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Discussion

Preadaptation, with habitat switching via functional shifts of characters, and
continuum theory, with the gradual acquisition of characters through increasing
invasiveness, both have been proposed as possible mechanisms for the evolution of
parasitism in rhabditid nematodes. If preadpatation for the host environment does occur
in saprobiotic habitats, no difference in the ability to survive host-like conditions in vitro
should occur between invasive and non-invasive juveniles and survivorship under these
conditions should be the best predictor of survivorship in a vertebrate host. In the present
investigation, non-invasive species were just as likely, or more likely, to survive the in
vitro conditions.

In vitro tests

The in vitro experiments were designed to evaluate whether saprobiotic rhabditids
could tolerate host-like conditions, and determine whether phoretic habit contributes to
survivorship in these host-like conditions. The three varying treatments (pH, temperature,
and oxygen concentration) all factored significantly into J; survivorship in vitro.
Optimum pH is vital for proper enzyme function and deviations of one pH unit or more
disrupt the biochemistry of organisms by slowing or halting critical metabolic pathways
(French et al., 2001). Overall nematode survivorship was greater at higher pH levels. In
low pH conditions, non-invasive species, such as C. tripartitum, were just as likely, or
more likely to survive, as the mid-invasive and invasive species (Table 1). These
observations demonstrate that non-invasive species, particularly C. tripartitum, possess

tolerance to a low pH, a trait vital for survival in a vertebrate gut.
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Temperature also affects a variety of physiological processes. High temperatures
denature proteins by disrupting the conformation of polypeptide chains. Enzymes have
slower reaction rates when temperatures are low due to low kinetic energy of substrate
molecules; however, denaturation at high temperatures decreases reaction rates in
enzyme-catalyzed reactions (French et al., 2001). If an ectotherm, like a nematode, is
subjected to temperatures above their critical thermal maximum, a breakdown in critical
physiological processes occurs (French et al., 2001).

Even though some species survived at all three temperatures for at least 144
hours, overall nematode survivorship was higher at 7 C and 20 C than at 30 C. Higher
survivorship at lower temperatures could be due to several factors. Trypsin and pepsin,
the proteolytic enzymes in the in vitro tests, might not be fully functional at 7 C.
Depressed development and metabolic rate of the J3’s in lower temperatures (Salih and
Grainger, 1981; Klekoski and Wasilewska, 1982) could slow depletion of internal food
stores, such as glycogen, of non-feeding J3’s. In addition, 7 C and 20 C might be closer to
the nematodes’ optimal physiological reaction rate because this temperature range is
similar to what a free-living ectotherm might experience. Survivorship patterns did not
correspond to phoretic associations. In lower temperatures of 7 C and 20 C, P.
oxyuroides, a non-invasive nematode, and R. maupasi, an invasive nematode, both had
high survivorship (Table 1). On the other hand, C. tripartitum, a non-invasive species
exhibited higher survivorship at 30 C than all other species (Table 1).

Hypoxia also is a characteristic of the host habitat and rhabditids that survive well
in hypoxia have the potential to survive passage through a vertebrate’s alimentary canal

(Osche, 1965). Oxygen concentrations can vary widely in saprobiotic habitats due to the
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amount of microbial action taking place, therefore, saprobiotic rhabditids should be able
to tolerate both normoxia and hypoxia (Osche, 1965). Hypoxia did have a significant
effect on overall survivorship rate with higher overall survivorship occurring in hypoxic
than in normoxic conditions. Protorhabditis oxyuroides had the highest survivorship and
C. tripartitum had the second highest survivorship under hypoxic conditions. Under
normoxic conditions overall survivorship was lower and R. maupasi had highest
survivorship. These results support the idea that invasiveness has no physiological
advantage in surviving this characteristic of the host habitat. Dauerlarvae are adept at
surviving oxygen deprivation (Anderson, 1978) and all species in the study had higher
survivorship in hypoxic conditions. Thus, hypoxic conditions might not be a meaningful
barrier for the transition to parasitism in the rhabditid nematodes.

According to J3 survivorship data, pH most strongly influenced survival, followed
by temperature. In addition, significant parallel interactions of pH and oxygen
concentration, temperature and pH, as well as temperature, pH, and oxygen concentration
were observed. However, no pattern of survival corresponding to phoretic associations
occurred under any test conditions. Low pH and high temperature cause a rapid and
dramatic decrease in the survivorship of most of the species examined and are the
conditions a J3-stage rhabditid would encounter immediately after ingestion, therefore, J3-
stage rhabditids that can survive these conditions should be more likely to survive in the
host environment.

In vivo tests
Based on the hypothesis that saprobiotic substrate preadapted rhabditids for

survival in a host environment, one would expect rhabditids that had high survivorship in
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extreme in vitro conditions that might be found in a vertebrate host (e.g., pH 2, 30 C) to
have high survivorship in vivo. Given that all frogs were housed at room temperature, and
the tolerance of all species to hypoxia, high in vitro survival under conditions of low pH
should be the best predictor of in vivo survivorship.

The present investigation tentatively supports the prediction that species with
greater survivorship at low pH levels in vitro, have greater in vivo survivorship than
species with relatively low survivorship at low pH. However, utilizing two different in
vivo feeding methods created two different results. Rhabditis maupasi had highest
survivorship when fed to frogs with a feeding needle (Fig. 2) while C. tripartitum had
highest survivorship when fed to frogs via a phoretic associate. Generally, these in vivo
results correspond with in vitro data comparing species survivorship in different pH
levels, with the two species with the greatest in vitro survivorship having the highest
survivorship under the two in vivo conditions. Invasiveness level does not seem to predict
free-living rhabditids’ experimental survivorship and preadaptation may be the
mechanism for this phenomenon.

Cruznema tripartitum had highest survivorship when fed via invertebrate phoresis
(Fig. 3). Utilizing two different feeding methods (feeding needle and invertebrate
association) creates two different in vivo test conditions. Amphibians require the presence
of food in their stomachs to stimulate proliferation of mucus, pepsinogen, and
hydrochloric acid (Reeder, 1964). Therefore, trials using a feeding needle would not be
expected to stimulate a gustatory response. Trials that employed invertebrate association,
however, would elicit acid secretion and enzymatic activity. Consequently, invertebrate

phoresis trials would be analogous to in vitro tests with low pH, whereas feeding needle
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trials would be more like pH 4 because they do not elicit a gustatory response. In
addition, amphibians would most likely ingest a rhabditid when it is attached to a
phoretic associate; therefore, invertebrate phoresis trials most accurately mimic potential
ingestion in nature.

Non-invasive species were just as likely to survive host-like conditions, in vitro
and in vivo, as the more invasive species. Thus, infectiousness does not appear to differ
among species. In fact, some non-invasive species actually had higher survivorship in
some key test conditions, such as low pH and high temperature. A non-invasive
nematode, P. oxyuriodes, had the highest overall survivorship in in v;'tro tests. Even
though C. tripartitum was not the best survivor over all levels of treatment, it survived in
low pH values and high temperatures, and C. triparitum survived passage through a frog
via invertebrate phoresis. These data indicate that a non-invasive free-living rhabditid
might be just as likely to infect a host as an invasive rhabditid, supporting Osche’s (1952,
1962, 1965) contention that preadaptation is sufficient to explain infectiousness.

One possible explanation for the observed differences in in vitro and in vivo
survival rates could be that high or low survivorship under the experimental conditions is
a phylogenetically conserved trait, and not a product of immediate selective pressures.
Examination of hypothesized relationships within Nematoda (Fitch 2000; Dolinski et
al.,1998; Baldwin et al., 1997; Blaxter, 2001) reveals no apparent phylogenetic pattern
that explains survival differences among the species examined.

Implications for the evolution of parasitism in Nematoda
Even though C. tripartitum, R. maupasi, and S. fastidiosa demonstrated differing

survivorship values in the varying in vitro conditions, both C. tripartitum and R. maupasi
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survived passage through the frogs’ digestive systems when fed via invertebrate phoresis
(Fig. 3). These data indicate that like transmission, infectiousness might not be related to
levels of invasiveness in phoretic associations. Infectiousness is vital because it is the
necessary first step toward parasitism (Read, 1972). Without infectiousness,
establishment and transmission cannot occur. Given that infectiousness requires tolerance
to the environment, akin to Osche’s (1962) platform, many species of the rhabditids
examined could meet the criteria for infectiousness. All of these species are associated
with invertebrates that could provide a “bridge” (Osche, 1962) between the saprobiotic
substrate and the host; therefore, all species could meet the criteria for transmission.
Invasiveness does not seem to affect infectiousness; however, it might influence
establishment, where invasive species might have an advantage. Cases involving
establishment of saprobiotic rhabditids in a vertebrate have been anecdotally reported
(Chandler, 1938). These findings suggest that infectiousness, rather than establishment
might be more of an issue in the gut because these free-living nematodes have been found
in humans; however, a nematode’s degree of invasiveness could provide it with
adaptations, such as immune evasion, vital for establishment. /n vivo data do not reflect
any establishment advantage for invasive species; however, only one species from each
phoretic group was tested. Establishment, which involves evasion of the host immune
response (Zelmer, 1998), is key for a switch to parasitism. Moreover, establishment
might be a phenomenon that develops from selective pressure exerted by the vertebrate
host, with no advantage to species occupying internal habitats in invertebrate hosts. In
this case, initial functional shifts in infectiousness would result in “secondary adaptation”

(Gould and Vrba, 1982) toward establishment, with transmission already accounted for
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by preadaptation. Therefore, preadaptive and adaptive phenomena would work in
conjunction to produce prerequisites toward parasitism. Thus, evaluation of potential
parasitic habits in the Rhabditida should focus on mechanisms of establishment and the

likelihood of such “secondary adaptations” occurring in this group.
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Table 1. Ranked survivorship of all juvenile nematode species in all experimental
combinations of pH, temperature, and oxygen levels in vitro. One represents the species
with highest survivorship in each condition while seven represents the species with

lowest survivorship. Tied ranks were averaged.




Ranked juvenile survivorship

pH Temperature O, Superficial attachment Attachment under elytra _Invasive
(©) C.tripartitum _ R.longicaudata P.oxyuroides D.coronatus D.lycostoma S.fastodiosa R.maupasi

2 10 Norm 1 5.5 3 59 5.5 55 2

2 20 Norm 1 5.5 2 5.5 5.5 55 3

2 30 Norm 1 6 2 6 6 4 3

2 10 Hypo 1 5 3 7 6 4 2

2 20 Hypo 2 7 1 6 5 4 3

2 30 Hypo 1 5.5 2 5.5 5.5 5.5 3

4 10 Norm 3 4 2 6 5 7 1

4 20 Norm 3 4 1 6 6 6 2

4 30 Norm 1 6 2 6 6 4 3

4 10 Hypo 3 6 2 5 7 4 1

4 20 Hypo 2 6 1 5 7 4 3

4 30 Hypo 1 6 2 6 6 4 3

6 10 Norm 3 5 1 7 6 4 2

6 20 Norm 2 6 1 7 5 4 3

6 30 Norm 1 6.5 2 6.5 4.5 4.5 3

6 10 Hypo 3 5 1 6.5 6.5 4 2

6 20 Hypo 2 5 1 6.5 6.5 -4 3

6 30 Hypo 1 6 2 6 6 3.9 3.5




Fig. 1. Overall in vitro survivorship of J; rhabditids as determined by the accelerated time
failure model under varying conditions of pH, temperature, and oxygen level.

Fig. 2. Survivorship of juvenile nematode species (C. tripartitum, R. maupasi, and S.
fastidiosa) representing each phoretic group when fed to R. pipiens via feeding needle
and analyzed via logistic regression. Rhabditis maupasi (invasive) differs significantly
(p<0.05) from C. tripartitum (non-invasive) and S. fastidiosa (mid-invasive), which did
not differ significantly (p>0.05) from each other.

Fig. 3. Juvenile nematode survival of selected species representing each phoretic group
when fed to R. pipiens by invertebrate phoresy on 7. molitor (C. tripartitum, S. fastidosa)
or in L. terrestris (Rhabditis maupasi) and analyzed via logistic regression. Cruznema
tripartitum (non-invasive) differs significantly (p<0.05) from R. maupasi (invasive) and

S. fastidiosa (mid-invasive), which did not differ significantly (p>0.05) from each other.
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