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Introduction

Life cycles of parasites have evolved into complex
se-quences of improbable events, with as many as 4 host
spe-cies being included in the life cycle of certain parasite
spe-cies (Bolek et al., 2010). Relative to their hosts,
parasites in their infective stages are rather small and have
limited mo-bility in the external environment. As a result,
one can make the argument that the most dangerous part of
any parasite’s life cycle is when the parasite is away from
its host. Conse-quentially, adaptive
evolutionary contingen-cies are both often invoked to
explain the complexity of par-asite life cycles and the
resulting transmission events (Poulin and Cribb, 2002).

scenarios and

In order for a particular parasite to infect and live in or
on an appropriate host, there must be suitable conditions en-
abling access to the host(s), including: 1) A dependable
means of transmission from one host to another, 2) the
ability of the parasite to establish itself within that host
after reaching it, and 3) specific conditions within that host
for the parasite to survive, grow, and reproduce. To
accomplish this, parasites have evolved various types of
life cycles which enable them to complete the necessary
steps (that is, colonize, survive, grow, and mature) among
a variety of different but often spe-cific host species. A
parasite life cycle is defined broadly as

including the ontogenetic stages of a specific parasite spe-
cies, and a set of events, such as growth and reproduction,
that must occur before the parasite can survive and reproduce.
In the case of parasites, the life cycle also includes all neces-
sary hosts and all transmission events that enable a specific
species of parasite to complete its life cycle.

Infection Site

Depending on the species, many parasites occupy a spe-
cific infection site and/or location in 1 or more of the hosts
infected during their life cycle. Parasites that inhabit the lu-
men of the intestines, lungs, or other hollow organs of their
hosts are said to be coelozoic, whereas parasites that live
within tissues of their hosts are referred to as histozoic. For
example, amphibians are commonly infected with 2 dis-
tinct genera of myxozoans, a group of parasitic cnidarians
(Jirkt et al., 2006; 2007; Hartigan et al., 2012). Cystodis-
cus serotinum produces infective spore stages in the gall-
bladder of amphibians; whereas Sphaerospora ohlmacheri
produces infective spores in the tubules of the kidneys of
frogs and toads. Both species are coelozoic because they
infect the lumen of the gallbladder or tubules of the kid-
neys. However, each species is considered site specific in
amphibians, such that C. serotinum can only develop in the
gallbladder and S. ohlmacheri can only develop in the tu-
bules of the kidneys (Figure 1). In contrast, many cercaria,
which are the larval stages of trematodes, are histozoic and
encyst within various tissues of their second intermediate
hosts. For example, tadpoles (larvae) of many amphibian
species serve as second intermediate hosts for various trem-
atode species (Rhoden and Bolek, 2015). The metacercar-
iae of some trematode species only encyst in specific tis-
sues and organs whereas metacercariae of other species are
infection site generalists and can be found in various tis-
sues and organs of tadpoles (Figure 2); thus, some species
of trematodes have metacercariae that are generalists and
some that are specialists. Studies indicate that cercariae of
echinostomes actively seek and enter tadpoles via the clo-
aca, then migrate to the kidneys where they encyst (Thie-
mann and Wassersug, 2000; Taylor et al., 2004). In con-
trast, species of Telorchis will penetrate any surface on the
body of a tadpole (Schell, 1962). Notably, tadpoles have a
greater chance of becoming infected with species of Telor-
chis by mechanically sucking in infective stages of flukes
from the water column, whereas cercariae of echinostoma-
tid flukes can only infect tadpoles when they enter through
the cloaca (Rhoden and Bolek, 2012).

To a parasite, a host represents multiple microenviron-
ments, and only certain environments meet the parasite’s very
specific needs. Clearly, not all hosts will be equal, and some
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Figure 1. Example of coelozoic parasites with restricted site specificity; showing detailed development of the next infective stage in the life

cycle. A-D) Developmental stages of Cystodiscus serotinum in the gallbladder of a green frog Rana clamitans. A) Gallbladder showing de-
veloping plasmodia stages. Scale bar = 100 pm. B) Histological section showing the distribution of plasmodia in the lumen (L) of the gall-
bladder and their intimate association (arrows) with the epithelial cells of the gallbladder (GE). Scale bar = 10 um. C) Removed plasmodia
from the gallbladder. Scale bar = 100 um. D) Infective spore stages within the plasmodia. Scale bar =7 pm. E-F) Developmental stages of
Sphaerospora ohlmacheri in the kidneys of a Blanchard’s cricket frog Acris blanchardi. E) Histological section of the kidney showing re-
nal tubule occluded by plasmodia of Sphaerospora ohlmacheri. Scale bar = 50 pm. F) Close up of renal tubule occluded with developing
spores of Sphaerospora ohlmacheri. Scale bar = 50 um. G-I) Detailed morphology of infective spores of Sphaerospora ohlmacheri. Note
the detailed surface structures on the spores and the everted extruded polar filaments (I) indicating the spore stages are infective to the next
host in the life cycle. Scale bars = 4 and 10 pm. Source: M. Bolek. License: CC BY-NC-SA 4.0.

parasites that infect different host species can behave differ-
ently. As a result, the site of infection for some parasites can
be influenced by their host species. For example, a recent
study on the frog tongue fluke Halipegus occidualis showed
that these flukes commonly infect 3 species of frogs (Stigge
and Bolek, 2016). Anurans (frogs) become infected with H.
occidualis when they ingest a dragonfly paratenic host that
contains encysted metacercariae. However, when green frogs

Lithobates clamitans and leopard frogs L. pipiens ingest an
infected dragonfly paratenic host, the worms migrate from
the stomach and attach to the lingual vein under the tongue,
where they mate and lay eggs. In contrast, when dragonfly
paratenic hosts are ingested by bullfrogs L. catesbeianus, the
worms never attach to the lingual veins under the tongue, but
instead reside in the frog’s stomach where they mate and lay
eggs. It is unclear why H. occidualis behaves so differently
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in bullfrogs than in green frogs and leopard frogs; nonethe-
less, the study clearly indicates that different species of host-
parasite combinations matter in understanding parasite life
cycles and host-parasite interactions.

Host Specificity

To begin, note that host specificity is covered briefly in the
introduction to this book. While there is some debate about
whether this is the proper framework to consider life cycles,
this contention will be left aside for now, since it is refer-
enced extensively in the literature as it has served as the ba-
sis for numerous robust studies in the concept of ecology of
parasites.

As observed with infection site, parasites can vary in their
host-range (also known as specificity) at 1 or more stages
in their life cycles. Although most species of parasites are
known to develop only in a restricted range of hosts, differ-
ent parasites exhibit varying degrees of host specificity. For
example, some species of cestodes, such as the pork tape-
worm Taenia solium (Cyclophyllidea: Taeniidae) are only
known to mature to egg producing adults in humans Homo
sapiens definitive hosts and are considered host-specific at
the definitive host level. In contrast, and at the other extreme,
species of Trichinella (class Nemata: family Trichinellidae)
can mature in almost any species of mammal. Another ex-
ample of a parasite with a wide host-range is the coccidian
protozoan Toxoplasma gondii. This parasite uses cats (order
Carnivora: family Felidae) as the definitive host (any cat spe-
cies will do) but it can use almost any vertebrate as the in-
termediate host.

These examples exhibit the variety of host-range shown
by parasites across 3 phyla of phylogenetically unrelated
parasites. A parasite that is specific for a single host spe-
cies is said to be oioxenous, a parasite that infects closely-
related hosts is considered stenoxenous, whereas a parasite
that infects unrelated hosts is considered euryxenous. Fi-
nally, some parasites exhibit stadium specificity where hosts
are only susceptible to infection by a particular parasite at a
specific developmental stage. Some protozoans such as greg-
arines (apicomplexans) that infect holometabolous insects
and some species of nematodes and acanthocephalans that
occur in amphibian definitive hosts, can only infect either the
larva or adult stage of their host (Nickol and Heard, 1973;
Clopton et al., 1992; Rhoden and Bolek, 2011; Childress et
al., 2017). For example, tadpole pinworms, Gyrinicola ba-
trachiensis are constrained to the large intestine of tadpole
stages of anurans (Adamson, 1981). One explanation for this
dramatic difference in host specificity between tadpoles and
frogs is differences in their diets and digestive tracts. In gen-
eral, pinworms feed on the bacteria found in the hindgut of

animals that consume plants as a significant portion of their
diet. As tadpoles metamorphose to the adult anuran stages,
their feeding and correlated digestive tract changes dramati-
cally from a predominantly herbivorous diet to a strictly car-
nivorous diet, and all G. batrachiensis are lost from their in-
testines (Adamson, 1981). As a result, separate and distinct
parasite niches corresponding to distinct life cycle stages of
free-living animals can affect parasite host range and mea-
sured specificity.

To understand the nature of host range, some parasitol-
ogists contend that experimental cross infections should be
conducted to determine whether host-parasite associations
may be established by true host-parasite incompatibility
(Janovy et al., 2007). However, potential host species may
simply not be infected with a particular parasite species be-
cause they never encounter the infective stage of the parasite
in nature due to various environmental factors. With most
systems involving parasites of vertebrates, logistical bur-
dens make studying cross infection very difficult, especially
when the species are not routinely reared in captivity. There
are a number of studies on protozoa, trematodes, nematodes,
and annelids testing host compatibility in insect, amphibian,
and reptile host-parasite systems (Bolek and Janovy, 2007a;
2007b; 2008; Janovy et al., 2007; Bolek et al., 2009; 2010;
Langford and Janovy, 2009; 2013; Childress et al., 2017; An-
drews et al., 2015; Stigge and Bolek, 2016). In general, what
these studies suggest is that host specificity has a strong eco-
logical component, such that many potential and competent
hosts never come in contact with the infective stages of a par-
ticular parasite species in nature, undoubtedly affecting host-
parasite patterns of associations. Additionally, these studies
indicate that it is difficult to predict the range of compatible
hosts a particular parasite can infect. For example, Langford
and Janovy (2013) tested the host specificity of 7 species of
lungworms which infect snakes and anuran definitive hosts.
Their field studies and experimental infections indicated that
both species of snake lungworms were generalist snake par-
asites, and in nature and the laboratory they could infect up
to 5 species of snakes. However, their laboratory experiments
also suggested that lizards can be infected under some envi-
ronmental conditions. In contrast, lungworms from anurans
were found not to infect salamanders or reptiles in nature or
in the laboratory. Additionally, amphibian lungworm species
ranged from being strictly host specific, infecting only 1 spe-
cies of frog or toad, to relative generalists, able to infect mul-
tiple species of distantly related frog and toad species. Over-
all, these studies indicate that for many parasite species, host
specificity or host-range in nature appears to be limited by
both ecological and physiological factors, which vary among
parasite species and their hosts.
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Figure 2. Example of histozoic parasites with variable site specificity in a bullfrog tadpole. A) Removed kidneys from a bullfrog tadpole
showing hundreds of echinostomatid metacercarial stages encysted on the lateral sides of each kidney (arrows). Scale bar = 0.25 mm. B) A
single echinostomatid metacercaria encysted in kidney tissue of bullfrog. Scale bar = 50 pm. C) Ventral body region of a bullfrog tadpole
with the musculature removed showing encysted metacercarial stages of Telorchis sp. (arrows). Scale bar =5 mm. D) Higher magnification
of the heart showing the distribution of encysted metacercariae of Telorchis sp. (arrows) on the heart. Scale bar = 0.5 mm. Source: M. Bo-
lek. License: CC BY-NC-SA 4.0.
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Parasite Development and Types of Parasite Life Cycles
Parasite development can be categorized as monoxenous
where the parasite lives and develops within a single host dur-
ing its life cycle, or heteroxenous where a parasite lives and
develops within more than 1 host during its life cycle. Ad-
ditionally, life cycles can be categorized as simple or direct
where a parasite only infects a single host in its life cycle, or
as complex or indirect life cycles, where a parasite uses 2
or more hosts in its life cycle. However, some parasites with
direct or indirect life cycles also go through complex repro-
ductive events within their hosts where they alternate sex-
ual and asexual generations in 1 or multiple hosts. As a re-
sult, distinct sets of terms are used to differentiate between
parasite reproductive events within their hosts and life cycle
complexity. For example, many coccidian species in the ge-
nus Eimeria have direct or simple life cycles and infect their
definitive vertebrate host when the host ingests the infective
oocyst stages. However, once inside the intestinal epithelial
cells of its host, the coccidian goes through a complex set of
multiple asexual multiplication events, followed by the pro-
duction of male and female gametes and eventually sexual re-
production (Figure 3). Parasites that have alternations of sex-
ual and asexual generations in their life cycle are commonly
referred to as heterogenetic parasites. In contrast to Eimeria,

all acanthocephalan species (phylum Acanthocephala) have
indirect or complex life cycles, including a definitive, inter-
mediate, and commonly an additional paratenic (transport)
host. However, except for sexual reproduction in the defin-
itive host, no other complex asexual multiplication or alter-
nations of generations occurs in the intermediate or paratenic
hosts in the life cycle (Figure 4). Parasites that have no alter-
nation of sexual and asexual generations in their life cycles,
are sometimes referred to as monogenetic parasites. As a
result of the enormous diversity of parasite species, different
combinations of direct or indirect and heterogenetic or mono-
genetic development can occur in different groups of para-
sites during their life cycles.

In addition to the examples above, there are other life cy-
cle variations, particularly in parasite species that must exit
their host into the external environment and develop into free-
living adults and/or to find mates and reproduce in the exter-
nal environment. For example, life cycles of some species
of flies which cause myiasis (a term for an infestation of tis-

sues, wounds, or body cavities of living animal by fly mag-
gots) fall into this category (Zumpt, 1965). Many species of
flies causing myiasis are obligate parasites and their mag-
gots must develop within their hosts to complete the life cy-
cle. For example, flies in the subgenus Bufolucilia commonly

Figure 3. An example of a direct, monoxenous, but heterogenetic life cycle of salamander Eimeria spp. A) A tiger salamander Ambystoma

tigrinum showing the routes of transmission of Eimeria species. Salamanders defecate infective stages (oocysts) into the external environ-

ment and become infected when they accidently ingest oocysts. B) Histological section of the small intestine of a tiger salamander showing
different developmental stages of Eimeria species (arrows) in the epithelial cells of the small intestine. Scale bar = 30 um. C) Higher mag-
nification of an epithelial cell showing asexual multiplication (thin arrow) and development of microgametes (sperm; middle arrow) and
macrogametes (ova; thick arrow). Scale bar = 10 um. D-E) Epithelial cells showing developing oocysts (zygotes) after fertilization. Scale
bar = 10 pm. F-G) Fully developed and infective oocysts recovered from the feces of Eimeria urodela and E. ambystomae. Scale bar = 10

um. Source: M. Bolek. License: CC BY-NC-SA 4.0.
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Figure 4. An example of an indirect, heteroxenous, but monogenetic life cycle of the turtle acanthocephalan Neoechinorhynchus emydis. A)

Turtle definitive hosts release eggs into the external environment where they are ingested by ostracod intermediate hosts. Once the parasite

develops to the next infective stages, the infected ostracod can be ingested by a snail paratenic host where no development of the parasite

occurs or a turtle definitive host where sexual reproduction occurs. Additionally, turtles can become infected when they ingest snail paratenic

hosts. B) The small intestine of a turtle showing hundreds of adult acanthocephalan parasites attached to the intestine. Scale bar = 30 mm.

C) Higher magnification of a single adult female worm attached to the intestine mucosa. Scale bar =2 mm. D) Eggs of an acanthocepha-

lan. Scale bar = 20 pm. E) Developing larval stage recovered from the body cavity of an ostracod intermediate host. Scale bar = 0.1 mm.

F) Encysted juvenile acanthocephalan in a snail paratenic host. Scale bar = 0.3 mm. G) Infected juvenile acanthocephalan removed from a

snail paratenic host. Scale bar = 0.3 mm. Note the dramatic morphological changes among the different stages in the life cycle. Source: M.

Bolek. License: CC BY-NC-SA 4.0.

infect amphibian hosts throughout Europe and North Amer-
ica (Bolek and Coggins, 2002; Bolek and Janovy, 2004; Tan-
tawi and Whitworth, 2014; Arias-Robledo et al., 2019). Fe-
male flies locate amphibian hosts visually and deposit eggs
on the back and flanks of their unsuspecting frog or toad vic-
tims (Figure 5). The larvae hatch, migrate through the skin,
and eventually disappear into the frog’s tissues. Within 2 to
3 days of infection, an open wound appears and displays the
posterior spiracles of the maggots, which allows the maggots
to breathe (Figure 5). Within these wounds, maggots develop
to mature third instar larvae within 5 to 7 days of hatching,
migrate out of the amphibian host, burrow into the soil, turn
into pupae, metamorphose into adult flies, mate, and start the
process all over again.

Other variations on parasite life cycles include the alter-
nation of free-living and parasitic generations known as het-
erogonic reproduction. For example, lung nematodes in the
genus Rhabdias alternate between parasitic and free-living
generations. Parasitic individuals within the lungs of their
amphibian hosts are protandrous hermaphrodites, a term
for individuals that are functional males before becoming fe-
males. The spermatozoa are used to fertilize the eggs, and the

eggs are then transported from the host’s lungs into the gas-
trointestinal tract, and defecated into the soil (Runey et al.,
1978). The released eggs hatch and begin a free-living gen-
eration resulting in adult free-living males and females which
undergo sexual reproduction in the external environment
(Langford and Janovy, 2009). Next, the free-living female
nematode’s progeny hatch within her body, where they feed
on her internal organs, killing their mother in the process, and
exiting her body as infective stages, a process known as ma-
tricidal endotoky. Finally, the infective juveniles enter the
anuran host body cavity orally and/or via skin penetration
and eventually migrate to the lungs to begin egg production
to continue the life cycle (Baker, 1979).

The Role of Parasite Life Cycles in Transmission
Arguably, some of the most complex parasite life cycles
belong to the digenetic trematodes, also known as flukes.
During their life cycle, trematodes undergo sexual reproduc-
tion in the definitive host, followed by asexual reproduction
in the first intermediate host in a process known as polyem-
bryony, the formation of more than 1 embryo from a single
fertilized ovum. Hundreds to thousands of free-living stages
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Figure 5. An example of a direct life cycle parasite where the parasites must exit the host and develop into a free-living adult and reproduce.
A) Eggs of Bufolucilia silvarum glued to the back of an American toad Bufo americanus. Scale bar = 80 mm. B) Opened wound on the left
lateral side of a northern leopard frog Rana pipiens. Note visible third instar maggots of Bufolucila silvarum in the wound. Scale bar =25

mm. C) Third instar maggots of Bufolucila silvarum congregating and feeding as a group in an infected wood frog Rana sylvatica. Scale bar

=1 mm. D) Third instar maggots of Bufolucila elongata in a single wound on the right ventral side of a wood frog Rana sylvatica. Scale bar

=50 mm. E) Third instar maggots of Bufolucila silvarum searching for a place to pupate after leaving the host. Scale bar = 25 mm. F) Fully

formed pupae of Bufolucila silvarum. Scale bar = 25 mm. G) An adult male green toad fly Bufolucila silvarum. Scale bar = 3 mm. Source:

M. Bolek. License: CC BY-NC-SA 4.0.

are then released from the first intermediate host, some of
which infect a second intermediate host, which is then in-
gested by the definitive host (Figure 6).

A typical digenetic trematode life cycle offers a good
example of the complexity of the transmission challenges
faced by parasites during their life cycles (Lafferty and Kuris,
2002). First, eggs released into the external environment by
adult worms in the definitive host hatch into a short-lived mi-
racidium stage, which then must find a suitable first interme-
diate host, usually a snail. Second, and after asexual repro-
duction within the snail first intermediate host, the free-living
but short lived cercariae emerge from the snail and must lo-
cate a suitable second intermediate host where they encyst as
metacercariae stages. Third, the metacercaria stage must be
ingested along with the second intermediate host by an ap-
propriate definitive host for the life cycle to be completed.

It is hypothesized that parasites with complex life cycles
have evolved by either adding or subtracting hosts based
on trophic interactions of potential hosts (Poulin and Cribb,
2002). In trophically transmitted parasites with more than 1
host, or in parasites that are transmitted by vectors that take
a blood meal from a vertebrate host, there are 2 hypotheses
that support the addition of a host. One hypothesis proposes
that the original host was preyed upon by other potential
hosts higher up in the trophic food chain, and all other hosts
have been added over time to the parasite life cycle (Smith-
Trail, 1980; Poulin, 2007; Parker et al., 2003). Another hy-
pothesis suggests the opposite. In this case, the original host
was a top predator in the food web, and all other hosts with
lower positions in the food web than the original host have
been added secondarily to the parasite life cycle (Smith-Trail,
1980; Gibson and Bray, 1994; Lafferty, 1999; Parker et al.,
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Second Intermediate Hosts

A: Adult*

B: Egg with miracidium
C: Miracidium T
D: Sporocyst/Redia*
E: Cercaria

F: Metacercaria®
*Parasitic stage

Definitive Hosts

—> Stage transition
|:> Stage transition
with amplification

Obligate 15t Intermediate Host

Figure 6. A representative diagram of a typical complex life cycle of a digenetic trematode. Note that most digenetic trematodes are host

specific at the snail first intermediate host in the life cycle and much less host specific at the second intermediate and definitive host level.

Also note the trematode developmental stages in the life cycle (A—F); including adult worms (A) producing eggs (B) through sexual repro-

duction in the definitive host (C), asexual reproduction (D) and production of free living cercariae (E) in the obligate snail first intermedi-

ate host. Source: M. Bolek. License: CC BY-NC-SA 4.0.

2003). Finally, hosts can also be lost if the life cycle no longer
requires a particular host for completion (Poulin and Cribb,
2002; Parker et al., 2003).

A number of studies on parasite life cycles indicate that
some species of parasites can survive in the alimentary ca-
nal of the predators of their definitive hosts. For example,
post-cyclic transmission has been reported in a number of
acanthocephalan and nematode species (Bolek, 1997; Nickol,
2003). In these cases, when a predator ingests a definitive
host, instead of dying or being lost, the parasites simply re-
attach themselves to the intestine of the predator and resume
growth or reproduction. Importantly, the predator may be
the same as or a different species than the original definitive
host of the parasite. Additionally, the direct life cycle of aspi-
dobothrean trematodes, which parasitize molluscs, commonly
promotes their survival and they reproduce in the intestines
of turtles and fish that in turn consume infected clams as part
of their diet. The aspidobothrean trematodes are considered
a basal sister group to the digenetic trematodes which also
infect molluscs as first intermediate hosts, but have complex
life cycles (Zamparo and Brooks, 2003). As a result, one can
imagine the evolution of complex life cycles by the addition
of hosts to a direct life cycle.

However, understanding the specific steps of how and why
these life cycles have evolved is difficult to decipher due to
the lack of a fossil record for most parasites, complex host-
parasite associations, and the lack of empirical data on host
use for most parasite species in nature (Stigge and Bolek,
2015). For example, it is currently unclear if these processes
occur gradually or require less evolutionary time (Stigge and
Bolek, 2015). As a result of these difficulties, understanding
how life cycles operate in nature and what hosts are used by
those parasites can provide empirical data for future hypoth-
eses testing on parasite life cycle evolution.

Parasite Adaptations, and Life Cycle Variation and
Plasticity

Reproduction is certainly the most important task that
individuals of any species of parasite must accomplish dur-
ing their lifespan within a definitive host. However, in order
for any parasite to reproduce within its host, it must be able
to infect that host. In combination, these 2 principles (infec-
tion and reproduction) dictate that parasite life cycles have
been selected for their ability to increase the probability that
individual propagules will infect their hosts and achieve re-
productive output (consisting of more propagules).
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Understanding parasite life cycles is fundamental for many
types of parasitological inquiries because life cycles inform
understanding of life history strategies, host-parasite inter-
actions, community and population ecology, life cycle evo-
lution, and the epidemiology of diseases. Yet, the propensity
for biologists to portray life cycles as a fixed, invariable unit
is a monumental error, as actual real-world life cycles are not
captured fully in so-called iron wheel diagrams such as those
depicted in textbooks or health agency websites (Bolek et al.,
2016). Indeed, understanding life cycle plasticity and vari-
ability is crucial to understanding how parasites evolve and
function in hosts and the external environment. Despite the
importance of this area of investigation, few biologists focus
on life cycles of parasites as the center of their research. Fur-
thermore, most parasitologists who have studied life cycles
only do so until the life cycle could be completed. Once elu-
cidated, most investigators do not continue to search for alter-
native hosts to complete the life cycle in nature. It is therefore
unsurprising that published life cycles tend to be accepted as
absolute truth and their validity is rarely questioned (Krull,
1952; Bolek and Janovy, 2008; Bolek et al., 2009; 2010).

Two examples are given in the following that provide re-
alistic snapshots of how some parasites live in nature, while
also highlighting specific life cycle adaptations that may in-
crease both transmission probabilities and reproduction. In
addition, these examples demonstrate how unrealistic para-
digmatic life cycle diagrams are in deciphering transmission
strategies of parasites in nature (Bolek et al., 2016).

The first example considers the life cycles of 2 closely
related but host specific species of polystomatid flatworms
(phylum Platyhelminthes: family Polystomatidae): Polystoma
nearcticum and Pseudodiplorchis americanus (see Tinsley,
1990). Polystoma nearcticum infects the urinary bladders of
2 closely related treefrogs, Hyla chrysoscelis and H. versi-
color, which reside in forests and grassland habitats through-
out the eastern United States (Tinsley, 1990; Bolek and Cog-
gins, 1998; Du Preez et al., 2007; Muzzall and Kuczynski,
2017). Interestingly, the life cycle of Po. nearcticum is syn-
chronized with the reproductive biology of its treefrog defin-
itive hosts (Figure 7). During the spring, when treefrogs en-
ter permanent ponds to breed, adult forms of Po. nearcticum
that live in the frog’s urinary bladder begin laying unembry-
onated eggs concurrently with the oviposition activities of
their treefrog definitive hosts. The eggs of Po. nearcticum are
released into the pond in the frog’s urine, and over a period
of 10 days the eggs develop and hatch into short-lived mo-
tile larvae. Once hatched, the larvae of Po. nearcticum must
find and infect their tadpole hosts within 20 hours of hatch-
ing. Interestingly, because tadpoles do not possess a urinary
bladder, larvae of the worms enter the gill chamber of their

tadpole hosts, where they mature in weeks and begin releas-
ing eggs into the pond. The second generation of eggs pro-
duced by the branchial (gill) generation of Po. nearcticum de-
velop and hatch coinciding with the metamorphoses of their
tadpole hosts. When tadpoles transform into froglets they de-
velop a urinary bladder and the larvae from the second gen-
eration of eggs of Po. nearcticum enter the froglet’s cloaca
and migrate into the urinary bladder (Figure 7). Once inside
the urinary bladder of their treefrog definitive hosts, Po. ne-
arcticum reaches sexual maturity and begins producing eggs
when its treefrog hosts return to their breeding ponds the fol-
lowing spring.

In contrast to Polystoma nearcticum, Pseudodiplorchis
americanus infects the urinary bladder of Couch’s spadefoot
toads, Scaphiopus couchii, an amphibian species that lives in
deserts and arid habitats throughout the southwestern United
States (Tinsley, 1990). Unlike the treefrog hosts of Po. ne-
arcticum, Couch’s spadefoot toads only enter temporary des-
ert pools to mate and deposit eggs for approximately 21 hours
per year (Tinsley, 1990). Since spadefoot toad tadpoles must
complete metamorphosis in rapidly drying desert pools, they
have one of the shortest developmental periods of any anuran
species ranging from 7 to 20 days (Dodd, 2013). However,
even with rapid metamorphosis, spadefoot toad tadpole mor-
tality is often quite high in these desert pools, making tad-
poles unreliable hosts for Ps. americanus. As a result, the
transmission of Ps. americanus is confined to 1 to 3 nights
each summer when the desert-adapted toads spawn.

To overcome this temporal problem, selection has favored
a dramatic modification in the life cycle of Pseudodiplor-
chis americanus. Instead of producing eggs that must develop
for weeks in the external environment and infect tadpoles,
the larvae of Ps. americanus complete their development in-
side the uterus of worms in the urinary bladder of spadefoot
toads. Once spadefoot toads enter desert pools to spawn, the
larvae hatch within seconds of being released with the toad’s
urine into freshwater (Figure 7). When the larvae encounter
a spadefoot toad in the water, they crawl up the chest of the
amphibian and invade the nostrils. The larvae then migrate
via the buccal cavity into the lungs where development oc-
curs. Within a few weeks, the juvenile worms then migrate
from the lungs by the intestine and cloaca into the urinary
bladder. In the bladder, juvenile worms mature and then mate,
accumulating new larvae in their uteri that will infect spade-
foot toads the following year. Remarkably, the larvae of Ps.
americanus appear to have specific adaptations for infecting
adult spadefoot toads. For example, they are 2 to 4 times the
size of larvae of any other species of polystomatid flatworms.
Additionally, these giant larvae can swim for twice as long
as larvae of Polystoma nearcticum, allowing them 2 days to
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Figure 7. Example of life cycle variation for 2 closely related and host specific polystomatid trematodes. A) Transmission strategies of Poly-
stoma nearcticum in the eastern gray treefrog Hyla versicolor. Note the egg being released by the urinary bladder generation of worms when
their treefrog hosts enter ponds to breed followed by eggs being released from the branchial generation of worms on the gills of tadpoles.
In all cases the eggs must develop in the external environment and the larval stage must find and infect metamorphosing froglets by enter-
ing their cloaca. B) Transmission strategy of Pseudodiplorchis americanus in Couch’s spadefoot toad, Scaphiopus couchii. Larval stages
are released directly from the bladder of spadefoot toads when they enter breeding pools. C) Adult Po. nearcticum recovered from the uri-
nary bladder of a Cope’s gray treefrog H. chrysoscelis. Scale bar = 0.5 mm. D) Adult Ps. americanus recovered from the urinary bladder of
a Couch’s spadefoot toad S. couchii. Scale bar = 0.5 mm. E) Higher magnification of Ps. americanus showing fully developed larvae in the
uterus. Scale bar = 500 um. F-H) Egg and hatched larvae of Ps. americanus. Note the 4 eyespots in (F) and (G) and the ciliated cells con-

taining hundreds of cilia used for swimming in (H). Scale bar = 100 um. Source: M. Bolek. License: CC BY-NC-SA 4.0.

encounter a spadefoot toad in water. Finally, the larvae of Ps.
americanus can survive drying for up to an hour, which is
likely an adaptation that allows the larvae of Ps. americanus
to leave the water and crawl up the chest of their spadefoot
hosts and enter the nasal passages (Tinsley and Earle, 1983).

The second example demonstrates how a generalist par-
asite, the tadpole pinworm, Gyrinicola batrachiensis, has a
modified life cycle that appears to increase its reproductive
success in different species of hosts. Gyrinicola batrachiensis
infects the large intestine of tadpoles and has been reported
from 18 species of frogs and toads (Pierce et al., 2018). Adult
anurans are resistant to infections and (as noted above) tad-
poles lose their pinworm infections when they metamorphose

into adults, which in turn gives G. batrachiensis limited time
for reproduction in its tadpole hosts. To make matters more
complex, not all tadpole hosts are equal in terms of pin-
worm development and reproduction. For example, tadpoles
of some anuran species metamorphose in just a few weeks
(short developmental period) giving limited time for pin-
worm reproduction, while tadpoles of other anuran species
take months to years (long developmental period) to meta-
morphose, giving pinworms more time for reproduction.
However, pinworms cannot choose what species of tadpoles
they will infect because all tadpoles become infected with G.
batrachiensis when they accidentally ingest a pinworm egg
on the pond bottom.
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Investigation has shown that Gyrinicola batrachiensis ex-
hibits 2 different but related lifestyles that appear to solve
the problem for both short- and long-lived larval anurans. To
overcome these constraints, G. batrachiensis has evolved 2
different reproductive strategies. The first strategy involves
asexual reproduction, by parthenogenesis, when unmated
female pinworms produce thick-shelled environmentally re-
sistant eggs that are passed in tadpole feces to infect other
tadpoles in the pond. The second strategy involves sexual re-
production by female and male pinworms, which results in
female G. batrachiensis that produce 2 types of eggs: thick-
shelled and thin-shelled. The thick-shelled eggs are released
into the external environment to infect other tadpoles, which
are similar to eggs produced by parthenogenic females. In
contrast, thin-shelled eggs never leave the tadpole’s intes-
tine and they are autoinfective, hatching quickly in the tad-
pole’s gut thus rapidly increasing the number of pinworms
in a single tadpole.

Production of thin-shelled autoinfective eggs varies ac-
cording to the amphibian species and its tadpole develop-
mental time (Figure 8). In tadpoles with short developmen-
tal periods that provide limited opportunities for pinworm
recruitment and reproduction, pinworms can reproduce

Tadpoles: Long-development

parthenogenetically (Adamson, 1981). Parthenogenetic pin-
worms are monodelphic and produce thick-shelled environ-
mentally-resistant eggs. While parthenogenetic pinworms do
not benefit from sexual recombination, reproduction via par-
thenogenesis increases the probability that the nematode off-
spring will infect another tadpole before their current host
metamorphoses. Alternatively, in tadpoles with long develop-
mental periods that allow Gyrinicola batrachiensis more time
for development and reproduction, nematodes reproduce sex-
ually (Adamson, 1981; Rhoden and Bolek, 2011; Childress
et al., 2017; Pierce et al., 2018).

Female nematodes in tadpoles with long developmental
periods are didelphic, producing thick-shelled environmen-
tally resistant eggs in 1 uterine branch and thin-shelled au-
toinfective eggs in the second branch of the uterus. As a re-
sult of the autoinfective reproductive strategy, pinworms in
long-developing tadpoles increase their numbers quickly and
in the long run, a female worm can produce numerous repro-
ductively active progeny inside a single tadpole host. So, al-
though Gyrinicola batrachiensis might not always end up in
their ideal host, that is, a long developing tadpole, they al-
ways try to make the most of their lot in life!

Tadpoles: Short-development

'/
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Figure 8. Example of plasticity in a direct life cycle of a generalist parasite Gyrinicola batrachiensis. A) A male (&) in the process of mat-

ing with a female G. batrachiensis (7). Scale bar = 0.5 mm. B) Dioecious reproductive strategy of G. batrachiensis in tadpoles with long

developmental periods. Female worms are didelphic and produce thick-shelled and thin-shelled autoinfective eggs. As a result, tadpoles

with long developmental periods have high intensities of G. batrachiensis. C) Parthenogenetic reproductive strategy of G. batrachiensis

in tadpoles with short developmental periods. Female worms are monodelphic and only produce thick-shelled eggs. As a result, tadpoles

with short developmental periods usually have much lower intensities of G. batrachiensis. Source: M. Bolek. License: CC BY-NC-SA 4.0.
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