2007). Changes in cuticular hydrocarbon profiles in bee pupae and
emerging bee adults may be responsible for the recognition of Varroa-infested
brood and parasitized emerging adults (Salvy et al. 2001). Changes in hydrocarbon
composition were also reported for DW V-infected adult bees and these bees had a
much higher chance of being bitten and removed from the hive than non-infected
nest mates (Baracchi et al. 2012). Cuticular hydrocarbon profile changes were also
found after immune stimulation with bacteria (Richard et al. 2008, 2012). The
altered hydrocarbon composition seems to be a general immune response that may
signal healthy workers to avoid or actively remove infected nest mates, allowing
counter action against disease at a population level.

10.6 Bee Viruses and Changes in Honeybee Neuronal
Physiology

Viruses that infect honeybees may affect sensory perception and learning ability.
Infection with DWV alters the responsiveness to sensory information, leading to
proboscis extension at lower sucrose concentrations than seen for non-infected bees
(Igbal and Mueller 2007). In addition, associative learning and memory formation
were disturbed in DW V-infected bees. When an olfactory signal was given before a
rewarding sucrose stimulus, infected animals did not learn to respond to the olfac-
tory signal (Igbal and Mueller 2007). This could be caused by replication of DWV
in the brains, especially in regions associated with vision and olfaction (Shah et al.
2009). Brain infection may also have led to the aggressive bees observed in Japan
that were infected with a genetic variant of DWV, Kakugo virus (Fujiyuki et al.
2004, 2005), but DWYV itself has not been associated with aggressiveness (Rortais
et al. 2006). Honeybees infected with Israeli acute paralysis virus (IAPV, family
Dicistroviridae), also showed a lower sucrose threshold (Li et al. 2013). IAPV
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significantly reduced the ability of pollen foragers to return to the hive, in line with
the fact that IAPV diseased bees are often found outside the hives. These changes in
behaviour were accompanied by high IAPV titers in the heads, leading to the
hypothesis that APV infection interfered with brain functions responsible for learn-
ing and navigation (Li et al. 2013). A possible advantage for the bee population is
that this virus-induced mal-orientation may protect against further virus-spread
within the hive.

10.7 The Parasitoid Dinocampus coccinellae Uses
an Iflavirus to Change the Behaviour of the Ladybeetle
Coleomegilla macaluta

A unique example of parasitic manipulation is seen for Dinocampus coccinellae
(order Hymenoptera), a parasitic wasp thatlays its eggs in the ladybeetle Coleomegilla
maculate (order Coleoptera) and uses a virus as a ‘biological weapon’ to manipulate
the behaviour of the ladybeetle (Dheilly et al. 2015). The wasp larvae develop within
the body of the ladybeetle and after circa 20 days a single prepupa egresses and spins
a cocoon between the ladybeetle’s legs. The ladybeetle serves as a bodyguard to
protect the parasitoid cocoon from predation by covering the cocoon with its body
(Dheilly et al. 2015; Maure et al. 2013). The behaviour of the ladybeetle is altered
during this process; it is partially paralysed and displays tremors, suggesting a neu-
rological disorder. A new virus was discovered, D. coccinellae paralysis virus
(DcPV) (family Iflaviridae), which replicates mainly in D. coccinellae larvae, and is
highly abundant in the oviduct cells of adult wasps. Before egression, the parasitoid
larva transmits DcPV to the ladybeetle. The virus then replicates in the cerebral
ganglia of the ladybeetles and induces a severe neuropathy, resulting in paralysis and
tremors. Even so, an antiviral immune response is induced in the ladybeetle, which
eventually leads to elimination of the virus, and recovery of normal behaviour. A
range of parasitoids induce bodyguarding behaviour in their insect hosts (Maure
et al. 2013; van Houte et al. 2013), and while the mechanisms have rarely been
explored, other parasitoids may use viruses to induce bodyguarding behaviour.

10.8 Baculovirus-Induced Behavioural Changes
in Caterpillars

The earliest known description of behavioural alterations in diseased insects dates
from 1891, likely representing the oldest written account of behavioural manipula-
tion by parasites in history. In this work Hofmann illustrates how larvae of the nun
moth Lymantria monacha (order Lepidoptera) climb up and die in tree canopies.
These larvae succumbed to an unknown agent, which made them crawl out of their
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common diurnal hiding place to die on exposed parts of the trees. This phenomenon
was named Wipfelkrankheit, more commonly known as tree-top disease (Hofmann
1891). It was discovered several decades later that these larvae had died due to an
infection with a baculovirus, causing behavioural alterations in the infected caterpil-
lars and liquefying them to efficiently spread progeny viruses into the environment.
Subsequent studies reported higher dispersal rates and aberrant climbing behaviour
of infected caterpillars compared with healthy ones, leading to death at elevated
positions (Smirnoff 1965; Evans and Allaway 1983). The first quantitative studies
on baculovirus-induced changes of host behaviour were performed using Mamestra
brassicae larvae infected with the baculovirus M. brassicae multiple nucleopolyhe-
drovirus (MbMNPV) (Vasconcelos et al. 1996; Goulson 1997). Infected larvae were
found to move 3-5 times further within a given time than uninfected ones, and the
majority of larvae died on the apical, more exposed part of plant leaves.

The behavioural repertoire induced by baculoviruses (family Baculoviridae) in
their caterpillar hosts (order Lepidoptera) includes both tree-top disease (pre-death
climbing behaviour) and hyperactivity (wandering over larger areas). For a long time,
nothing was known about the proximate mechanisms that might govern these behav-
ioural changes. In 2005, Kamita and co-authors identified the first ‘behavioural’ gene
in a baculovirus by demonstrating the involvement of the protein tyrosine phospha-
tase (ptp) gene from Bombyx mori (Bm) NPV in hyperactive behaviour in larvae of
the silkworm B. mori. Similarly, van Houte et al. (2012) showed that the p#p gene of
Autographa californica (Ac) MNPV induced hyperactive behaviour in its host
Spodoptera exigua. It was hypothesized that the viral ptp gene plays a conserved role
in the induction of hyperactivity in a subset of baculoviruses (a monophyletic clade
in the genus Alphabaculovirus, named group I) (van Houte et al. 2012).

A study on Lymantria dispar (Ld) MNPV showed that the viral ecdysteroid-
UDP-glucosyl transferase (egt) gene is required for death at elevated positions (tree-
top disease) of gypsy moth (L. dispar) larvae (Hoover et al. 2011). However, the
role of egt as a ‘gene for an extended phenotype’ (Hoover et al. 2011) seems not
generally applicable: in tree-top disease induced by the baculovirus AcMNPV in
both S. exigua and Trichoplusia ni caterpillars the viral egt gene does not play a role
(Ros et al. 2015). When the egr gene was deleted from the viral genome, infected
larvae died at the same height as wild type-infected larvae. Earlier studies on egt had
shown that the encoded enzyme suppresses larval moulting, leading to an extended
time to death. In certain caterpillar species, moulting is preceded by up- or down-
ward movement of larvae; therefore, in some virus-host combinations, egf might
have an effect on tree-top disease through an effect on larval moulting (Ros et al.
2015). In AcMNPV-infected S. exigua and T. ni the egt gene did affect moulting-
related climbing behaviour. It did however not affect tree-top disease, which, in
these virus-host combinations, occurred at a later stage of the infection than the
moulting-related climbing. The apparent effect of egf on tree-top disease is depen-
dent on the specific virus-host interaction and likely is influenced by factors such as
the viral dose, time of infection (e.g. compared to the time of moulting), time of
death and the intrinsic behaviour of the host. Since the role of eg? in tree-top disease
is not universal (Ros et al. 2015), other viral genes are likely to be involved.
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While AcMNPV infection induces tree-top disease in the two lepidopteran hosts
T. ni and S. exigua, the phenotype appears to be host-dependent (Ros et al. 2015). In
T. ni infected as 3rd instars, virus infection always caused the larvae to climb up and
die at elevated positions, regardless of the larval stage at death. For S. exigua how-
ever, only larvae that had moulted during the infection (from 3rd to 4th instar)
climbed up and died at elevated positions. Those that did not undergo moulting
moved downwards and died at low positions. Additional experiments showed that
this moulting-dependent climbing behaviour was also seen for 2nd instar larvae, and
hence may be independent of the stage of the larvae at infection. When 2nd instar
larvae were infected, only larvae that moulted during the infection (from 2nd to 3rd
instar) died at elevated positions (80.0 mm+9.5), while those that did not moult (died
as 2nd instar) moved downwards and died at low positions (0.0 mm+0.0) (Fig. 10.1).
These moulting-dependent differences in pre-death climbing behaviour might be
related to the normal (moulting-related) climbing behaviour that these two species
display in the absence of virus infection. Downward movement was also observed for
larvae of the winter moth Operopthera brumata infected with O. brumata NPV
(OpbuNPV) (Raymond et al. 2005). Infected larvae descended from the foliage to the
lower tree stems to die there, which might contribute to virus persistence and trans-
mission. OpbuNPV occlusion bodies persist better on stems than on foliage and virus
transmission differs in this system, since O. brumata is a forest dwelling species.

Another important factor involved in the induction of tree-top disease is light (van
Houte et al. 2014b). The specialist baculovirus S. exigua (Se) MNPV induced tree-top
disease in S. exigua larvae, and prior to death, larvae were strongly attracted to light.

100

H (0] @
o o o

Height of death (mm)

N
o

WT/+L2 WT/+L3

Fig. 10.1 Average height at death (mm) of wild type (WT) AcMNPV-infected larvae (infected as
second instars) that died as either second ( L2; n=6) or third ( L3; n=10) instars. Error bars
indicate standard error of the mean. [Methods: S. exigua late 1st instar larvae were starved over-
night. The next morning, newly moulted 2nd instar larvae were infected by droplet feeding using
a viral dose of 10"7 OBs/ml of WT AcMNPYV as described previously (van Houte et al. 2012).
Larvae were placed individually in glass jars (van Houte et al. 2014a) to allow climbing and their
final position of death was monitored when all larvae were dead (see Fig. 10.2b for experimental
set-up]
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When light was presented from above, infected larvae died at elevated positions,
however, when light was presented from below, or no light was present at all, larvae
died at low positions. Since climbing of uninfected larvae was light-independent
(pre-moult climbing behaviour occurred also under completely dark conditions), the
light-dependent climbing seen in tree-top disease was specifically evoked by virus
infection (van Houte et al. 2014b). Possibly, baculoviruses hijack existing host path-
ways, that are for instance required for moulting-related climbing behaviour (through
egt), or pathways related to light perception or phototaxis. However, baculoviruses do
not use light as a uniform mechanism to trigger tree-top disease in caterpillars.
Tree-top disease induced by LAMNPYV in L. dispar larvae (K. Hoover, personal com-
munication) or by AcCMNPV in T. ni larvae (V.I.D. Ros, unpublished data) was light-
independent, since it was also observed in dark conditions. This indicates that
baculoviruses may use different mechanisms to trigger tree-top disease.

While hyperactivity and tree-top disease are both induced by baculoviruses in
caterpillar hosts, and can both be induced in a single infection, they seem to be
caused by two independent manipulative mechanisms (van Houte et al. 2014a). The
AcMNPYV pip gene was shown to induce hyperactivity, but not tree-top disease in its
S. exigua host (van Houte et al. 2014a). Another indication that tree-top disease and
hyperactivity are governed by different mechanisms is that these two phenotypes
are triggered at different time points: hyperactivity is induced at 3 days post infec-
tion (around 70 h post infection) (van Houte et al. 2012), and the climbing behav-
iour leading to tree-top disease starts from 75 hpi onwards (Ros et al. 2015).

In conclusion, baculovirus-induced manipulation of caterpillar behaviour seems
the result of a complex interplay between virus and host. Different behavioural dis-
plays are induced (hyperactivity and tree-top disease), by different causative
mechanisms (see above). The expression of the different phenotypes is dependent on
the virus-host system studied. Although the role of the viral ptp in hyperactivity
seems to be conserved within group I NPVs, this gene is absent in group II NPVs and
in granuloviruses (genus Betabaculovirus). Viruses in these latter two groups have
also been shown to induce hyperactive behaviour in lepidopteran hosts [e.g. MbMNPV
in M. brassicae larvae, (Goulson 1997)], which implies that different viral genes
might be involved in inducing hyperactivity. Which virus and/or host genes, proteins
or pathways act downstream of the viral p#p and egt gene need to be determined. A
genome-wide approach (transcriptomics/proteomics) can aid in selecting candidate
genes or proteins involved in behavioural manipulation (van Houte et al. 2013).

10.9 Dicistroviruses Affect Aphid Behaviour

Aphids are hosts to a wide variety of microorganisms, including viruses, bacteria
and fungi. All these microorganisms potentially have a major impact on aphid ecol-
ogy (Ban et al. 2008). Two viruses have been reported to change the behaviour of
aphids. Aphid lethal paralysis virus (ALPV, family Dicistroviridae) induced an
unusual movement syndrome in its aphid host Rhopalosiphum padi (order
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Hemiptera): infected aphids moved away from their food source and became unco-
ordinated (Williamson et al. 1988). Whether this behavioural change is beneficial to
the virus or to the host is not known. Rhopalosiphum padi virus (RhPV, family
Dicistroviridae) is closely related to ALPV and was found to change the aggregation
behaviour of aphids. Normally, R. padi aphids aggregate and are attracted to the
odour of conspecific aphids. However, when R. padi aphids were infected with
RhPYV, they were not attracted to the odour of uninfected aphids any longer. Moreover,
both infected and uninfected aphids were not attracted to infected aphids (Ban et al.
2008). The perception of repellent chemicals also changed after virus infection:
infected aphids did not respond to methyl salicylate, an indicator of host suitability,
and became more sensitive to the aphid alarm pheromone (Ban et al. 2008). It might
be that these behavioural changes are beneficial to the host population, aimed at
reducing the risk of infection for other aphids (usually of the same clone) sharing the
host plant, and/or are beneficial to the virus since the virus is spread over a larger
area, where aphids of other clones are more likely to be encountered.

10.10 Plant Viruses Change the Behaviour of Aphid, Thrips
and Whitefly Vectors

Insects may function as vectors for plant viruses. Since the hosts for plant viruses
are sessile, the potential for behavioural manipulation is restricted to the vectors,
although viruses may affect the volatile profiles secreted by plants (Medina-Ortega
et al. 2009). Several plant viruses have been shown to increase their transmission by
affecting the feeding behaviour of the insect vector, changing food choices and
altering the probing period and frequency (Ingwell et al. 2012; Fereres et al. 1990;
Hu et al. 2013). The type of transmission (persistent versus non-persistent) appears
to have a direct correlation with the feeding behaviour observed for plant virus vec-
tors (see review by Mauck et al. 2012). Non-viruliferous vectors show a strong
attraction to infected plants, both for plants infected with persistently and non-per-
sistently transmitted viruses. Persistently transmitted plant viruses such as potato
leaf roll virus (PLRYV, Luteoviridae) induce longer feeding times in aphid vectors
needed to guarantee sufficient uptake of the virus from the phloem. For
non-persistently transmitted viruses such as Potato virus Y (PVY, Potyviridae)
aphids generally leave more quickly from infected plants than from healthy plants
and the aphids can immediately transmit the virus after probing (Mauck et al. 2012).
Ingwell et al. (2012) showed that R. padi aphids carrying barley yellow dwarf virus
(BYDV, family Luteoviridae) preferred uninfected wheat plants, which promoted
viral transmission. On the other hand, aphids that did not carry BYDV preferred
BYDV-infected wheat plants, which promoted the acquisition of this virus. The
switch of the aphids’ preference from infected plants to uninfected plants after
acquiring BYDV maximized the pathogen transmission potential (Ingwell et al.
2012). A similar observation was made for potato leaf roll virus (PLRV, family
Luteoviridae) and its aphid vector Myzus persicae (Rajabaskar et al. 2014).
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M. persicae aphids that did not carry PLRV preferred infected potato plants, while
M. persicae carrying the virus preferred healthy plants. This switch in host plant
preference seems to enhance virus acquisition and transmission. Both the BYDV-
and PLRV-induced changes in feeding preference can be a direct result of virus-
vector interactions, but may also be affected by the exposure of the vector to infected
plants (Rajabaskar et al. 2014).

Tomato spotted wilt virus (TSWV), a member of the only plant-infecting genus
(Tospovirus) in the family Bunyaviridae, alters the feeding behaviour of its thrips
vector Frankliniella occidentalis (order Thysanoptera) (Stafford et al. 2011). Male
thrips infected with TSWV showed an up to threefold increase in feeding frequency
compared with uninfected thrips. Infected male thrips made more non-ingestion
probes (probes in which they salivate, but leave cells largely intact), which cause
less damage to the plant cells. Functional plant leaf cells are very important for suc-
cessful TSWYV infection, and due to this altered feeding behaviour, infected males
transmit TSWV in a more efficient manner than females (van de Wetering et al.
1998; Stafford et al. 2011).

Tomato yellow leaf curl virus (TYLCYV, family Geminiviridae) was found to
change the feeding behaviour of its whitefly vector Bemisia tabaci (order Hemiptera).
Female whiteflies carrying TYLCV remained motionless for a longer time and
moved slower after their first contact with the host plant (Moreno-Delafuente et al.
2013). In addition, probing and feeding behaviour changed. Plants are inoculated
with virus during salivation in phloem sieve elements and this happens before
phloem sap ingestion. B. tabaci carrying TYLCV fed more from phloem sieve ele-
ments and made more frequent phloem contacts. The duration of the salivation
phase in the phloem sieve elements was also longer. All these behavioural changes
are thought to enhance virus transmission.

10.11 Arboviruses Change Mosquito and Midge Behaviour

Many human and veterinary viruses use arthropods, such as mosquitoes, midges
(both Diptera) or ticks (class Arachnida) as vectors. Arthropod-borne viruses (arbo-
viruses) belong to various virus families and several have been found to change
vector behaviour to increase virus transmission rates (van Houte et al. 2013; Lefévre
and Thomas 2008). These changes include alterations in feeding behaviour (prob-
ing time and/or frequency), locomotion and flight activity, and in mating
behaviour.

Arboviruses classified in the family Bunyaviridae cause disease in their verte-
brate host, but can also replicate in their insect vector. Many viruses from this fam-
ily have been reported to change their vector’s behaviour. Grimstad et al. (1980) first
reported that the mosquito Aedes triseriatus, when infected orally with La Crosse
virus (LACV), probed more on mice, with reduced rates of blood engorgement; a
similar behavioural change was found by Jackson et al. (2012). LACV-infected Ae.
triseriatus mosquitoes took a significantly smaller blood meal than uninfected
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mosquitoes, and the refeeding rate of LACV-infected Ae. triseriatus mosquitoes
was twice as high as that of uninfected mosquitoes. The decreased blood meal size
combined with increased refeeding potentially intensifies the number of contacts
between virus-carrying insects and vulnerable animal hosts, thus enhancing hori-
zontal transmission of LACV. The changes in blood feeding behaviour were accom-
panied by altered serotonin levels in the mosquito brain (Jackson et al. 2012). LACV
is not the only animal-infecting virus from the family Bunyaviridae that can change
vector feeding behaviour. Rift Valley fever virus-infected Culex pipiens mosquitoes
also showed decreased feeding (Turell et al. 1985).

Many other arboviruses have been reported to alter vector feeding behaviour.
Vesicular stomatitis virus (VSV, family Rhabdoviridae) infection significantly
reduced the number of female Culicoides sonorensis midges that took a blood meal
at 2 days post infection (d.p.i.), when the virus titer was at its highest (Bennett et al.
2008). Whether this behavioural change is beneficial for virus transmission has yet
to be determined. Aedes aegypti mosquitoes infected with Dengue 3 virus (family
Flaviviridae) required a significantly longer time to feed on a host to complete the
blood meal than uninfected mosquitoes, mainly due to extended periods of probing,
which is expected to enhance dengue virus transmission (Platt et al. 1997). In con-
trast, Putnam and Scott (1995) reported that Dengue 2 virus infection did not impair
the feeding efficiency of Ae. aegypti, although the absence of an effect might be due
to the infection method used (intrathoracic inoculation), the time of measurement,
or the mosquito and virus strains used (maintained in the laboratory for a long time).
Sindbis virus (SINV, family Togaviridae) infected Ae. aegypti females required
more time for blood engorgement than uninfected ones. Meanwhile, infected mos-
quitoes also spent more time on blood meal localization (Qualls et al. 2012). A
longer feeding period per meal potentially increases the virus transmission rate, but
it could also impose a greater risk of death of the vector if detected by the blood
donor, which may finally reduce virus transmission efficiency.

Besides feeding behaviour, arboviruses manipulate other behavioural traits of
their hosts, such as mating behaviour or locomotion/flight behaviour. Gabitzsch
et al. (2006) described that the percentage of females inseminated by males was
substantially higher for Ae. triseriatus females orally infected with LACV than for
uninfected females. Similar results were found for Ae. triseriatus females that had
been infected with LACV by transovarial (vertical) transmission (Reese et al. 2009).
Additionally, it was found that LACV-infected mosquitoes mated earlier in their life
than uninfected ones. More interestingly, the virus titer was not correlated with
increased insemination, but an earlier insemination of LACV-infected female mos-
quitoes might increase the number and percentage of virus progeny in the next mos-
quito generation, thus leading to enhanced virus transmission (Reese et al. 2009).
The higher mating efficiencies might be achieved via an effect of LACV on sex
pheromone expression in Ae. triseriatus (Reese et al. 2009).

Ae. aegypti mosquitoes infected with Dengue 2 virus showed up to a 50 %
increase in their locomotor activity compared with uninfected females (Lima-Camara
et al. 2011). Whether this increase in locomotor activity leads to higher virus trans-
mission needs further investigation. The authors speculate that modulation of the
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circadian clock is involved in inducing this alteration (Lima-Camara et al. 2011). In
other cases a reduction in flight activity was seen, which might be a pathological
consequence of the infection and is in fact less favourable for virus transmission.
Female Culex tarsalis mosquitoes, for instance, showed a reduced flight activity
when infected with Western equine encephalomyelitis virus (family Togaviridae)
and fewer spontaneous flights were recorded (Lee et al. 2000). The idea that this
virus has pathological consequences for the mosquito is reflected by a reduction in
longevity, which was shown to be dependent on the viral load.

10.12 Ecological and Evolutionary Aspects of Behavioural
Manipulation

How behavioural manipulation by viruses occurs and evolves is a central question,
not only for virologists, but also for evolutionary biologists. Many evolutionary
scenarios have been proposed that might underlie behavioural manipulation by par-
asites, including manipulation sensu stricto (selection of parasite genes that directly
affect host behaviour), exploitation of host compensatory responses (selection of
parasite genes on their pathological effects), mafia-like manipulation (selection of
parasite genes on host collaborative behaviour) and manipulation by parasites with
complex life cycles (selection of other parasite traits) (Lefevre et al. 2009; Cézilly
et al. 2010). However, experimental data supporting these theories are lacking and
hard to obtain.

Viruses within the same family can target and modify the same host behavioural
trait, e.g. locomotion or feeding behaviour, indicating that the ability to manipulate
that trait might be conserved among this viral family or part thereof. For example,
LACYV, RVF and TSWYV all belong to the family Bunyaviridae and all three can alter
the feeding behaviour of their vector, suggesting that altered vector feeding behav-
iour might be a conserved trait among bunyaviruses (Jackson et al. 2012; Turell
et al. 1985; Stafford et al. 2011). The baculoviruses BmNPV and AcMNPV both
induce hyperactivity (Kamita et al. 2005; van Houte et al. 2012) and several baculo-
viruses including LAIMNPV, AcMNPV, SeMNPV, MbNPV have been reported to
induce tree-top disease in their lepidopteran hosts (Hoover et al. 2011; Ros et al.
2015; van Houte et al. 2014b; Goulson 1997). These data demonstrate that the abil-
ity of inducing hyperactivity and tree-top disease in lepidopteran hosts is, at least to
some degree, conserved among baculoviruses.

Though the ability to modify the same behavioural trait might be conserved, dif-
ferent viruses may use different mechanisms to achieve this. For example, although
both BmNPV and AcMNPV can induce hyperactivity in their hosts, the exact role
of the encoded PTP protein might be different depending on the virus-host interac-
tion. In BmNPV-infected B. mori larvae, the phosphatase activity of the PTP protein
is not needed for the induction of hyperactivity (Katsuma et al. 2012). As deletion
of the BmNPV pip gene was shown to affect budded virus (BV) production in many
different tissues including the larval brain, it was hypothesized that BmNPV PTP
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may exert its behavioural function as a structural component of the virus particles
rather than as an enzyme. In contrast, in AcMNPV-infected S. exigua larvae the PTP
phosphatase activity is required for induction of hyperactivity, since mutating the
catalytic site of the encoded protein blocked induction of hyperactivity in S. exigua
larvae, providing strong evidence that a host or viral protein is targeted by the enzy-
matic activity of the viral PTP to cause this behavioural change (van Houte et al.
2012). Another example of varying mechanisms can be seen in baculovirus-induced
tree-top disease: both LAMNPYV and AcMNPV can induce tree-top disease in their
host; the egt gene from LAMNPYV is involved in this behavioural change, while the
egt gene from AcMNPV is not (Hoover et al. 2011; Ros et al. 2015).

Alternatively, unrelated viruses might use the same proximate mechanism to
induce a similar host behavioural change, representing a case of convergent evolu-
tion (Ponton et al. 2006; van Houte et al. 2013). For example, both LbFV and
HzNV-2 are present in the female host reproduction tract (of wasps and moths,
respectively) and enhanced their transmission via affecting the reproduction behav-
iour of their host (Burand 2009; Varaldi et al. 2012).

Behavioural changes following infection by viruses can be adaptive to the host
or to the parasite, or simply be pathological side effects of the infection (Thomas
et al. 2005; van Houte et al. 2013). However, in many examples it is hard to exactly
identify costs and benefits for both the parasite and the host. For the behavioural
changes to be adaptive to the parasites, two features are critical: strong manipulation
of the host and high prevalence within the host population (Lafferty and Kruis
2012). Some baculoviruses have a high prevalence within their host and a strong
ability to induce behaviour changes (tree-top disease and hyperactivity), at least in
laboratory settings. However, whether manipulation leads to enhanced viral trans-
mission in the field needs further support from experimental field data. Greater dis-
persal of infected larvae can be interpreted as spreading virus over larger areas, thus
increasing viral transmission, but can also be interpreted as removing infected indi-
viduals from uninfected conspecifics, which would be adaptive to the host. Death at
elevated positions combined with liquefaction of host cadavers may spread the virus
over larger areas and on lower foliage. However, liquefaction at elevated positions
can also decrease virus transmission, because baculoviruses will be inactivated
more quickly by increased exposure to UV light. Therefore, death at lower positions
might lead to a higher infection rate in the next generation (viral progeny are better
protected from UV light at lower positions), though the within-generation transmis-
sion might be reduced (due to limited spread of the virus) (Hamblin and Tanaka
2013). Downward movement was seen for OpbuNPV-infected O. brumata
(Raymond et al. 2005; see above), where occlusion bodies were better protected
from light on stems than on foliage.

An interesting question is to what extent laboratory studies can be used to study
ecological scenarios. Behaviour is a complex phenotype, which not only relies on
parameters of host and virus (such as genetic properties, physiological condition,
virus dose and virulence), but may also depend on many environmental factors such
as light, temperature, quality and availability of resources, and the presence of other
parasites (de Bekker et al. 2014). Therefore, the environmental context should be
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taken into account when studying behavioural manipulation. Taking the baculovi-
rus-induced behavioural changes as an example, it is known that behavioural
changes like hyperactivity and tree-top disease are observed in nature (Goulson
1997; Hofmann 1891), but little is known to what extent environmental factors play
a role in determining these phenotypes. However, it is known that the host plant
species can affect insect susceptibility to baculoviruses and therefore, indirectly can
affect insect host behaviour (Cory and Hoover 2006). To be able to study the genetic
basis of baculovirus-induced behavioural changes in the laboratory, many environ-
mental factors are usually standardized (see Fig. 10.2 for a schematic view of a
laboratory set-up used to measure hyperactivity and tree-top disease in lepidopteran
larvae infected with baculoviruses).

However, in nature, environmental conditions are constantly changing. An exam-
ple is seen for LbFV infecting L. boulardi wasps. The distribution of LbFV, able to
induce superparasitism in L. boulardi wasps is dependent on geographical location.
The virus is highly prevalent in central populations of the L. boulardi distribution
range, intermediately prevalent in marginal populations, and almost absent in newly
established populations of L. boulardi (Patot et al. 2010). Though LbFV has a strong
ability to induce superparasitism, few cases of superparasitism have been reported
in newly established populations. However, in the central L. boulardi populations,
superparasitism occurs more frequently, which might lead to high prevalence of the
virus. It is predicted that superparasitism can complement imperfect vertical trans-
mission of the virus (when the transmission rate is low) to maintain the virus at high
frequencies (Gandon et al. 2006). Varaldi et al. (2012) even hypothesized that the
superparasitism manipulation seen in the LbFV/L. boulardi system might be a com-
mon strategy among all parasitoid-associated viruses that infect the genital tract to
maintain the virus in the host population. Without a certain level of horizontal trans-
mission it is likely that the virus will die out eventually (assuming that vertical
transmission never reaches 100 %).

Host manipulation by parasites can affect the ecological characteristics of host
species by changing host population size, host mating system, the ecological com-
munity structures or food web structures. These effects can be substantial when the
infected host displays a completely new behaviour or occupies a new niche. For
example, the hairworm Gordionus chinensis induces water seeking behaviour in
crickets (Tachycines spp.). Since this manipulation can be highly prevalent, the
cricket cadavers can provide up to 60 % of the energetic needs for the Kirikuchi
charr (Salvelinus leucomaenis japonicas), a trout living in a local river in Japan
(Sato et al. 2011). Even so, lepidopteran larvae infected with a baculovirus climb to
the top parts of the canopy, which makes them visible for birds and other predators.
This potentially will spread the virus over long distances. Dispersal of viral occlu-
sion bodies by birds has been shown for Panolis flammea (Pf) MNPV-infected lar-
vae of the pine beauty moth (Entwistle et al. 1993). If increased visibility to predators
is a common phenomenon among baculovirus-infected caterpillar hosts, the behav-
ioural change of “tree-top disease” may lead to changes in the food web structure.

Many insect hosts and vectors are of great medical, agricultural and environmen-
tal importance. Though the study of virus-induced behavioural manipulation is still
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Fig. 10.2 Laboratory settings used to study the genetic basis of baculovirus-induced behavioural
changes in moth larvae (van Houte et al. 2014b; Ros et al. 2015; van Houte et al. 2012, 2014a).
Larvae that were either mock infected or infected with wild type or mutant baculoviruses were
used to study hyperactivity (a) or tree-top disease (b). (a) The system used for studying hyperactiv-
ity, consisting of a horizontal surface (arena) of 120x90 cm equipped with a digital video camera
positioned at 200 cm above the surface. The camera is flanked by two photography studio lights of
40 W each. The temperature in the arena was 24.5 °C+0.7. To measure larval activity, individual
larvae were placed in the arena and video-tracked for 10 min. The total distance moved within this
timeframe was calculated using EthoVision tracking software (Noldus Information Technology,
The Netherlands). (b) The system used for studying tree-top disease consisting of sterile glass jars
(120 mm tallx 71 mm wide) lined with mesh wire to facilitate climbing. A block of artificial diet
(approximately 3.5 cm®) was placed on the bottom of each jar, and jars were closed with a metal
lid containing small holes to allow ventilation. When light was applied only from above, jar walls
were protected from light using aluminium foil and jars were covered with a piece of transparent
plastic wrap containing three holes for ventilation. Jars were incubated at 27 °C with 50 % relative
humidity, and a 14 L: 10 D photoperiod. Vertical position of the larvae was monitored twice per
day, starting from 1 day post-infection until all larvae were dead or had pupated

in its infancy, this phenomenon has great potential in applied science, especially in
the areas of pest management and vector control. As described above, altered behav-
ioural traits, which can vary from slightly modified existing behavioural traits to
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completely new developed traits (van Houte et al. 2013), may have considerable
impact on the insect population and on ecosystem dynamics. Understanding how
viruses change insect behaviour may lead to broadly applicable strategies to
modulate insect behaviour, facilitating regulation of insect population sizes and lim-
iting virus transmission by vectors. This may be beneficial for agriculture, as well
as human and veterinary health.
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