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Abstract

The related nematodes Pristionchus pacificus and Caenorhabditis elegans both eat bacteria for
nutrition and are therefore competitors when they exploit the same bacterial resource. In addition
to competing with each other, 2 pacificus is a predator of C. elegans larval prey. These two
relationships together form intraguild predation, which is the killing and sometimes eating of
potential competitors. In Killing C. elegans, the intraguild predator £ pacificus may achieve dual
benefits of immediate nutrition and reduced competition for bacteria. Recent studies of 2 pacificus
have characterized many aspects of its predatory biting behaviour as well as underlying molecular
and genetic mechanisms. However, little has been explored regarding the potentially competitive
aspect of P, pacificus biting C. elegans. Moreover, aggression may also be implicated if 2
pacificus intentionally bites C. elegans with the goal of reducing competition for bacteria. The aim
of this review is to broadly outline how aggression, predation, and intraguild predation relate to
each other, as well as how these concepts may be applied to future studies of 2. pacificusin its
interactions with C. elegans.

Keywords
intraguild predation; aggression; competition; nematode

Introduction

The nematode Pristionchus pacificus was first introduced by Sommer et al. (1996) to serve
as a counterpoint species to Caenorhabditis elegansin comparative studies (Sommer, 2015).
Since then, numerous studies have characterized the similarities, differences, and
interactions between P, pacificus and C. elegans. R, pacificus and C. elegans are separated by
an order of 100 million years of evolution (Dieterich et al., 2008), and share a remarkable
level of similarity. On a gross morphological level, 2 pacificusand C. elegans are both
vermiform in shape and roughly the same size, approximately 1 mm long as young adults
(Fig. 1). P, pacificus, like most nematodes, are also conveniently eutelic and have a fixed
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number of developmentally determined somatic cells (Hong & Sommer, 2006b; Sommer,
2015). While number, neuroanatomical positions, and processes of homologous neurons are
highly conserved between the two nematodes, subtle changes in neuroanatomical features of
amphid neurons (Hong et al., 2019; Srinivasan, 2008; Sommer, 2015) and massive wiring of
the pharyngeal motor system have been reported (Bumbarger et al., 2013). Despite having
similar life cycle length, early P, pacificus development differs from that of C. efegans in that
P, pacificus eggs hatch at the J2 stage, one full larval stage later than the corresponding C.
elegans L1 stage (von Lieven, 2005). Although dauer formation in both nematode species
share conserved endocrine signalling (Ogawa et al., 2009), exit from dauer in 2 pacificus
strongly biases development of a non-predatory mouthform (Bento & Sommer, 2010).

The most striking difference between £ pacificusand C. elegans relates to how they feed.
While both species eat bacteria, P pacificus, but not C. elegans, can also kill and consume
non-self nematode larvae with the use of teeth-like denticles (Fig. 1). P, pacificus, as do most
Diplogastrids, possesses a dorsal tooth and lacks the pharyngeal grinder (Fig. 1) that C.
elegans uses to grind bacteria (von Lieven & Sudhaus, 2000). This dramatic restructuring of
the buccal cavity is accompanied by drastic rewiring of the P. pacificus pharyngeal motor
system relative to that of C. elegans (Bumbarger et al., 2013). £ pacificus exhibits a
developmental dimorphism in which a proportion of individuals known as stenostomatous
develop only a dorsal tooth, while eurystomatous individuals develop a larger dorsal tooth
and an additional ventral tooth (Fig. 1). The relative proportions of eurystomatous and
stenostomatous individuals in a population are affected by starvation, crowding, and the
sulfatase EUD-1, all of which promote the eurystomatous mouth form (Bento & Sommer,
2010; Namdeo et al., 2018; Ragsdale et al., 2013). The eurystomatous mouth form is
adaptive for predating on nematode larvae, while the stenostomatous mouth form is
ineffective for killing prey and is restricted to bacteriovory and prey scavenging (Serobyan,
2014; Wilecki et al., 2015). The remainder of this review will only discuss eurystomatous
individuals, since they are able to inflict harm on other nematodes and therefore have the
potential to be aggressive.

Some indirect evidence exists to suggest that £, pacificus and C. elegans may compete with
each other. Both nematodes have overlapping bacterial diets in the wild (Akduman et al.,
2018; Samuel et al., 2016) and have been found to co-occur in nature on bacteria-rich rotting
plant material (Félix et al., 2018). In exploiting the same bacterial resources, P. pacificus and
C. elegans likely compete with each other in an indirect manner. Direct competition may
also occur if 2 pacificusinterferes with C. elegans access to bacteria. A pacificus may
achieve this by using its teeth, which are the only implements of direct physical harm that 2
pacificus possesses. However, £ pacificus teeth have traditionally been attributed to
predatory function, so further research must be done before a competitive function can be
ascribed to biting.

The killing and sometimes feeding on an interspecific potential competitor is called
intraguild predation (Polis, 1989). When A, pacificus kills and feeds on C. elegans, it can
simultaneously achieve both a prey meal and decreased competition for bacterial resources.
However, it is unclear whether this competitive benefit is intentional or just a side effect of
predation, and the motivation of an intraguild predator is notoriously difficult to dissect. An
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animal’s goal is obscured when a single behaviour produces multiple simultaneous benefits.
Motivation further eludes simple inference when the eliciting stimuli and behavioural
expression of killing appear similar regardless of whether killing is motivated by hunger,
competition for a shared resource, or a combination of both. If £ pacificus is motivated by
the goal of killing and eating prey, then killing of C. elegans is predation. On the other hand,
if P, pacificus is motivated by the goal of reducing competition for bacteria, then killing of
C. elegans is interspecific aggression. Although both involve intentional harm of others,
aggression has been traditionally distinguished from predation in their respective
competitive and nutritional goals for harm (Archer, 1988; Nelson, 2005).

While many studies have explored the ecological ramifications of intraguild predation on a
community level, little is known about the motivation that drives attack behaviour on the
individual intraguild predator level. Intraguild predation is widespread throughout the animal
kingdom and is a key trophic module in many food webs (Arim & Marquet, 2004). After
introducing intraguild predation as a concept (Polis & Holt, 1992), Holt & Polis (1997)
articulated a theoretical framework of intraguild predation that predicted immense impacts
on biodiversity and community structure. Since then, most studies of intraguild predation
have focused on validating or invalidating those predictions by measuring population
patterns and dynamics. Field studies are well-suited for these macroecological investigations
of intraguild predation: with access to the full complexity of an open ecosystem, field
studies of intraguild predation have unsurpassable ecological validity. However, open
ecosystems preclude fine control and manipulation of environmental elements that may
instigate and influence the predator to attack. This makes it is difficult to control the
experiences of any single animal. A deeper understanding of the individual intraguild
predator’s internal state will enrich understanding of observed behaviour in the field as well
as provide more accurate predictions of the ecological effects of intraguild predation. For
example, prey avoidance of intraguild predators has been shown to be a critical constraint on
species coexistence (Sommers & Chesson, 2019; Pringle et al., 2019). However, little is
known about how the intraguild predator’s motivation influences its proclivity to attack
intraguild prey, which in turn may influence level of prey avoidance.

We suggest that the laboratory study of a simple tripartite community module consisting of
P, pacificus, C. elegans, and bacteria is ideal for elucidating the context-dependent
motivations underlying intraguild predation. In contrast to vertebrate, the use of invertebrate
prey circumvents ethical qualms of purposefully subjecting vertebrates to being painfully
killed and eaten as prey. Additionally, P, pacificus and C. elegans have large brood sizes and
short life cycles of only 3—-4 days in optimal conditions (Byerly et al., 1976; Félix et al.,
1999), allowing for fast quantification of fitness consequences. Both nematodes are
cultivated in the laboratory using the same standard bacterial strain £. co/if OP50 (Brenner,
1974; Sommer et al., 1996), although other bacterial strains can be fed to explore effects on
diet and competition. Perhaps the most powerful advantage of studying the proposed
tripartite system is the relative ease of applying genetic tools to 2 pacificus, bacteria, and
especially C. elegans. All three organisms conveniently produce genetically identical
progeny: C. elegansand P, pacificus are self-fertilizing species (Brenner, 1974; Sommer et
al., 1996), while bacteria reproduce asexually. Genetic modification methods such as RNAI,
DNA-mediated transformation, and genome editing have been established for £ pacificus
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(Schlager et al., 2009; Cinkornpumin et al., 2011; Witte et al., 2015) and C. elegans
(Dickinson & Goldstein, 2016; Nance & Frgkjeer-Jensen, 2019). The genomes of the
laboratory E£. coli OP50 strain (May et al., 2009) as well as wild microbiomes from £,
pacificus (Rae et al., 2008; Koneru et al., 2016; Akduman et al., 2018) and C. elegans
(Dirksen et al., 2016; Samuel et al., 2016; Schulenburg & Félix, 2017) will allow for
correlation of bacterial genetic components with resource-dependent perturbations of
nematode behaviour. Furthermore, bacterial transformation methods (Sheth et al., 2016) can
be used to engineer bacteria in order to causally identify which bacterial signals trigger
nematode competitive responses.

This review is unconventional in that it is intended to provide a broad conceptual foundation
for catalysing future laboratory experiments of nematode intraguild predation, which are
currently non-existent in the published corpus of nematode literature. To begin to unravel
aggressive and predatory motivational components of intraguild predation between A2
pacificusand C. elegans, this review considers relevant key concepts, identifies guiding
principles, and highlights approaches in aggression, predation, and intraguild predation.
First, we establish definitions of aggression that are broadly applicable and discuss
interspecific aggression. Second, predation is reviewed to explore which predatory
behaviours allow the possibility for predatory attack to be intentionally harmful. Third, field
observations and theoretical predictions of intraguild predation are outlined as a conceptual
framework for future work. Finally, P pacificus, C. elegans, and their trophic relationships
with each other and bacteria are characterized as the focal intraguild predation community
module of this review.

Aggression

“Aggression” is an unbound term used to refer to a subset of complex social interactions.
Although numerous definitions of aggression have been proposed, none concisely
encapsulate the behavioural diversity of aggression. Furthermore, many of these definitions
are fraught with stipulations about motivations that are not readily observable. Despite lack
of consensus, it is generally accepted that a hallmark feature of aggression is intentional
harm or injury to others (Berkowitz, 1981). From this, a minimal definition of aggression
can be framed as any behaviour that is intended to inflict harm to another individual
(Berkowitz, 1993; Buss, 1961; Gendreau & Archer, 2005; Olivier & Young, 2002). This
minimal definition inherently possesses little value for discriminating between aggressive
behaviours and does not capture the multifaceted complexity of aggression. Several
taxonomies have been developed to meaningfully characterize differences between
aggressive behaviours and sort them into discrete subtypes. These classification systems
vary in which dimensions of aggression they use to compare aggressive behaviours. These
dimensions include behavioural expression, eliciting stimulus, motivation, functional value,
and underlying neurophysiological mechanisms (Gendreau & Archer, 2005). Of these
classification dimensions, motivation is the most difficult to evaluate because it must be
inferred from the others.

In all aggression taxonomies, competition is the most representative and often defining
function of aggression (Archer, 1988; Nelson, 2005). We will therefore introduce a more
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stringent definition of aggression that we will refer to as the competitive definition of
aggression, which we define as any behaviour that is intended to 1) inflict harm to another
individual and 2) deal with competition. It is important to note that this definition requires
that both harm and competition be intentional. Aggression that conforms this is competitive
definition of aggression include some of the most distinctive aggressive behaviours. For
example, aggression associated with male-male competition for mates is often marked by
conspicuous behavioural expression (ritual combat) that is specifically elicited (by male
targets) for a singular observable function (access to mates) (Chen et al., 2002; Crane, 1966;
Darwin, 1896; Huxley, 1996; Issa & Edwards, 2006; Kravitz & Huber, 2003; Moynihan &
Moynihan, 1998). It has been suggested that ritualized aggression evolved as a way for
social species to settle intraspecific contests without killing conspecifics (De Waal, 2000;
Nelson, 2000). In the case of ritualized aggression, one-to-one mapping between behavioural
expression, eliciting stimulus, and function provide unambiguous support that mate
competition is the driving motivation of aggression.

Interspecific aggression

In contrast to mate competition that is necessarily intraspecific, territoriality is the most
commonly studied form of agonistic interactions between species (Grether et al., 2009;
Peiman & Robinson, 2010). Although first described in birds (Howard, 1920), territoriality
evolved in many animals such as fish (Gerking, 1959), mammals (Burt, 1943), reptiles
(Brattstrom, 1974), and insects (Baker, 1983). ‘Territory’ is any defended area in which a
dominant individual or group has priority of access to resources (Kaufmann, 1983; Nice,
1941). Notably, this dominance must be achieved through social interaction, often with
aggressive attacks and threats. Territorial aggression is adaptive only when the resource
benefits outweighs the energetic costs of defending territory (Brown & Orians, 1970;
MacLean & Seastedt, 1979). In general, territorial aggression serves to reduce intruder
trespass by driving out intruders and inducing avoidance, which ensures future supply of
resources for the aggressor.

Interspecific aggression as exerted by a focal species is frequently evaluated by comparing it
to intraspecific aggression that occurs in that species. In the case of interspecific territoriality
involving phylogenetically related species, this kind of comparison is particular useful for
determining whether interspecific aggression is a by-product of misidentification of
heterospecifics as conspecifics due to apparent similarity (Murray, 1981), or if it is a case of
alpha-selection, in which interspecific territorial aggression is an adaptive response to
resource overlap with another species and is selected for separately from intraspecific
aggression (Gill, 1974). For example, a study of two species of reciprocally aggressive
salamanders showed that one species likely misidentifies since it is equally aggressive to
conspecifics and heterospecifics across levels of sympatry and interspecific competition,
while the other species was equally aggressive to both heterospecifics and conspecifics only
when interspecific competition was strong (Nishikawa, 1987). Comparison between
intraspecific and interspecific terroriality is also useful for understanding evolution of
associated phenotypes, also known as agonistic character displacement (Grether et al., 2009,
2013). A species that benefits from dealing with both conspecific and heterospecific
intruders could do so most efficiently if competitor recognition cues were similar in both
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species, driving the convergence of characteristics in both species (Cody, 1969). Conversely
divergence of characteristics may occur when interspecific aggression is maladaptive
(Lorenz, 1966; Tynkkynen et al., 2004).

Little is known about how interspecific aggression evolved in animals that do not already
possess intraspecific aggression. In cases like this, interspecific aggression can be compared
to predator-prey encounters, since both are agonistic behaviours that often have similar
motor or action patterns despite having different functions (King, 1973). In order to
accurately relate predation to aggression, predation must first be explicitly defined.
Predation at its broadest refers to an organism killing another organism for nutritional
purposes (Taylor, 1984). This definition differs from the previously described minimal
definition of aggression in three important ways: (1) harm is ideally lethal, (2) harm does not
need to be intentional, and (3) nutrition is the function for behaviour. This last point is the
main cause of contention regarding whether predatory killing should be included as a
subtype of aggression. Moyer (1968) was first to outline a stimulus-based taxonomy of
aggression, in which predatory aggression was defined as behaviour that is elicited by and
targeted at prey. However, a subsequent classification scheme, based on function rather than
eliciting stimulus, rejected predation as valid form of aggression because it did not fulfil any
competitive, protective, or parental purpose (Archer, 1988). In discussing predation, we will
not yet impose these exclusionary criteria based on function, though they should be
acknowledged for their classification value. Instead, this section will explore how predation
may overlap with aggression, based on the broad definition of predation and minimal
definition of aggression. Specifically, this section will focus on the intentionality of the harm
inflicted during predation, as well as how it fulfils a requirement of aggression.

Nonaggressive predatory behaviours

Predation likely first evolved when the first unicellular life forms appeared, and has since
evolved independently many times across all domains and many kingdoms of life (Bengston,
2002). In contrast, aggression is typically considered to only occur between animals. A key
factor for disqualifying simpler predators from aggression is whether predatory attack and
feeding are simultaneous or occur in separate phases. Unicellular organisms, especially
protozoa, can predate on each other by using phagocytosis to engulf a whole prey (Lancaster
et al., 2019). Predatory phagocytosis is strongly implicated in the origin of mitochondria and
chloroplasts as resident prokaryotes that survived engulfment (McFadden et al., 1994;
Roger, 1999), leading to the origin of eukaryotes (Cavalier-Smith, 2009; Davidov &
Jurkevitch, 2009). Engulfment is a simple and compressed form of predation in which
killing and feeding are achieved simultaneously - there is no separate attack phase. In this
case, killing of the engulfed prey is incidental to feeding on the prey and is generally not
considered intentional harm, a requirement for aggression. A similar logic can also be
applied to exclude multicellular suspension/filter feeders from being considered aggressive.

Other instances in which predator-prey interactions are not deemed aggressive concern the
prey’s response. For example, herbivores that Kill plant or algae in the process of grazing are
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not considered predators. Unlike engulfers and suspension/filter feeders, grazer-type
herbivores can kill and feed in separate steps. For example, sea urchins can use its rasping
teeth to incrementally carve away and feed on portions of kelp without necessarily killing it
first (Harrold & Reed, 1985). In other words, sea urchins do not have to subjugate the kelp
first to reap nutritional rewards. The kelp only dies when it receives a critical amount of
damage, and once again, killing is a side effect of feeding, albeit delayed. Feeding without
killing is possible when the prey is too large for engulfment and does not physically evade
harm. Plants certainly can suffer from harm inflicted by herbivores and have accordingly
evolved anti-herbivore defences, including chemical defences and tolerance to herbivory
(Agrawal, 2011). However, these plant defences are largely passive or invisible to the
herbivore, and therefore the predatory grazer lacks discernible cues for associating its own
harmful actions with a correlated harm response from the prey. From an epistemological
perspective, the predatory grazer cannot intend harm if it does not ‘know’ that its grazing is
harmful to the prey. From an evolutionary perspective, the predatory grazer cannot intend
harm if evolution did not select for it, particularly when the predator has no additional
adaptive benefit from inflicting harm separately from feeding.

Potentially aggressive predatory behaviours

A predator receives feedback that its actions are harmful to prey when prey must be
sufficiently maimed or killed before consumption. The potential for predation to be
aggressive arises as prey become more difficult to kill and predation transforms from a
simple process into a complex sequence of steps in which killing must precede feeding (Fig.
2). Predation exerts a stronger selective pressure on prey than on predators. Referred to as
the “life—dinner principle’, failure costs the prey its life, whereas it only costs the predator a
meal (Dawkins & Krebs, 1979). Mutations that are disadvantageous for predation survive
longer in the predator gene pool than in the prey gene pool. This suggests that prey can
quickly evolve antipredatory adaptations and accelerate co-evolution between predator and
prey. Such antipredatory adaptations, such as increased size and speed, make prey more
resistant to harm and ingestion and more able to escape. As prey become too big to swallow
and motile instead of sessile, engulfment and grazing cease to be adequate predatory
strategies. Instead of achieving harm and feeding in the same step, predation now requires
considerably more effort to capture the prey before feeding can even commence. The
predatory process leading to capture can be subdivided into a sequence of escalating steps:
encounter, detection, pursuit, attack, and capture (Lima & Dill, 1990). The prey has the
opportunity to escape at any of these points of escalation, placing selective pressure on the
predator to develop efficient hunting skills. In this elongated predation process, harm is
temporally separated from feeding.

The particular temporal order of harm and feeding affects the degree to which intentionality
of harm can be inferred. As previously described, it is difficult to disprove that harm is
incidental to feeding when killing coincides with or follows feeding. In contrast, when
killing precedes feeding, a causal relationship between the two becomes available as a
possibility. More specifically, predatory attack may be vitally instrumental in capturing prey
and contribute directly to the predator’s ability to feed on prey (Fig. 2, 15t question). In order
to argue a case for predatory aggression, it must be demonstrated that harm inflicted by
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predatory attack is intentionally perpetrated. However, the close sequential proximity
between killing and feeding insinuates that killing may be directly associated with feeding as
part of a programmed feeding behavioural sequence, which would rule out aggressive intent.
Predatory attack can fulfil the intentionality requirement of aggression only if it can operate
separately from feeding. Therefore, studies that argue for an aggressive quality to predation
have outlined ways in which predatory attack is a deliberate and separate behaviour that can
operate in an uncoordinated way from feeding.

Behavioural evidence for an incongruous relationship between tendency to kill, tendency to
feed, and hunger have existed for some time (Polsky, 1975). The most prominent indication
comes from widespread observations that predators often kill prey in excess of what they
need to fulfil their nutritional requirements, with numerous instances in which killed prey is
abandoned without being consumed. Surplus killing behaviour has been readily observed in
the wild for a variety of predators, including mammalian carnivores (Jedrzejewska &
Jedrzejewski, 1989; Kruuk, 1972; Lincoln & Quinn, 2019; Rasa, 1973; Schaller, 2009;
Zimmerman et al., 2015), rodents, (Boice & Schmeck, 1968; Desisto & Huston, 1970), birds
(Nunn et al., 1976; Solheim, 1984), and insects (Lounibos et al., 2008). Experimental efforts
to differentially influence killing and feeding behaviour largely come from studies of
muricide by rats. Rats are known to predate on mice in the wild and in the laboratory (Karli,
1956; O’Boyle, 1974). When presented with mice, a small proportion of laboratory rats kill
mice (Karli, 1956). Notably, rats that kill will only eat a portion of killed prey and with
variable latency after killing. These “killers’ attack regardless of whether they are hungry or
fully satiated. Further exploration into water deprivation, food deprivation, and time of
testing relative to regular scheduled feeding time failed to show any significant effect on the
tendency of Killers to attack mice (Paul et al., 1971; Paul, 1972). Conversely, ‘nonkillers’
cannot be coerced into killing mice with extreme food deprivation - some rats were reported
to have even starved to death in the presence of prey (Karli, 1956). Studies have also shown
that the respective tendencies to kill and eat are not mutually reinforcing and do not follow
each other as one is selectively repressed or promoted. For example, killing does not
decrease when the rat is prevented from feeding on its prey (Myer, 1967, 1969, 1971), and
killing experience is sufficient to promote killing tendency (Leyhausen, 1973). However,
killing does not potentiate subsequent feeding. Rats presented with pre-killed prey were just
as likely to feed as rats who were allowed to kill their own prey (Paul & Posner, 1973).
Therefore, promoting killing does not always enhance feeding, nor is the inverse true.
Altogether, this body of evidence suggests that predation does not always proceed as a
unitary behavioural chain of killing and feeding. Rather, predatory attack can be influenced
by factors other than those that influence feeding. Predatory attack may be more aptly
described as an aggressive behavioural module that is intentionally, though not necessarily,
deployed as a means to acquire prey.

Mouse killing is peculiarly situated in between two other rat behaviours that involve harming
others: predation of other less-related species and aggression against conspecific intruders.
Unlike mice prey, predation of phylogenetically distant species is characterized by much
higher and more consistent rates of attack and subsequent feeding of prey such as frogs,
turtles, chicks (Bandler, 1970; Desisto & Huston, 1970), and insects (Kemble & Davies,
1981). In one study, nearly all tested rats attacked frogs or turtles placed in the same cage,
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while only 17% of rats attacked mice in the same cage (Bandler, 1970). Killing of frog and
turtle prey was almost always accompanied by eating of the corpse (Landry, 1970). Mouse
killing therefore differs starkly from predation by rats’ most common prey food, and brings
into question whether mouse killing possesses some non-predatory component. Since mice
are phylogenetically close to rats, Blanchard et al. (1977) surmised that mouse killing shares
aspects of conspecific aggression between rats. Rat colonies are known to attack strange
intruder rats, and experience with intruders leads to increased attack behaviour (Blanchard et
al., 1977). If mouse killing resembles intraspecific aggression against conspecific intruders,
then the increase in aggression induced by exposure to conspecific rat intruders should also
lead to an increase in aggression against heterospecific mice intruders. However, previous
aggressive exposure to conspecifics failed to induce any change in the readiness of rats to
attack either mouse targets or roach controls (Kemble & Davies, 1981). If predatory attack is
indeed aggressive, it is not influenced by the same factors that govern intraspecific
aggression. Thus, the behavioural signatures of intraspecific aggression cannot be referenced
for identification and validation of predatory attack as a form of aggression.

In addition to behavioural evidence, hypothalamic stimulation studies in cats have shown
that that feeding and killing are separable on the neuroanatomical level. While some
hypothalamic sites can elicit both predatory attack and eating (Hutchinson & Renfrew,
1966), stimulation of a particular site in the lateral hypothalamus in cats has been shown to
selectively elicit predatory attack (Siegel & Pott, 1988; Siegel & Brutus, 1990; Siegel &
Shaikh, 1997). In order to ascertain that this lateral hypothalamic site is indeed specifically
dedicated to the attack aspect of predation, Flynn and associates conducted an exhaustive set
of behavioural experiments in which they attempted to coax eating behaviour out of cats
while they were stimulated (Flynn, 1967; Flynn et al., 1970; Polsky, 1975). First, researchers
increased stimulation to the hypothalamic site that reliably induces a cat to attack a rat,
finding that even the highest intensities could not induce most tested cats to eat their
captured rat prey. Similarly, persistent stimulation duration past the point of attack did not
lead to consummatory feeding after predatory attack of a rat had already been evoked.
Second, the researchers presented easily attainable non-prey food to reduce the effort needed
to eat. When a dish of non-prey food was presented during stimulation, most cats attacked
the dish but never consumed the food (Wasman & Flynn, 1962). When horsemeat is placed
closer than an anesthetized rat prey in relation to a cat, stimulation induced most cats to pass
over the horsemeat and attack the rat. Finally, the researchers increased motivation eat by
starving cats for three days. The starved cats were then fed non-prey food and stimulated
while eating. Amazingly, most of the cats halted eating of the non-prey food and proceeded
to attack a nearby rat. Altogether, these cat studies indicate that a predatory attack site of the
lateral hypothalamus exists that is functionally selective in influencing the attack component
of predation, and is neuroanatomically distinct from other neighbouring sites that influence
eating or the predatory process as a whole. Combined with previously described behavioural
experiments of muricide by rats, a strong body of evidence suggests that predatory attack is
dissociable from feeding, thus opening up the possibility for predatory attack to be applied
for other functions, such as reducing competition.
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Intraguild predation

While predatory attack as described above has been labelled as predatory aggression by a
relatively small cohort of aggression researchers, consensus remains far out of reach. One
explanation for this hesitancy is that it is unsatisfactory to only show that predatory attack
can be dissociated from feeding - something else must replace feeding as the motivation for
and function of the attack. For many, the most convincing motivation and function is
competition (Archer, 1988; Nelson, 2005). We will henceforth adopt the competitive
definition of aggression, which requires not only intentional harm, but also competition as
the goal of that harm.

One class of interspecific interaction that can potentially satisfy both competitive motivation
and function of predatory attack, and thus aggression in a more widely accepted sense, is
intraguild predation (Fig. 2, 2" question). In intraguild predation, a predator kills and
sometimes eats a potential interspecific competitor (Polis, 1989). A guild consists of a group
of species that exploit the same resource in a similar way (Simberloff & Dayan, 1991). From
a food chain perspective, intraguild predation is the set of relationships between three
trophic levels: the intraguild predator, the intraguild prey, and the shared resource. A basic
model of intraguild predation has the following trophic structure: (1) Both the intraguild
predator and intraguild prey exploit the same shared resource, and (2) the intraguild predator
is facultative and can also eat the intraguild prey (Holt & Polis, 1997; Holt & Huxel, 2007;
Polis, 1989). This type of intraguild predation is asymmetric, because only one of the guild
species consistently predates on the other.

Two types of interspecific competition

Two general forms of competition, exploitation and interference, are involved in this basic
form of intraguild predation. First is exploitative competition, in which two species
indirectly negatively affect each other by consuming the same resource and thereby reducing
resource abundance (Case & Gilpin, 1974; Tilman, 1982; Vance, 1984). If two species have
the exact same resource needs and only engage in exploitative competition, the species that
is more efficient at consuming the shared resource should theoretically emerge as the
winner, while the less efficient consumer is driven to extinction or a different niche (Vance,
1984). In order for intraguild predation to be robust and its participating species to coexist, it
must include a second form of competition, interference competition (Amarasekare, 2002;
Hsu, 1982; Vance, 1984). In interference competition, one species reduces the ability of the
other to exploit the shared resource (Case & Gilpin, 1974; Hsu, 1982; Vance, 1984).
Intraguild predation involves a severe form of interference competition in which the
competitor is killed. With these two forms of competition in mind, there are three key
predictions of a simple model of stable intraguild predation (Holt & Polis, 1997; Holt &
Huxel, 2007):

1 The intraguild prey is superior in exploiting the shared resource.

2. The intraguild predator should have greater fitness from predating on the
intraguild prey than from competing on a purely exploitative level.
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3. The intraguild predator, by reducing the population of the more efficient
consumer species, indirectly increases the abundance of the shared resource at
equilibrium.

Interference competition is the component of intraguild predation that is most relevant to
demonstrating that predatory attack can be aggressive. By definition, predation of the
intraguild prey eliminates competitors for a shared resource and thus fulfils a competitive
function for the intraguild predator. Competitive motivation, on the other hand, is difficult to
prove in intraguild predation. The set of interactions that comprise intraguild predation are
difficult to disentangle. Predation and interference competition are especially difficult to
delineate because they usually occur simultaneously, which add another dimension to
intentionality: in addition to harm being intentionally inflicted, is competition also
intentional? Or is it an accidental benefit that emerges from facultative generalists that
consume multiple trophic levels? Unfortunately, most intraguild predation research focuses
on the ecological effects on intraguild predation on community structure, rather than on the
individual scale. Specifically, much of the interest in intraguild predation lies in
understanding if and how intraguild predation promotes species coexistence and
biodiversity, often with complex variations of the intraguild predation community module.

Uneaten killed prey

Meanwhile, little research has been done to dissect the motivations of an intraguild predator,
even when field examples seem to conform to the simplest form of intraguild predation.
When the intraguild predator successfully kills and eats the intraguild prey, nutrition and
competition benefits are simultaneously achieved and thus the corresponding motivations are
difficult to distinguish. However, when the intraguild predator does not consume a
proportion of intraguild prey that it Kills, an opportunity arises to use the percentage of
uneaten intraguild prey as a proxy indicator of non-predatory motivation.

This idea is reminiscent of the aforementioned studies of mouse-killing by rats, in which
some mouse prey are left uneaten after being killed (Karli, 1956). Since both rats and mice
and are phylogenetically related, it was previously hypothesized and then rejected that
perhaps the killing of mice mimicked intraspecific competition against invader rats (Kemble
& Davies, 1981). Instead of intraspecific competition, phylogenetic relatedness may more
strongly suggest that rats and mice have overlapping resource niches. Indeed, field studies
indicate that rats and mice compete intensely for the same food resources and reciprocally
affect each other’s population number (King et al., 1996; Ruscoe & Murphy, 2005). Rats
have also been previously described as intraguild predators of competing mice (O’Boyle,
1975). Field studies of poisoned or trapped rats have shown that mice dramatically increase
in abundance when rats are removed, even if mice were also being eradicated at the same
rate (Brown et al., 1996; Innes, 1995; Miller & Miller, 1995). In what is sometimes referred
to as ‘competitor release’, the increase in mouse population from rat removal is much higher
than expected from exploitation competition alone and strongly implicates interference
competition through predation (Brown et al., 1996; Caut et al., 2007; Stapp, 1997). In order
to validate whether this interference competition against mice is intentional, or just simple
predatory behaviour with incidental competitive benefits, Bridgman et al. (2013) looked for
(1) threat and display features associated with intraspecific aggression, and (2) uneaten prey.
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Results taken from wild rats indicated a lack of threat and display features towards mice, and
all well-fed and starved rats ate at least a portion of euthanized mice. These findings led the
researchers to conclude that interference competition in this case was predatory behaviour
and not intentionally competitive.

There are two important caveats to this conclusion. First, it is important to note that here,
just as in aforementioned mouse-killing studies, the researchers used similarity to
intraspecific competition as an indirect metric for whether interference competition is
intentional. Similarity to intraspecific competition does not address competition in a
definitional sense that directly accounts for resource motivations. Additionally, intraspecific
competition, especially for mates, likely evolved display postures and ritualized fighting as a
way to establish dominance without killing of conspecifics (De Waal, 2000; Nelson, 2000).
These social methods of communicating threat and determining the winner may serve as
species-preserving restrictions on the severity of harm, and as such may not be applicable to
competition between recognizably different species. Second, it is known that wild rats
consume most killed mice, while laboratory rats consume only a small portion of killed mice
(Karli, 1956). Laboratory rats were used to demonstrate that feeding and killing were
behaviourally dissociable components of predation. While wild rats are more pertinent for
ecologically valid representation of an actual ecosystem, laboratory rats may have been more
valuable for extricating competitive and predatory motivations for eating or not eating prey.

In contrast to the aforementioned studies of intraguild predation in wild rats, Sunde et al.
(1999) investigated the motivation of the intraguild predator by comparing intraguild
predation to conventional predation, rather than to intraspecific competition. In this study,
lynxes are the intraguild predator and foxes are the intraguild prey. Lynxes and foxes both
predate on smaller animals such as roe deer and mountain hares. Since they do not compete
with lynxes, roe deer and mountain hares are referred to as “true’ prey species. Predation of
true prey species is considered ‘true’ foraging, because it only serves nutritional purposes
and does not confer competitive benefits. If nutritional need is the only factor motivating
killing of foxes, then the proportion of uneaten fox corpses should closely match the
proportions of uneaten roe deer and hares. On the other hand, if something other than
nutrition also motivates killing of foxes, then killed foxes should be left uneaten more often
than roe deer and hare. The latter prediction was vindicated: 37% of foxes Killed by lynxes
are uneaten, while 2% of roe deer and 0% of hares were uneaten. This finding is similar to
the previously mentioned behaviour of lab rats that attack and eat almost all frog, turtle, or
insect prey but only a small percentage of mice (Bandler, 1970; Desisto & Huston, 1970),
and insects (Kemble & Davies, 1981). The notable difference between these rat-mouse-true
prey studies and the lynx-fox-true prey study is that intraguild predation relationships were
only explicitly described in the latter. This opens a line of questioning about interference
competition, rather than intraspecific competition, as a potential ‘other’ factor for driving
killing of the intraguild prey.

While it may be tempting to conclude that competition is the putative other factor that
motivates lynxes to kill but only sometimes eat foxes, the field study was unable to account
for relative abundance of foxes, roe deer, and hares. Specifically, they could not account for
how often lynxes encountered foxes or true prey by coincidence. Even if the absolute
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population counts of true prey were large, they may be effectively scarce to lynxes if true
prey are good at evading lynx detection. On the other hand, foxes may be effectively
abundant if they were poor at evading lynx detection and lynxes encountered them more
often by chance. In the latter case, lynxes may find that the extra immediate energy required
to subdue a fox prey may be worthwhile if they do not require as much time and energy for
prey search. In short, scarcity of true prey species should increase uneaten fox corpses, while
abundance of foxes should increase eating of foxes. Without full control and understanding
of the relative abundances of intraguild prey and shared resources, it is difficult to concretely
attribute uneaten intraguild prey to competition. Firm evidence of competition must be
acquired before competitive aggression can be argued for.

The use of percentage of uneaten killed prey does not clearly delineate between predatory
and competitive motivations for attacking. Killing prey without immediately feeding can
have advantages that indirectly promote predation, such as caching uneaten prey for possible
later consumption, benefiting other members of same social unit, or gaining experience that
may facilitate later kills (Kruuk, 1972). Therefore, some have narrowed the definition of
‘surplus killing’ to refer to cases in which the predator makes no use of the kills whatsoever
(Mueller & Hastings, 1977). It has been suggested that selective consumption and discarding
of killed prey is be an optimal foraging strategy when the focal prey is larger than can be
consumed in one feeding or there is a high density of prey (Cook & Cockrell, 1978;
Formanowicz, 1984; Sih, 1980; Zong et al., 2012). For example, bears discard killed salmon
during high prey abundance and when prey are low in nutritional quality, which are
consistent with a strategy to maximize energy intake (Lincoln & Quinn, 2019). Therefore, it
is critical to consider the energetic costs, density, and nutritional differences between true
prey and competing prey before the predation of both can be compared.

To get around the problems of interpreting uneaten killed competing prey, we suggest
supplementing measure of uneaten killed prey with an attack-based metric to allow for more
balanced and direct measurement of predatory and competitive motivations. Harm is integral
and instrumental to both predation and aggression, but feeding on prey is only relevant to
predation. Therefore, uneaten killed prey can only tell us that something other than
immediately feeding on that prey is motivating the predator, but does not point to what that
other motivation may be. Without a positive indicator of competitive motivation for
attacking, it is difficult to rule out some distally predatory function for uneaten killed
competing prey. To facilitate the equal detection of both predatory and competitive intent for
attacking in intraguild predation, we suggest measuring how frequency of attack changes
across resource contexts (Fig. 2, 3™ question). In the language of motivation, frequency of
attack indicates intensity of pursuit, while how frequency of attack changes across resource
conditions indicates whether predation or aggression is the goal of attacking.

A similar approach has been applied to determine the motivation for interspecific territorial
aggression between phylogenetically related species. For example, Nishikawa (1987)
measured how frequency of aggressive behaviour between two species of salamanders
varied across different levels of sympatry and interspecific competition in order to answer
whether interspecific aggression was due to misidentification of heterospecifics as
conspecifics (Murray, 1981), or whether interspecific territoriality is adaptive interference
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(Gill, 1974). If the latter were true, then frequency of aggressive behaviour should increase
as interspecific competition increases. This concept also applies to interspecific aggression
in intraguild predation. Specifically, an intraguild predator motivated by interference
competition should attack the competing prey more frequently when the shared resource is
more scarce or valuable. In contrast, an intraguild predator motivated by predation should
attack the competing prey most when the share resource is absent and the competing is the
only available food option. Motivation directs behaviour by specifying a goal and setting the
intensity with which to pursue that goal (Simpson & Balsam, 2016).

Nematode intraguild predation

While field studies can provide insight into the true mix of selective pressures that an animal
faces in its natural life, the laboratory setting potentially offers greater control over the many
variables that can affect the intraguild predator’s motivation for attacking a competing prey.
To study intraguild predation in the lab in an efficient manner, we recommend the nematodes
P, pacificus and C. elegans as intraguild predator and prey, respectively, with bacteria as the
shared resource (Fig. 3). In this section, we will review literature about 2 pacificusand C.
elegans with relation to each other and to bacteria. The goal of this section is outline what is
known about the participants and interactions that constitute this proposed nematode model
of intraguild predation.

Intraguild predator: Pristionchus pacificus

Intraguild predators, including 2 pacificus, are omnivores by definition. As a facultative
predator, adult 2. pacificus can derive nutrition from grazing on bacterial food and predating
on nematode larva. The consumption of each of these food types flexibly engages different
feeding rhythms that vary in rate of pharyngeal pumping and dorsal tooth movement
(Wilecki et al., 2015). While eating bacteria, pharyngeal pumping is high and tooth
movements are rare. When switching to predatory feeding, pharyngeal pumping decreases to
about 66% of the bacterial rate and tooth movement increases dramatically until it matches
pharyngeal pumping in a 1:1 ratio. Exogenous treatment of serotonin triggers predatory
rhythms in the absence of prey, while interruption of serotonin synthesis and ablation of
serotonergic neurons result in uncoordinated rhythms (Okumura et al., 2017; Wilecki et al.,
2015).

P, pacificus seems to prefer bacterial food over nematode prey. When £ pacificus is
presented with an excess of both larval C. elegans and bacteria, 2 pacificus bite larval prey
less often than when bacteria are absent (Wilecki et al., 2015). Reduced biting of larvae on
bacteria suggests that predatory drive decreases when bacteria become available as an
alternate food. Consistently, P pacificus chemotaxes toward a source of £. coli OP50
bacteria when presented on the same plate as a source of larval C. elegans prey (Wilecki et
al., 2015). Despite preference for naturally co-occurring bacteria over £. coli OP50, P
pacificus fecundity and survival is as high or better on a diet of £. coli (Akduman et al.,
2018; Rae et al., 2008). In fact, sometimes this preference is displayed for pathogenic
bacteria, such as those of the Serratia genus (Akduman et al., 2018). Overall, bacterial
preference does not strongly correlate with the suitability of the food source (Akduman et
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al., 2018). It may also be that this discordance between nutrition and food preference may
also extend to prey food that vary in species and life stage. Whether P, pacificus is more
motivated to predate or compete for bacteria will likely depend on the relative valuation of
the bacterial and prey foods selected for a particular intraguild predation experiment. In the
previously mentioned study by (Wilecki et al., 2015) in which £ pacificus reduces biting of
larval C. elegans, one could imagine that switching out £. co/i OP50 to as undesirable
bacteria may attenuate the reduction in biting and perhaps even elevate larval prey as the
preferred food relative to the undesirable bacterial option.

It is important to note that the convention of feeding £. co/i OP50 to P, pacificus in the
laboratory setting was established out of convenience and a desire to ease the adoption of 2
pacificus into existing C. elegans laboratories. Several studies have surveyed the
microbiomes of the P pacificus collected from natural settings (Akduman et al., 2018;
Koneru et al., 2016; Meyer et al., 2017; Rae et al., 2008). Although P, pacificus can also be
found in rotting plant material (Félix et al., 2018), these microbiome studies focused on the
bacteria present alongside P, pacificus in scarab beetles. P, pacificus can have a necromenic
association with scarab beetles, whereby they reside exclusively as dauer larvae inside the
living beetle and resume development once the beetle starts to decay (Herrmann et al., 2007;
Meyer et al., 2017; Ragsdale et al., 2015). Enterobaceriaceae was found in many of this
studies to be the most abundant family of bacteria present P, pacificus harvested from
beetles, although many other types of bacteria were also isolated (Koneru et al., 2016; Meyer
etal., 2017). While E. coliis part of the Enterobaceriaceae family, Escherichia species were
rarely encountered (Koneru et al., 2016). 2 pacificus grown on E. coli OP50 preferred many
of the bacteria isolated from beetles and soil, as measured by chemotaxis assays (Akduman
et al., 2018; Koneru et al., 2016; Rae et al., 2008).

In additional to being bacterial generalists, 2 pacificus are generalist predators of larvae of
many nematode species (Lightfoot et al., 2019). 2. pacificus uses highly specific small
peptide-mediated self-recognition that allows them to discriminate between their own larvae
and those of other species as well as different geographical isolates of 2 pacificus (Lightfoot
et al., 2019). This provides strong evidence that, if interspecific aggression indeed exists
between P, pacificus and C. elegans, it is highly unlikely to be caused by misidentification of
heterospecifics as conspecifics, especially since intraspecific aggression has yet to be seen
between members of the same £, pacificus isolate strain.

Presented with an excess of larval C. elegans in the absence of bacteria, the standard A~
pacificus laboratory strain PS312 readily bites larval prey, with about 34\% of bites resulting
in killed corpses (Wilecki et al., 2015). However, the same study noted that only about half
of larvae corpses were eaten and surmised that surplus killing by 2 pacificus may be serve to
eliminate competition. Although intraguild predation was not explicitly mentioned in
(Wilecki et al., 2015), the metric of uneaten killed prey once again raises the question of
whether a non-predatory component is behind the motivation for killing prey. It still remains
to be demonstrated whether or not competition is in fact the non-predatory motivation in
question. Recent findings reveal that the level of surplus killing by 2. pacificus is influenced
by the nutrient composition of its bacterial diet (Akduman et al., 2019). Specifically, B12
derived from the bacterial strain NMovosphingobium L76 was found to double the killing
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efficiency of P pacificus without co-ordinately increasing feeding rate. £, pacificus raised on
a Novosphingobium L76 diet versus an £. coli OP50 diet exhibited differential expression of
genes involved in fatty acid metabolism. Thus, in addition to bacterial preference,
physiological changes induced by bacterial diet also affect predatory behaviour. In order to
design contexts that may potentially discourage predation for eating prey and instead
promote competition against C. elegans for bacteria, multiple bacterial variables such as
abundance, preference, caloric value, and nutrient composition can be individually
manipulated. How Killing efficiency and surplus killing changes across bacterial conditions
may provide answers to the question of whether competition can motivate 2 pacificusto bite
C. elegans in conditions that exacerbate competition for bacterial food.

Intraguild prey: Caenorhabditis elegans

Successful interspecific aggression often depends on the response of the target, which is C.
elegans in the proposed nematode intraguild predation model. The C. efegans response to 2
pacificus has not been studied in depth, which is likely due to the fact that the smallest larval
stage (L1) of C. elegans are most often used to assay P. pacificus predatory behaviour. Often,
the larval C. elegansis killed immediately upon contact with 2 pacificus nose, thereby
precluding any subsequent C. efegans response. A recent study removed the danger of live 2
pacificus by instead using an extract of excretions collected from live £ pacificus animals
(Liu et al., 2018). Interestingly, adult C. elegans immediately avoided this ‘predator cue’
when it was collected from starved £ pacificus, but not when the cue was collected from
well-fed £ pacificus. This suggest that P. pacificus may be a more serious threat to C.
elegans when bacteria are absent as a preferred food source for 2 pacificus.

The concept of intentionality in motivated behaviour is useful not only for exploring
aggression in £ pacificus, but also for designing experiments to characterize risk-taking and
fear in C. elegans responses in intraguild predation interactions. By first understanding how
environmental and internal conditions modulate £ pacificus motivation to attack C. elegans,
P, pacificus can then be deliberately manipulated to pose particular levels of risk toward C.
elegans. With additional manipulation of bacterial variables, C. elegans responses in
intraguild predation interactions can be measured as a reflection of internal balancing of
appetitive bacterial factors and aversive P, pacificus factors, the latter acquiring more weight
with induced fear. More broadly, the construction of behavioural experiments to probe C.
elegans intentionality opens the way for analysing more complex computations and
cognitive processes underlying motivation and decision-making.

In contrast to C. elegans behavioural responses to £ pacificus, much more is known about
the relationship between C. elegans and bacteria. Importantly, this knowledge may inform
homology-based hypotheses about how £ pacificus senses and responds to bacteria. It is
known that 2. pacificus and C. elegans have disparate responses to the same set of odorants,
with some odorants that are attractive to one and repulsive to the other (Hong & Sommer,
2006a; Hong, 2015). Therefore, any discussion of potential conserved bacteria responses and
underlying mechanisms will have to involve direct sensation of bacteria and not of proxy
odorants, such as benzaldehyde and diacetyl, that putatively represent bacteria in C. elegans.
The first notable change in behaviour that C. elegans exhibits upon finding a bacterial lawn
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is to decrease its locomotory rate (Sawin et al., 2000). This basal slowing response requires
dopamine, as dopamine synthesis mutants continue moving through bacteria at the same rate
as when bacteria is absent (Sawin et al., 2000).

In addition to binary detection of the presence or absence of bacteria, C. efegansis also able
to distinguish and seek out the boundary of a bacterial lawn from its circumscribed region.
Some social wild strains of C. elegans and npr-1 mutants that lack the neuropeptide Y
receptor naturally migrate to and aggregate at the border of a bacterial lawn, where bacteria
is thickest (De Bono & Bargmann, 1998). This bordering tendency involves oxygen sensing
by guanylate cyclase, which promotes aerotaxing away from regions of higher oxygen levels
towards areas of lower oxygen levels in both wildtype and npr-1 mutants (Gray et al., 2004).
Thick E. coli OP50 bacterial lawns consume oxygen more quickly than can be replenished
by ambient diffusion, and borders with the highest concentration of bacteria were observed
to have lower effective oxygen concentrations (Gray et al., 2004). Acute reduction of
ambient oxygen levels abolished bordering behaviour in C. elegans (Gray et al., 2004), as
well as in P, pacificus (Moreno et al., 2016). Therefore, C. elegans, as well as P, pacificus,
may use relative lower oxygen concentrations to find and demarcate the lawn edge. The
ability to detect the edge of a lawn opens up the possibility of estimating the size of the
lawn. Indeed, guanylate cyclase C. elegans mutants were unable to distinguish between
small and large lawns of bacteria (Calhoun et al., 2015). The mechanism for computing lawn
size experience depends on the variability in bacteria levels that C. e/egans senses during its
exploration of the lawn. The thick edge relative to the thinner interior of the lawn means that
C. elegans will experience changing bacteria levels more often in a small lawn, where the
animal will encounter the edge at a higher rate. Large bacterial variability is sensed by ASI
and ASK neurons and result in downstream dopamine release.

C. elegans has been cultivated in the laboratory setting with £. coli, OP50 since its debut as a
model organism (Brenner, 1974). However, like P pacificus, C. elegans is found in nature
with a variety of other bacteria species, with Enferobacteriaceae and Acetobacteraceae
species associated with high proliferation (Dirksen et al., 2016; Samuel et al., 2016;
Schulenburg & Félix, 2017). C. elegans also displays preference for bacterial species other
than £. coli OP50, particularly if the other bacteria is higher quality food, as measured by
growth rate (Shtonda & Avery, 2006). Furthermore, C. elegans raised on higher quality
bacteria leave mediocre bacteria more often (Shtonda & Avery, 2006). One such high quality
bacterial strain is Comamonas sp., which was isolated from a soil environment (Avery &
Shtonda, 2003). Interestingly, the list of bacteria naturally found with and preferred by 2
pacificus also includes the Comamonadaceae family (Akduman et al., 2018; Koneru et al.,
2016). Additionally, a Comamonas sp. DA1877 diet has been shown to increase surplus
killing in P, pacificus via increased the same B12 mechanism as in a Novosphingobium L76
diet (Akduman et al., 2019). Therefore, Comamonas sp. may be useful in mutually
exacerbating competition between £ pacificusand C. elegans.

Concluding remarks

The aim of this review was to outline key concepts about interspecific interactions and
specifically identify feeding-related nematode literature that are relevant to answering
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whether £ pacificus biting of C. elegans may be a form of interspecific aggression derived
from intraguild predation. In particular, establishing whether the goal of biting is to kill prey
for consumption or to defend bacterial resources will be critical to answering this question.

Interspecific aggression between nematodes has been previously observed between
Steinernema species that compete for host resources (O’Callaghan et al., 2014), but these
parasitic nematodes also exhibit intraspecific aggression between males (Zenner et al.,
2014). If interspecific aggression exists in 2 pacificus, it likely arose de novoas a
modification of some non-aggressive behaviour. Without intraspecific aggression as a point
of comparison, we suggest contrasting potential interspecific aggression between £, pacificus
and C. elegansto an agonistic interaction that already exists between the two species,
predation. Second, while inter- and intraspecific aggression necessarily involve different
targets of different species, C. elegans is the same target regardless of whether P pacificus is
motivated by predatory or competitive goals. To obtain interspecific aggression from
intraspecific aggression, an animal only needs to change how they recognize competitors to
include both conspecific and heterospecific targets. In contrast, to achieve interspecific
aggression from intraguild predation, £ pacificus must be able to flexibly change which
goals motivates it to harm C. elegans, either to eat or compete with it for bacteria. \We hope
that our proposed nematode intraguild predation model may provide insight into how a
behaviour as complex as interspecific aggression can arise in a simple nematode without
having intraspecific aggression as a convenient behavioural substrate.

We have presented a series of relevant concepts in aggression, predation, and intraguild
predation that together provide one possible approach for determining the motivation driving
the intraguild predator P, pacificus when it kills its intraguild prey C. elegans. This approach
begins with establishing core criteria for aggression, which we distil into two components:
intentional harm and a competitive goal for harm. More criteria can be added to achieve
more face validity with aggressive behaviour as it is typically considered in the field. Since
members of different species do not compete for mates, territorial aggression for the defence
of overlapping resources is the most probable form of interspecific aggression. The next step
is to assess whether the predatory behaviour is potentially aggressive, which we take to
mean intentionally harmful. We disqualify engulfing and grazing because harm is incidental
to feeding actions. Instead, we suggest that harm that precedes feeding and directly
contributes to the capture and killing of prey can be intentional. Once intentional harm is
established in predatory behaviour, the major task at hand is to demonstrate that a
competitive goal for harm can increase P, pacificus attack frequency in conditions in which
competition for bacteria in intensified. For intraguild predation, this requires assessment of
both exploitative and interference competition. Careful consideration of multiple bacterial
and prey factors will be crucial for designing conditions and experiments that are
informative about how £ pacificus food experience and relative valuation of bacterial and
prey food factor into its motivation for attacking C. elegans.
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Figurel.

P, pacificus and C. elegans are similar in size and body form at the young adult stage. C.
elegans possesses a grinder that it uses to lyse bacteria for consumption. Instead of a grinder,
P, pacificus instead has one or two teeth that it uses to puncture the cuticle of larval C.
elegans prey. The non-predatory stenostomatous dimorph of £ pacificus has only dorsal
tooth, while the predation-enabled eurystomatous dimorph possesses a larger claw-like

dorsal tooth and an additional subventral tooth.
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Figure 2.

Three key questions are critical for determining whether a particular predatory behaviour has
the potential to be aggressive. The first question establishes whether harm in predation is
intentionally inflicted. The second question identifies whether the prey can be a potential
competitor. Finally, the third question explores whether the predator intentionally harms the

prey for interference competition.
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Figure 3.
This food web diagram shows the directions in which different types of food travel between

P, pacificus, C. elegans, and a bacterial food that both species exploit. Arrows originate from
a food source and point to the organism that eats that food. Black arrows lead between direct
participants in intraguild predation, while grey arrows indicate feeding interactions that are
indirectly involved. The intraguild predator is adult P pacificus, which predates on larval C.
elegans as its intraguild prey. Adult and larval stages of £ pacificus and C. elegans consume
bacteria.
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