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SUMMARY

Animals with diverse diets must adapt their food priorities to a wide variety of environmental conditions. This
diet optimization problem is especially complex for predators that compete with prey for food. Although
predator-prey competition is widespread and ecologically critical, it remains difficult to disentangle preda-
tory and competitive motivations for attacking competing prey. Here, we dissect the foraging decisions of
the omnivorous nematode Pristionchus pacificus to reveal that its seemingly failed predatory attempts
against Caenorhabditis elegans are actually motivated acts of efficacious territorial aggression. While
P. pacificus easily kills and eats larval C. elegans with a single bite, adult C. elegans typically survives and
escapes bites. However, non-fatal biting can provide competitive benefits by reducing access of adult
C. elegans and its progeny to bacterial food that P. pacificus also eats. We show that the costs and benefits
of both predatory and territorial outcomes influence how P. pacificus decides which food goal, prey or bac-
teria, should guide its motivation for biting. These predatory and territorial motivations impose different sets
of rules for adjusting willingness to bite in response to changes in bacterial abundance. In addition to biting,
predatory and territorial motivations also influence which search tactic P. pacificus uses to increase encoun-
ters with C. elegans. When treated with an octopamine receptor antagonist, P. pacificus switches from ter-
ritorial to predatory motivation for both biting and search. Overall, we demonstrate that P. pacificus assesses
alternate outcomes of attacking C. elegans and flexibly reprograms its foraging strategy to prioritize either

prey or bacterial food.

INTRODUCTION

Animals that exploit diverse food resources are more resilient to
suboptimal environmental conditions than animals with special-
ized diets."? To benefit from versatile diets, animals must judge
which diet composition maximizes the long-term ratio of energy
intake to energy costs. Emphasis on calorie-rich and abundant
foods is sufficient when foods are immobile and encountered
sequentially,® but foraging contexts are often more complex.
For example, hunting effort and travel time should also be
considered when foods are mobile and simultaneously encoun-
tered.”™® In addition to acquiring foods, animals can indirectly
prioritize foods by interfering with competitors. However, little
is known about the strategies that guide foragers when these
factors combine to produce a complex but naturalistic foraging
problem: a predator competes with prey for food.

Omnivorous predators often hunt prey that consume another
of the predator’s food choices. This predator-prey competition
(intraguild predation) is widespread in many food webs,” and
its effects on population dynamics and biodiversity are widely re-
searched and debated.®® Here, prey-kiling simultaneously
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achieves dual food benefits: nutrition from prey corpses and
reduced competition for shared resources.®'° Which of these
predatory and competitive benefits is the dominant motivation
for attacking prey? To rule out predatory motivation, studies
report that competitor prey are left uneaten more often than
non-competitor prey after killing.''™'* To dismiss competitive
motivation, other studies show that predators exhibit aggressive
threat displays toward non-prey competitors but not toward
competitor prey.'® However, non-consumptive prey-killing can
indirectly promote predation,’® and threat displays are not
required for competitive fights.'” To resolve these conflicting re-
sults and disentangle the motivations that drive a predator to
attack a competitor prey, more definitive and positive indicators
are needed.

The predatory nematode Pristionchus pacificus (Figure 1A), its
competitor prey Caenorhabditis elegans (Figures 1B and 1C),
and shared bacterial food comprise a convenient laboratory sys-
tem for investigating factors that influence an omnivorous pred-
ator’s diet decisions.'® P. pacificus prefers to eat bacteria but
also uses its teeth (Figures S1A and S1B) to attack and eat
C. elegans."®?° In contrast, C. elegans lacks teeth (Figure S1C)

1675


https://twitter.com/shreklab
mailto:schalasani@salk.edu
https://doi.org/10.1016/j.cub.2022.02.033
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cub.2022.02.033&domain=pdf

¢? CellPress

A adult P, pacificus
=

I -
e ..
pooe:

0.8 Hkk

0.6

04

cumulative p (kill)

0.2

0.0

hours

100

80

60

40

% time C. elegans spent
fully inside patch

20

, ‘
hows| [0 [ 6 ]

W\ # C. elegans adults - 1
A # P, pacificus adults 0 _

100 pm

1.0 . .

08 —_15 ‘}

il

:
\\\EJ’,AV‘r 2 °° ’
a °® . .
B 04 .
£
a
02
ol L N N N B
o o o QQ
density [none low med high med med

diameter (mm) 0 1 1 1 2 3

M -
| o |
100 ]
=5 g
88
08
Sa 60
§3
§ 2 a0
P
£5
= % 20 ,
ol =1
hours |
\ AN #C. elegans adults - 1
oA # P, pacificus adults 0 3

Figure 1. Non-fatal biting compels adult C. elegans to avoid predator-occupied bacteria

(A) Adult P. pacificus.

(B) Adult C. elegans.

(C) Larval C. elegans.

(D) P. pacificus biting larval C. elegans.

(E) Larval C. elegans after fatal bite.

(F) P. pacificus biting adult C. elegans.

(G) Adult C. elegans escaping non-fatal bite.
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(H) Probability of killing during a bite (plotted data: kills/bites for individual P. pacificus) (Wald test with single-step adjustment for Tukey contrasts, Np pacificus = 12—

16, Nbites_per_P.pacificus = 3_39)-

(I) Cumulative probability of killing adult prey (with repeated biting) by a certain time (Fisher’s exact test with Benjamini-Hochberg adjustment, ng ,acificus = 16).
(J) Probability of feeding after biting larval prey (Wald test with single-step adjustment for Tukey contrasts, N pacificus = 9~10, Npites_per_P.pacificus = 1-31).
(K) Probability of adult prey exiting a bacterial patch after a bite (Wald test with single-step adjustment for Tukey contrasts, N pacificus = 13-20, Npites_per_P.pacificus =

1-15).

(L and M) Adult prey residence on prey- or predator-inhabited bacterial patches (Wilcoxon’s signed rank test (paired) and Dunn’s test (unpaired) with Benjamini-

Hochberg adjustment, nc ejegans = 11)-
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and exclusively feeds on bacteria. While larval C. elegans are
typically killed by a single bite (Figures 1D and 1E; Video S1),
adults are rarely killed and easily escape bites (Figures 1F and
1G; Video S2). Here, we deconstruct the foraging decisions of
P. pacificus to show that non-fatal adult-targeted bites are not
failed predatory attempts but are instead goal-directed acts of
aggression to defend food territory. Overall, we demonstrate
that P. pacificus is guided by factors that signal the trade-offs be-
tween biting outcomes and flexibly switches between predatory
and territorial strategies for biting C. elegans.

RESULTS

Non-fatal biting compels adult C. elegans to avoid
predator-occupied bacteria

To identify potential food-related benefits of biting, we first
looked at the immediate outcomes of P. pacificus biting larval
or adult C. elegans in a small arena. With prey as the only food
(no bacteria), most larva-targeted bites were fatal, while adult-
targeted bites rarely killed prey (Figures 1H and S1D). Even
with all bites focused onto a single target, P. pacificus took
~6 h (Figures 1l and S1E) and ~25 bites (Figure S1F) to kill adult
prey. To assess the potential usefulness of biting for defending
food, we introduced a small bacterial patch to the arena
(Figures S1G-S1L). With or without bacteria, most larva-targeted
bites led to prey feeding (Figures 1J and S1M). Since adult-tar-
geted bites rarely killed, we instead evaluated the efficacy of
bites to expel adult prey from bacteria. The majority of bites
led to adult prey exiting the bacterial patch (Figures 1K and
S1N; Video S3). Since successful predation also eliminates
competition, larva-targeted biting simultaneously achieves
both predatory and territorial benefits with relative ease. In
adult-targeted biting, predation is rare and labor intensive, but
competitors can be expelled from bacteria without killing.

To explore the long-term effects of non-fatal biting on-patch
leaving, we placed adult C. elegans with or without P. pacificus
for 6 h on a small bacterial patch. Without predators, adult
prey almost always resided inside the patch (Figure 1L). This
decreased upon initial predator exposure, but adult prey still
mostly resided inside the patch (Figures 1L and S2A). After 6 h
of predator exposure, adult prey almost completely avoided
entering the patch (Figure 1L), with only the head contacting
the patch (Figures 1M, S2B, and S2C). Additionally, bites that
occurred at 6 h induced 5-fold longer patch avoidance time (Fig-
ure 1N), suggesting that adult prey were conditioned to asso-
ciate the patch with danger. Non-biting encounters were rarely
followed by patch leaving (Figure S2D). Thus, long-term non-
fatal biting of adult C. elegans induces persistent bacteria
avoidance.

Progeny of predator-exposed adult C. elegans has
reduced access to bacteria

For P. pacificus to obtain meaningful territorial benefits from non-
fatal biting, its relative fitness must exceed that of C. elegans. We

¢ CellP’ress

speculated that biting-induced patch avoidance would force
adult prey to lay eggs away from food. To test this, we developed
an egg distribution assay (Figures 2A and S2E-S2H) to measure
where eggs were laid relative to a small bacterial patch overa 7-h
period (before eggs hatched). Conspecific groups of only pred-
ator or only prey adults mostly laid eggs inside bacteria, indi-
cating absence of within-species territoriality (Figure 2B). In
mixed-species groups, however, C. elegans was more likely to
lay eggs outside bacteria as predator:prey ratio increased
(Figures 2B and 2C), shifting the spatial distribution of prey
eggs away from bacteria (likelihood ratio test on linear mixed-ef-
fects model, X2 =42.594, df = 3, p = 3.001e—9; Figures 2B and
2D). Meanwhile, P. pacificus egg distribution was unaffected
by predator:prey ratio (likelihood ratio test on linear mixed-effect
model, x? =5.1518, df = 3, p = 0.161; Figure 2B). Number of eggs
laid per adult remained unchanged (Figure S2I), suggesting that
P. pacificus rarely ate eggs. Thus, biting interferes with
C. elegans egg laying on bacteria.

We next asked whether prey larvae would struggle to find food
from afar. We gently placed clean, newly hatched larvae at
various distances from a small bacterial patch and counted
how many found bacteria within 36 h. Reproductive develop-
ment arrests if food is not encountered by 36 h (“dauer” state).”’
From 10 mm away, larvae had only an ~0.5 probability of finding
bacteria, with lower probabilities at farther distances (Figure 2E).
To verify that predator exposure induces egg laying at these un-
favorable distances, we spatially and temporally extended the
egg distribution assay (100 mm, 36 h) (Figure 2F). With predators
present, prey larvae within 10 mm of the patch reduced to less
than half, compared with those without predators (Figure 2G).
Here, predator progeny outnumbered prey progeny (Figure 2G),
despite prey being more prolific (Figure S2I). Furthermore, patch
avoidance and egg laying were similar across predator- and
prey-conditioned patches (Figures S2J-S2L; see STAR Methods
“pheromone-conditioned patches”). Thus, bite experience, but
not predator-secreted pheromones, was responsible for prey
behavior during prolonged predator exposure. These results
illustrate how non-fatal biting accrues long-term territorial bene-
fits and increases the relative fitness of P. pacificus.

P. pacificus inflicts non-fatal biting to achieve territorial
outcomes

Next, we determined whether the territorial benefits of non-fatal
adult-targeted biting were goal-directed or a serendipitous side
effect of failed predation. First, we assessed food values by
analyzing the long-term net energy yield of various single-food
diets. P. pacificus freely fed on excess bacteria (E. coli OP50),
larval prey, or adult prey for 6 h before being stained for fat stores
with the lipophilic dye Oil Red O (ORO; see STAR Methods “fat-
staining”). Bacteria-fed predators displayed the most stained
fat, followed by adult-fed and then larva-fed predators
(Figures 3A and S3A-S3D). Thus, bacteria-based diets have
higher energy yields than prey-based diets. Furthermore, given

(N) Mean post-bite avoidance of bacterial patch (Wilcoxon’s signed rank test, nc eegans = 9)-
(H, J, and K) Error bars are predicted probabilities and 95% Cls from binomial logistic regression models of data.
Other error bars are 95% bootstrap Cls. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

See also Figures S1 and S2 and Videos S1, S2, and S3.
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Figure 2. Progeny of predator-exposed adult C. elegans have reduced access to bacteria

(A) Egg distribution assay.
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(B) Egg distributions. Circular plots show actual egg locations (outer circle: arena; inner circle: bacterial patch). Histogram plots represent distributions of egg radial
distances (light: individual arenas; dark: pooled across arenas; yellow shading: bacterial patch) (Wald test with single-step adjustment for Tukey contrasts, nzena = 10-20).
(C) Probability of C. elegans egg being laid off bacteria (Wald test with single-step adjustment for Tukey contrasts, Narena = 10-20, Neggs per_arena = 12-166).

(D) Mean egg radial distance (yellow shading: bacterial patch) (Dunn’s test, ngena = 10-20).
(E) Probability of newly hatched larva finding a small bacterial patch within 36 h, from various starting distances (Wald test with single-step adjustment for Tukey
contrasts, Narena = 9, Niarvae_per_arena = 10-11).

(F) Extended egg distribution assay.

(G) Number of progeny per adult within 10 mm of a small bacterial patch (Dunn’s test, Ngrena = 29-30).
(C and E) Error bars are predicted probabilities and 95% Cls from binomial logistic regression models of data.
Other error bars are 95% bootstrap Cls. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.

See also Figure S2.
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Figure 3. P. pacificus inflicts non-fatal biting to achieve territorial outcomes

(A) Percent of P. pacificus body stained with Oil Red O after 6 h on different diets (Dunn’s test with Benjamini-Hochberg adjustment, np pacificus = 60-117).

(B) Probability of P. pacificus switching food patches (Fisher’s exact test with Benjamini-Hochberg adjustment, np pacificus = 29-39).

(C) Bacteria consumption (Dunn’s test with Benjamini-Hochberg adjustment, naqu = 16-23).

(D) Model of expected utility of biting (dashed lines: expected utility for negligible subrange, vertical arrows: predicted change from negligible subrange, sloped
arrows: predicted monotonic decrease). Bacterial abundance and utility are in arbitrary units.

(E) Probability of biting during encounter with larval C. elegans (red line: interpolated) (Wald test with single-step adjustment for Tukey contrasts, np pacificus = 9-10,

nencounters_per_P.pacificus = 1_66)

(legend continued on next page)
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enough time for successful predation, adult-based diets are
more efficient than larva-based diets.

Although adult prey offered more long-term food value than
larval prey, P. pacificus may discount delayed rewards? to avoid
food deprivation. To assess short-term food preference, we
placed P. pacificus in one of two adjacent plentiful food patches,
and then checked an hour later whether P. pacificus had
switched patches. Stationary prey patches were created using
locomotion-impaired mutants (see STAR Methods “food switch-
ing”). By comparing switching probabilities, we found that
P. pacificus preferred bacteria over all prey and larval over adult
prey (Figure 3B). Preference for bacteria over larvae matches
previous findings.° Contrary to long-term food value (Figure 3A),
P. pacificus preferred larval over adult prey (Figure 3B). Notably,
inverse switches (@ — b, b — a) had combined probabilities less
than 1 (Figure 3B), which conforms with studies reporting that
nematodes tend to stay in food patches,?® and with foraging the-
ory that devalues food by travel time.*° P. pacificus exhibited
very low switching between prey-conditioned and pristine (un-
conditioned) bacterial patches (Figure S3E), indicating that
prey pheromone did not affect bacteria value. Overall, prefer-
ence for closer and easily consumed foods suggests that
P. pacificus prefers immediate over delayed food reward.

We next explored the potential competitive value of territorial
biting outcomes. To compare bacteria consumption rates, we
placed an adult C. elegans and an adult P. pacificus onto sepa-
rate identical patches of GFP-labeled bacteria (OP50-GFP) and
then measured fluorescence at 12 and 24 h. We found that adult
C. elegans consumed bacteria ~1.5 times faster than adult
P. pacificus at both time points (Figure 3C). Eggs laid by adult
C. elegans began hatching at 12 h, with a range of 20-62 larvae
present by 24 h (Figures S3F and S3G). However, bacteria con-
sumption rate did not increase between 12 and 24 h (Figure 3C),
and we found no correlation between number of larvae and bac-
teria consumption (Pearson’s r = 0.2480, p = 0.8066). These re-
sults show that adult C. elegans more efficiently exploits bacteria
and can outcompete P. pacificus, but larvae pose minimal
competitive threat.

To determine the relative contributions of predatory and terri-
torial outcomes toward the overall value of biting C. elegans, we
applied neuroeconomic theories of rational decision making
about actions with probabilistic outcomes. In expected utility
theory,?* the expected utility (overall subjective value) of an ac-
tion takes into account both the probability that an action will
lead to a particular outcome and the utility (subjective value) at-
tained if that outcome occurs. Specifically, expected utility is
calculated as the sum of the probability-weighted utilities of
each outcome. To model the expected utility of biting larval or
adult C. elegans, we estimated the probabilities that biting leads
to predatory and territorial outcomes, as well as how the utilities
of those outcomes change with bacterial abundance.

To model the decision between biting outcomes, rather than
between prey types, we contrived food choices such that

Current Biology

P. pacificus encountered only larval or only adult C. elegans (Fig-
ure 3D). We assigned probabilities to each biting outcome (pred-
atory and territorial) for each type of prey (larval and adult) (Fig-
ure 3D). For larva-targeted biting, we set both p(predatory
outcomelbite) and p(territorial outcomelbite) as equal to the
pooled probability that a bite led to prey feeding (o(feed|bite) =
0.8115; Figure S1M), since feeding also eliminated competitors
(Figure 3D). For adult-targeted biting, we assigned p(predatory
outcomelbite) a very low probability (see STAR Methods “ex-
pected utility of biting”), since bites rarely killed adult prey
(Figures 1H, 11, and S1F) and p(territorial outcome|bite) as equal
to the pooled probability that a bite expelled adult prey from a
bacterial patch (o(expel|bite) = 0.6483; Figure S1N).

Next, we determined how utility of biting outcomes should
change with bacterial abundance. We subdivided bacterial
abundance into three behaviorally defined subranges. In the
“negligible” subrange, bacteria are absent, too sparse to detect,
or too meager to be worth exploiting. In the “scarce” subrange,
bacterial abundance is high enough to be worth exploiting but
low enough that biting is required to defend bacteria or acquire
supplementary prey food. In the “plentiful” subrange, bacterial
abundance exceeds food needs, and biting is unnecessary to
secure sufficient food. The bounds of these subranges should
shift with prey type and outcome type.

We first outlined the general shape of how utility of predatory
biting outcomes should change with bacterial abundance,
assuming that the goal of biting is to kill prey for food (Figure 3D).
Predatory biting utility should be highest in the negligible sub-
range, when prey is the only viable food, and then monotonically
decrease as preferred food (bacteria) becomes more abundant.
This is supported by reports of P. pacificus biting larvae less
when bacteria are present.”° We used ORO fat-staining of
prey-fed predators (Figure 3A) to estimate predatory biting utility
in the negligible subrange, and the probabilities of switching from
prey to bacteria (Figure 3B) to estimate rate of utility decrease
over the scarce subrange (see STAR Methods “expected utility
of biting”). Even though predatory biting utility is higher for adult
prey than for larval prey over the negligible subrange, P. pacificus
should drop adult prey from its diet at a lower bacterial abun-
dance (start of plentiful subrange) than for larval prey due to pref-
erence for immediate food reward.

We then modeled how utility of territorial outcomes should
change with bacterial abundance, assuming that the goal of
biting is to defend bacteria from competitors (Figure 3D). Territo-
rial biting utility should be zero in the negligible subrange, which
lacks bacteria worth defending, and then abruptly peak in the
negligible-to-scarce transition, where scarcity-induced compet-
itive pressure is strongest. Using C. elegans bacteria consump-
tion rate (Figure 3C), we estimated peak utility to be high for
adult-targeted biting and low for larva-targeted biting (see
STAR Methods “expected utility of biting”). Across the scarce
subrange, territorial biting utility should monotonically decrease
as competitive pressure is alleviated by increasing bacteria

(F) Probability of biting during encounter with adult C. elegans (blue line: interpolated) (Wald test with single-step adjustment for Tukey contrasts, np pacificus = 12—

34, Nencounters_per_P.pacificus = 1_38)

(E and F) Error bars are predicted probabilities and 95% Cls from binomial logistic regression models of data.
Other error bars are 95% bootstrap Cls. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

See also Figure S3 and Videos S4 and S5.

1680 Current Biology 32, 1675-1688, April 25, 2022



Current Biology

(Figure 3D). While predatory biting utility ignores C. elegans bac-
teria consumption, here, wider scarce subranges account for
bacteria lost to competitors, and plentiful subranges begin
when bacteria fulfill the food needs of both C. elegans and
P. pacificus (see STAR Methods “expected utility of biting”).
The overall non-monotonic shape of territorial biting utility
resembled energy cost models of feeding-based territoriality.
Notably, predatory and territorial biting utility both monotonically
decrease across scarce and plentiful subranges but differ in the
negligible-to-scarce transition.

For each combination of outcome type (predatory or territorial)
and prey type (larval or adult), we multiplied the outcome proba-
bility, p(outcomel|bite), by its corresponding outcome utility func-
tion (utilityloutcome) (Figure 3D). The expected utility of biting a
particular prey type was estimated as the sum of the probabil-
ity-weighted utilities of both outcome types, such that expected
utility consisted of both predatory and territorial components.
Therefore, the outcome with the higher probability-weighted util-
ity is the primary contributor toward biting motivation. For larva-
targeted biting, the predatory outcome should be prioritized due
to low competitive pressure from larvae. For adult-targeted
biting, the territorial outcome should be prioritized due to low
probability of killing adult prey.

Next, we tested our predictions to determine which outcomes
are considered in biting decisions. We placed P. pacificus in an
arena with either larval or adult prey and varied the size or density
of a bacterial patch (Figures S1G-S1L). To quantify biting incen-
tive, we calculated the probability of biting during an encounter,
p(bitelencounter). Biting encounters were typically shorter than
non-biting encounters, and p(bitelencounter) was uncorrelated
with non-biting encounter duration or number of encounters
(Figures S3H-S3L). Thus, bites were decided early into an
encounter, and encounters could be treated as independent
events. We then analyzed biting incentive to infer predatory or
territorial biting motivation. As predicted, larva-targeted biting
incentive monotonically decreased with bacterial abundance
(Spearman’s p = —0.58, p < 0.001; Figure 3E), resembling the
predatory component of expected utility of larva-targeted biting
(Figure 3D). In contrast, adult-targeted biting incentive was low
when bacteria were negligible, high in the negligible-to-scarce
transition, and monotonically decreased thereafter (Spearman’s
p = —0.74, p < 0.001) (Figure 3F). This overall non-monotonic
shape (Spearman’s p = 0.08, p = 0.374; Hoeffding’s D = 0.03,
p < 0.001) conformed with the territorial component of the ex-
pected utility of adult-targeted biting (Figure 3D).

In addition to overall shape of biting incentive, other key model
predictions were also validated. Adult-targeted biting incentive
diminished at a higher bacterial abundance than larva-targeted
biting incentive (Figures 3E and 3F), matching the predicted
wider scarce subrange for adult-targeted territorial biting utility
(Figure 3D). To examine the critical negligible-to-scarce transi-
tion, we used a low-density bacterial patch (Figure S1H) that
induced patch staying and patch leaving with roughly equal
probabilities (Figure S4A; Videos S4 and S5). Using a choice vari-
ability approach for probing decision making,”® we segregated
encounters into off- and on-patch events to reflect P. pacificus
decision to ignore or exploit the patch, respectively. On-patch
biting incentive was higher than off-patch biting incentive for
adult-targeted bites (Figure 3F) but did not significantly differ
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for larva-targeted bites (Wald test with single-step adjustment
for Tukey contrasts, p = 0.07663; Figure 3E). This vindicates
our prediction of an abrupt negligible-to-scarce peak for territo-
rial biting utility. Collectively, these results show that both pred-
atory and territorial biting outcomes influence biting motivation in
a context-specific manner, and P. pacificus incorporates both
prey and bacterial information to direct predatory attacks against
larval prey and territorial aggression against adult prey.

Territorial biting is driven by chemosensation and
mechanosensation of bacteria
We next explored how P. pacificus senses bacteria for adjusting
territorial biting incentive. Predatory biting incentive was sup-
pressed by increasing density, but not diameter, of the bacterial
patch (ANOVA; density: F = 17.84, df = 3, p < 0.0001; diameter:
F=22.19,df =2, p=0.168). In contrast, territorial biting was sup-
pressed by increasing either density or diameter (ANOVA,; den-
sity: F = 11.668, df = 3, p < 0.0001; diameter: F = 1.838, df = 2,
p < 0.0001). This suggests that P. pacificus senses at least two
bacterial features that are relevant for territorial biting decisions.

To identify a role for chemosensation, we ablated P. pacificus
amphid neurons with exposed cilia at the nose (Figure 4A) and
then measured p(bitelencounter) with adult prey on a scarce
bacterial patch (medium density, 1 mm). Relative to mock-abla-
ted controls, ablation of AM1 and AM7 neurons decreased
p(bitelencounter), while ablation of AM2 neurons increased
p(bitelencounter) (Figure 4B). With limited research on these
neurons, it is unclear whether ablations affected bacteria
sensing, or other sensory capabilities involved in biting imple-
mentation. However, studies of homologous neurons in
C. elegans offer clues. AWC (homolog of AM7) triggers local
search upon removal from a bacterial patch®” and senses bacte-
ria-related odorants.?®*> ASH and ADL (homologs of AM1 and
AM2) are involved in avoiding high ambient oxygen®**' and
migrating to the thick boundary of a bacterial patch, where local
oxygen concentration is lower due to higher bacterial meta-
bolism.?” P. pacificus can similarly distinguish between oxygen
levels®® (albeit via different molecular mechanisms®°), and mu-
tants with cilia-defective amphid neurons exhibit reduced preda-
tion rates in addition to impaired oxygen sensing.®**°

We next probed how mechanosensation modulates territorial
biting. We measured adult-targeted biting incentive on patches
comprised of Sephadex beads (Figure S4B), whose surfaces
elicit mechanosensation similar to that of bacterial surfaces.*®
Importantly, these beads were inedible and lacked bacterial
chemical signatures. As with low-density bacterial patches,
P. pacificus resided less on bead patches than on medium- or
high-density bacterial patches (Figure S4A). On-patch p(bite|
encounter) was high on bead patches (Figure 4C), similar to
that for low-density bacterial patches (Figure 3F). Unlike with
bacterial patches, increasing the diameter of bead patches did
not suppress p(bitelencounter) (Figure 4C). Thus, P. pacificus
may sense some minimal “bacterial” abundance in bead
patches or prefer some non-food-related property of beads.
However, P. pacificus residence on bead but not bacteria
patches decreased over time (Figures 4D-4F and S4C), suggest-
ing that eating is required to sustain patch exploitation and terri-
torial defense. Based on existing knowledge, we surmise that
P. pacificus uses olfaction to locate bacteria from afar, oxygen
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Figure 4. Territorial biting is driven by chemosensation and mechanosensation of bacteria

(A) DiO-stained amphid neurons of P. pacificus (dashed line: head silhouette).

(B) Difference in p(bitelencounter) between mock-ablated (centered at zero) and neuron-ablated P. pacificus, with adult C. elegans on a scarce bacterial patch
(Wald test with Benjamini-Hochberg adjustment, np pacificus = 531, Nencounters_per_P.pacificus = 2—27).
(C) p(bitelencounter) with adult C. elegans on a bead patch (Wald test with single-step adjustment for Tukey contrasts, N pacificus = 7—13, Nencounters_per_P.pacificus =

1-14).

(D and E) Time course of P. pacificus residence on a patch made of (D) low-density bacteria or (E) beads.

(F) Change in P. pacificus patch residence over time (Wilcoxon’s signed rank test with Benjamini-Hochberg adjustment, np pacificus = 11-14).
(B and C) Error bars are predicted probabilities and 95% Cls from binomial logistic regression models of data.

Other error bars are 95% bootstrap Cls. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.

See also Figure S4.

sensation to sense bacterial density, and mechanosensation to
detect low-density bacteria when odor and oxygen gradients
are too low.

Predatory and territorial biting are associated with
different search tactics

To understand how biting motivation guides other foraging be-
haviors, we compared how P. pacificus searches for larval and
adult C. elegans on bacteria. First, we contemplated how biting
motivation should influence search speed. Under predatory
motivation, P. pacificus should minimize search costs since
prey are inferior food. Rather than increase speed, P. pacificus
should graze normally on bacteria and opportunistically attack
prey during chance encounters. Under territorial motivation,
P. pacificus should swiftly seek and expel intruders to halt rapid
loss of preferred food. To test these predictions, we tracked the
location of P. pacificus mouth location on a scarce bacterial
patch with larval C. elegans, adult C. elegans, or P. pacificus
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cohabitants. All cohabitants preferred the thick boundary of a
bacterial patch®**’ (Figures S5A and S5B), so we assessed
active search by calculating patrol speed: the arc component
of forward distance traveled on the patch boundary, divided by
total time (see STAR Methods “patrol speed”; Figure 5A; Video
S3). To disregard stationary bouts during prey feeding, we
normalized patrol speed by translational speed (see STAR
Methods “patrol speed”; Figure 5A,). Since bacteria are immo-
bile and P. pacificus do not bite each other, active search for
biting targets should entail faster normalized patrol speed than
with P. pacificus cohabitants.

We found that P. pacificus exhibited faster patrol and transla-
tional speeds with adult C. elegans than with other cohabitants
(Figures 5B-5E). Translational speed was slowest with larval
C. elegans (Figure 5E), likely due to stationary prey feeding. Cor-
recting for non-movement, normalized patrol speed was highest
with adult C. elegans, signifying that P. pacificus locomotion
shifted toward patrolling when adult C. elegans was present
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Figure 5. Predatory and territorial biting are associated with different search tactics
(A) Translational and patrol distances for calculating speeds (see STAR Methods “patrol speed”).
(B-D) P. pacificus mouth tracks with (B) P. pacificus, (C) larval C. elegans, and (D) adult C. elegans cohabitants.

(E) Translational and patrol speeds (Tukey’s test, Np pacificus = 6-10).

(F) Normalized patrol speed (Dunn’s test with Benjamini-Hochberg adjustment, np pacificus = 6-10).

(G) Expected prey-feeding time on bacteria-poor (top) and bacteria-rich patches (bottom).

(H) Prey-feeding time per bite (Dunn’s test with Benjamini-Hochberg adjustment, np pacificus = 10).

() Frequency of encountering larval prey (Dunn’s test with Benjamini-Hochberg adjustment, np pacificus = 10).
Error bars are 95% bootstrap Cls. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.

See also Figure S5 and Video S3.

(Figure 5F). Normalized patrol speed did not differ across larval
C. elegans and P. pacificus cohabitants (Figure 5F) or
across C.-elegans- and P.-pacificus-conditioned patches
(Figures S5C and S5D), suggesting that bacteria-grazing moti-
vated locomotion in these conditions. Furthermore, patrolling

did not decrease when adult C. elegans was an unc-18 mutant,
which barely moved on bacteria but exited the patch when bitten
(Figures S5E and S5F). Thus, increased patrolling required phys-
ical presence, but not locomotion, of adult C. elegans on the
patch. Altogether, territorial but not predatory motivation
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increases patrolling speed, reflecting an active and energy-
intensive search tactic that is commensurate with protecting en-
ergy-rich bacterial food.

We next looked for alternate methods of searching for larval
prey. Feeding on prey must cease before search for other prey
can resume, so one way to increase encounters without
increasing speed is to reduce prey-feeding time (Figure 5G).
When bacterial abundance is too low, prey quickly disperse
and thus should be Kkilled first and eaten later. To test this, we
placed P. pacificus with ~100 larval prey in an arena with various
bacterial conditions and then measured prey-feeding time per
bite. Prey-feeding times resembled a step function: short across
absent or low-density bacteria and high across more abundant
bacteria (Figure 5H). This matched P. pacificus’s own patch leav-
ing behavior (Figure S4A), which may be used to heuristically
judge other nematodes’ proclivity to leave a patch. Furthermore,
conditions that induced low prey-feeding times also led to more
frequent encounters (Figure 51). With enough time, P. pacificus
returned to feed on previously killed corpses (Figure S5G).
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' I ties, respectively, of achieving the next foraging
0 - stage.

; (A-D) Drug concentrations refer to the solution
) applied to a bacterial patch (see STAR Methods
N - “drug treatment”).
) (A and B) Error bars are predicted probabilities
and 95% Cls from binomial logistic regression
models of data.
Other error bars are 95% bootstrap Cls. *p <
0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.
See also Figure S6.

Thus, predatory motivation reduces
prey-feeding time to increase encounters
with dispersing prey, which is a passive
and energy-efficient way to search for en-
ergy-poor food. Overall, by using biting
motivation to coordinate search tactics,
P. pacificus ensures that efforts are uni-
fied into a cohesive predatory or territorial
foraging strategy.

| expel
- [ competitor

Blocking dopamine D2 or
octopamine receptors modulates
territoriality

We investigated signaling mechanisms for
regulating territorial biting and search
behavior. With limited P. pacificus informa-
tion, we consulted known pathways in C. elegans. During
C. elegans starvation, absence of bacteria attenuates D2-like re-
ceptor signaling, which in turn disinhibits octopamine (invertebrate
homolog of norepinephrine) release.®® We hypothesized that a
similar pathway in P. pacificus may detect bacterial scarcity and
modaulate territorial behavior. Using a pharmacological approach,
we exogenously treated P. pacificus for 2 h (see STAR Methods
“drug treatment”), moved treated P. pacificus to an arena with
adult C. elegans and various bacterial conditions, and then
measured p(bitelencounter). We found that amisulpride, a dopa-
mine D2 receptor antagonist, increased p(bitelencounter) on
scarce bacteria but had no effect on absent or plentiful bacteria
(Figure 6A). Thus, blocking D2-like receptors did not affect biting
generally but was context specific to competitive conditions. In
contrast, epinastine, an octopamine receptor antagonist,*”
affected p(bitelencounter) across all bacterial conditions with
opposite effects: p(bitelencounter) increased when bacteria were
absent and decreased when bacteria were present (Figure 6B).
The overall result was that p(bitelencounter) monotonically
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decreased with bacterial abundance (Figure 6B), indicative of
predatory biting motivation (Figure 3D). Moreover, epinastine
decreased patrolling on a scarce bacterial patch, thereby sup-
pressing territorial search behavior (Figures 6C and 6D). Treatment
with a D2 receptor agonist or octopamine did not affect behavior
(Figure S6). Collectively, blocking dopamine D2-like receptors
enhanced territorial biting, whereas blocking octopamine recep-
tors switched foraging strategy from territorial to predatory.

DISCUSSION

We present a model of two distinct, flexible, and coordinated
foraging strategies that P. pacificus uses for biting C. elegans
(Figure BE). The predatory foraging strategy (Figure 6E) is
engaged against larval C. elegans, which is easily killed and
poses minimal competitive threat. Here, biting is used to Kkill
and eat prey, so P. pacificus bites most when bacteria is negli-
gible and bites less as bacterial abundance increases. Following
a bite, time spent feeding on prey can be cut short to passively
search for and immobilize dispersing larvae. Alternatively, the
territorial foraging strategy (Figure 6E) is deployed against adult
C. elegans, which is difficult to kill and rapidly consumes bacte-
ria. Here, biting serves to protect bacterial food. Accordingly,
P. pacificus bites most when bacteria are scarce and bites least
when bacteria are negligible or plentiful. Non-fatal bites effec-
tively expel competitors from bacterial territory and induce patch
avoidance. To actively search for intruders, P. pacificus in-
creases speed to patrol bacterial territory. Altogether, we illus-
trate how P. pacificus weighs costs and benefits of biting out-
comes, flexibly reprograms biting motivation to prioritize prey
or bacterial food, and orchestrates foraging strategies that are
energetically commensurate with its food choice.

C. elegans mobility was key for predicting differences in pred-
atory and territorial responses, echoing prior findings that
foraging theory often failed to predict behavior when prey
mobility was insufficiently accounted for.° While C. elegans
escape from a bite is a failure by predatory standards, escape
can be leveraged for territorial benefit if directed away from bac-
teria. Territorial benefit was amplified when non-fatal bites condi-
tioned C. elegans to seek prey refuge, which typically have less
food but minimize predator danger.*° Prey mobility was also crit-
ical for interpreting feeding on prey, which has typically been
associated with predatory motivation. Reduced feeding on
prey was previously used to implicate potentially competitive
motivation for intraguild predation,"" as well as for P. pacificus
surplus killing of C. elegans larvae in the absence of bacteria.”%*’
However, we predicted and confirmed that contexts with high
predatory incentive were associated with reduced feeding on
prey and high prey dispersal, contrary to classic foraging models
that predict lower prey utilization when prey densities are high.*

We demonstrate that a nematode with ~300 neurons*® can
solve complex foraging problems in which relevant factors have
multiple potential roles: C. elegans as prey and competitor, bacte-
ria as food and habitat, and bites with predatory and territorial
outcomes. Our deconstruction of predator-prey interactions dis-
entangled these dualities, but with some limitations. For example,
biting was not fully suppressed when it was predicted to have zero
utility, possibly because biting is sometimes used to test beliefs
about biting outcomes, or biting is stochastic (or appears
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stochastic due to overlooked behavioral variables*?). Additionally,
further work is needed to confirm the sensory mechanisms that we
proposed for sensory neurons involved in territorial biting. It re-
mains uncertain how P. pacificus distinguishes between larval
and adult C. elegans, although small peptide-mediated recogni-
tion of self and non-self may be involved.*' Mutations of receptors
and biosynthesis would further elaborate on the function of dopa-
mine and octopamine signaling in foraging decisions and can be
reasonably pursued as CRISPR-Cas9 in P. pacificus is well
established.”>*® Our ultimate goal for future work is to identify
the neuronal bases of foraging decisions, and especially to discern
which calculations are hard wired and which are plastic.

Our investigation of predator motivations contributes to a mul-
tiscale understanding of an ecologically critical phenomenon, in-
traguild predation.’® While intraguild predation is typically
considered as the killing and sometimes eating of competitor
prey, we describe a more versatile variant that achieves compet-
itive benefits without killing. While intraguild predators often
selectively kill younger stages of prey while leaving adults to
freely compete for resources, '*” our study shows that non-fatal
attacks can effectively deter competitors. The deterrent benefits
of non-fatal attacks are consistent with population-level studies
that observe fear-driven avoidance of predator niches after a
predator population is introduced to competitor prey
populations.®*® Here, our work presents a complementary
perspective of how predators consider this avoidance behavior
in planning attacks against competitor prey.

By introducing a model system for investigating predator-prey
competition between two nematode model organisms with well-
developed functional tools, we offer a powerful approach forinves-
tigating molecular and neural mechanisms underlying both pred-
ator and prey behaviors. Compared with field studies, our labora-
tory system offers the ability to finely adjust many parameters for
granular, multivariate behavioral analyses. We explored only a
very small set of potential parameters, leaving many alternative pa-
rameters to be tested in future work. Importantly, modification of
alternate parameters may change the outcomes of the experi-
ments we presented. We only explored energy value of food, but
foraging choices are also constrained by nutrients and toxins.® In
addition to bacterial abundance, prey abundance is likely to also
affect biting decisions. Biting variability across P. pacificus individ-
uals should be investigated to understand why some individuals
are consistently more aggressive. Besides predator behavior,
there is immense opportunity to investigate prey foraging strate-
gies. Our work represents only a small fraction of the potential
well-controlled experiments that can be performed.

Taken together, our use of neuroeconomics, foraging theory,
and fine-grained behavioral experiments illustrate that a careful
accounting of decision making context is required to attribute
particular motivational states to observed behavior. Our study sup-
ports a resurgent effort to reaffirm the importance of behavioral
interrogation for understanding cognitive processes,’® with
emphasis on how an animal’s responses are relevant to its natural
life.>°

STARXxMETHODS

Detailed methods are provided in the online version of this paper
and include the following:
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STARXMETHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains
Escherichia coli: OP50 Caenorhabditis Genetics Center WBStrain00041969
Escherichia coli: OP50-GFP Caenorhabditis Genetics Center WBStrain00041972
Chemicals, peptides, and recombinant proteins
Oil Red O Alfa Aesar Cat#A12989
Fast DiO ThermoFisher Cat#D3898
Sephadex G-100 Sigma-Aldrich Cat#G10050
Amisulpride Sigma-Aldrich Cat#A2729
Epinastine hydrochloride Sigma-Aldrich Cat#E5156
Sumanirole maleate Tocris Cat#2773
(+)-Octopamine hydrochloride Supelco Cat#68631
Experimental models: Organisms/strains
Pristionchus pacificus: RS5194: wild isolate Sommer Lab (Max Planck Campus N/A
Tiibingen)®'>?
Pristionchus pacificus: RS5275: wild isolate Sommer Lab (Max Planck Campus N/A
Tlibingen)®'>?
Pristionchus pacificus: PS312: wild isolate Sommer Lab (Max Planck Campus WBStrain00047433
Tibingen)®®
Caenorhabditis elegans: N2: wild isolate Caenorhabditis Genetics Center®* WBStrain00000001
Caenorhabditis elegans: CX7389: [kyls392 Bargmann Lab (Rockefeller), this paper N/A
[Pstr-2::GFP::rab-3; Pttx-3::lin-10::dsRed;
Pelt-2::GFP]
Caenorhabditis elegans : IV95 : [ueEx46 this paper N/A
[gcy-7-sl2-mCherry; Punc-122::RFP];
gvls246 [ida-1::GFP+ pRF4 rol-6(su1006)],
Caenorhabditis elegans strain
Caenorhabditis elegans: CB81: [unc- Caenorhabditis Genetics Center®® WBStrain00004094

18(e81) X],

Software and algorithms

Imaged, Fiji
Colour Deconvolution plugin, Fiji

R 4.0.2
Ime4

Multcomp

MATLAB 2017b

code for analyzing egg distribution
code for analyzing patrol speed

Schindelin et al.*®

Ruifrok and Johnston®’

R Development Core Team>®
Bates et al.*®

Hothorn et al.®®
MathWorks

this paper
this paper

https://imagej.net/software/fiji/
https://imagej.net/plugins/
colour-deconvolution
https://www.r-project.org/

https://cran.r-project.org/web/packages/
Imed4/

https://cran.r-project.org/web/packages/
multcomp/

https://www.mathworks.com/help/
releases/R2017b/

https://doi.org/10.5281/zenodo.5976742
https://doi.org/10.5281/zenodo.5976742

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Sreekanth

Chalasani (schalasani@salk.edu)

Current Biology 32, 1675-1688.e1-€7, April 25, 2022 el


mailto:schalasani@salk.edu
https://imagej.net/software/fiji/
https://imagej.net/plugins/colour-deconvolution
https://imagej.net/plugins/colour-deconvolution
https://www.r-project.org/
https://cran.r-project.org/web/packages/lme4/
https://cran.r-project.org/web/packages/lme4/
https://cran.r-project.org/web/packages/multcomp/
https://cran.r-project.org/web/packages/multcomp/
https://www.mathworks.com/help/releases/R2017b/
https://www.mathworks.com/help/releases/R2017b/
https://doi.org/10.5281/zenodo.5976742
https://doi.org/10.5281/zenodo.5976742

¢ CellPress Current Biology

Materials availability
This study did not generate new unique reagents.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request. All original code has been deposited at Zenodo and is
publicly available as of the date of publication. DOlIs are listed in the key resources table. Any additional information required to re-
analyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Nematodes

P. pacificus and C. elegans were grown on E. coli OP50 bacteria and maintained under standard conditions at 20°C.%*"* Hermaph-
rodites were used for all experiments. For simplicity, we use "adult" to refer to the young adult (day 1) stage of both nematode spe-
cies, and "larval" to refer to the L1 stage of C. elegans. All P. pacificus animals used for behavior were confirmed to have the dual-
toothed eurystomatous mouth form (Figures S1A and S1B), which more efficiently kills larval C. elegans compared to single-toothed
stenostomatous mouth form.?°

The P. pacificus wild isolate RS5194°"°? and the standard C. elegans N2 strain®* were used, unless otherwise stated. Other
P. pacificus wild isolates, PS312°° and RS5275,%'°? were tested during the process of selecting the strain that was most effective
at harming C. elegans. The C. elegans strain CX7389: kyls392 [Pstr-2::GFP::rab-3; Pttx-3::lin-10::dsRed; Pelt-2::GFP]) was used to
label eggs with GFP. The C. elegans strain IV95: ueEx46 [gcy-7-sl2-mCherry; Punc-122::RFP]; gvis246 [ida-1::GFP+ pRF4 rol-
6(su1006)] was used to produce stationary adult prey patches. The C. elegans strain CB81: unc-18(e81) X°° was used produce sta-
tionary larval prey patches, and to limit adult C. elegans movement on bacteria. All P. pacificus and C. elegans strains used in this
study are listed in the key resources table.

We limited the number of P. pacificus to 1-4 animals in behavioral experiments to focus on decision-making on an individual
level and minimize social interactions that may emerge from a larger number of P. pacificus. To minimize pressure on animals
to leave a bacterial patch due to crowding, we limited the total number of adult nematodes to allow enough room for all adults
to occupy the patch simultaneously. We found that 2 adult nematodes fit comfortably on 1 mm diameter patch, and 4 adults
on a 2 mm diameter patch. We also used 4 adults on a 3 mm diameter patch since we could not confidently distinguish individual
worms when more than four happened to gather together. We did not observe any changes in P. pacificus behavior when 1 or 3
were together in the same arena. We only used 1 C. elegans in each arena to maintain the same abundance of C. elegans across
all bacterial conditions.

For all experiments, data was excluded if any P. pacificus or C. elegans escaped the arena, typically due to improper application of the
corral onto the agar surface. Unless otherwise indicated, all replicates included matched controls and were conducted across multiple
days.

METHOD DETAILS

Behavioral recordings
Behavioral video recordings were acquired using an optiMOS sCMOS camera (QImaging) and Streampix software. Copper corral
arenas were used to keep animals within the field-of-view.

Bacterial patches

Stock liquid cultures of E. coli OP50 were prepared by inoculating LB broth, adjusting concentration to ODggg = 0.4, and then storing
at 4°C. To produce working liquid cultures the stock culture was either diluted with LB broth, or concentrated by centrifugation (1 ml
at 845 rcf for 5 min) and the removal of supernatant. "Low-", "medium-", and "high-" density patches were seeded using working
liquid culture concentrations of ODggg = {0.01, 0.30, and 1.00}, respectively (Figures STH-S1J). 1 mm diameter bacteria patches
were created by dipping a 10 pl pipette tip into liquid culture and then gently contacting the tip onto the surface of 3% agar NGM
plates®' (Figures STH-S1J). 2 mm (Figure S1K) and 3 mm (Figure S1L) diameter lawns were created by dispensing 0.3 pl and 1 pl,
respectively, of liquid culture onto the agar surface. The total number of bacteria pipetted for a high-density, 1 mm patch was less
than for a medium-density, 2 mm patch. The bacteria patches were then grown for 20 h at 20°C. Fully grown patches were stored at
4°C and then allowed to come to room temperature for 1 h before immediate used for behavior. Bacterial patches were inspected for
roundness, size, and features associated with different density lawns (low density is patchy and has minimal boundary, medium den-
sity is not patchy and has a raised boundary that is distinct from the interior, high density has a thick wide boundary that transitions
smoothly with the interior.

Pheromone-conditioned patches

To condition bacterial patches with pheromones secreted by P. pacificus or C. elegans, clean adult nematodes (1 for 1 mm diameter
patches, 3 for 2 mm diameter patches) were placed on the side of the bacterial patch and allowed to dwell on the patch for 6 h (the
length of predator exposure that induces C. elegans to persistently avoid the bacterial patch). To minimize experimenter-induced
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disturbance of the patch, adult nematodes were removed by gently tapping an eyelash onto the top of a nematode until it left the
patch, and then removed. Conditioned patches were then immediately used for behavioral experiments. Patches conditioned
with the same species as the tested animal were used as controls.

Identification of encounters and bites
Our criteria for determining encounters and bites were slightly modified from those used by Serobyan and colleagues'® and Wilecki
and colleagues.?®

We defined an encounter to be a contact between P. pacificus mouth and C. elegans body during which P. pacificus detects
C. elegans and has a feasible opportunity to bite. It is important to note that not all contacts between the P. pacificus mouth and
the C. elegans body were considered encounters. Individual encounters were counted when: 1) the P. pacificus mouth fully contacted
the C. elegans body, and 2) P. pacificus interrupted it normal locomotion by slowing down as it approached C. elegans or contorting
its head toward C. elegans, thereby positively indicating detection of C. elegans. Since adult C. elegans can move faster than
P. pacificus, pacificus slowing or contorting towards C. elegans does not typically occur when adult C. elegans is moving at high
speeds.

Biting incentive was calculated by dividing the number of bites by the number of encounters, p(bitelencounter). Biting incentive was
measured using the same behavioral setup for assaying the immediate consequences of biting (arena 3.2 mm in diameter, 30 mi-
nutes, 1 adult P. pacificus with ~100 larval C. elegans or 1 adult C. elegans). p(bitelencounter) was pooled across 3 P. pacificus in-
dividuals for larger bacterial patches (see STAR Methods “nematodes”) to acquire enough encounters events for meaningful prob-
ability estimates within the same time frame.

The criteria for identifying bites depended on the level of attachment of the P. pacificus teeth onto the C. elegans body. Poorly
attached bites were identified by the coincidence of: 1) concurrent P. pacificus head shortening and stiffening associated with biting
(Figures 1D, 1F, and 1G) and 2) C. elegans escape response typical of receiving a hard touch.®? Strongly attached bites were iden-
tified by disrupted normal locomotion in either nematode caused by the P. pacificus mouth being fastened to the C. elegans body.
This manifested as C. elegans thrashing in place while anchored by a P. pacificus bite, or dragging of the P. pacificus mouth as an
adult C. elegans attempts to escape from the bite (Videos S1 and S2). Kills were indicated by a breached cuticle and visible leaking of
pseudocoelomic fluid (Figure 1E), ultimately leading to an unresponsive corpse.

To blind the scorer to experimental group, videos were named with numeric IDs and did not have any indicator of experimental
group. For all analyses involving encounters, videos in which no encounters occurred were excluded from analyses.

Killing ability and outcomes of biting
Short-term killing ability was assayed using a modified version of the biting assay described by Wilecki and colleagues.?® A single
adult P. pacificus was placed in a copper-corralled arena (3.2 mm in diameter) with either 8 adult C. elegans or ~100 larval
C. elegans. Biting behavior was recorded for 30 minutes and subsequently scored for bites and kills. Videos with no bites were
excluded from analysis.

Biting outcomes (feeding on prey, prey exiting patch) were observed using a similar behavioral setup, but with multiple types of
bacterial patches. Videos with no bites were excluded from analysis.

Long-term killing ability success was assayed by placing a single adult P. pacificus with a single adult C. elegans for 24 h in a cop-
per-corralled arena 3.2 mm in diameter. The presence of a killed adult C. elegans was checked at 1, 4, 8, and 24 h.

Patch avoidance

To provide ample space for avoiding a bacterial patch, we used a larger arena (9.5 mm in diameter) with a 2 mm patch (medium den-
sity) in the center. A single adult C. elegans and 3 adult P. pacificus were placed into the arena and recorded for 30 minutes at 0 and
again at 6 h (same animals). The time that C. elegans spent fully inside the patch, with only its head in the patch, and fully outside the
patch were manually scored by someone blind to the experimental group.

Egg distribution

The egg distribution assay used the same behavioral setup as the patch avoidance assay (9.5 mm diameter, medium-density 2 mm
patch). A variable 4-nematode mixture of adult P. pacificus and/or adult C. elegans were placed into the arena and removed 7 hours
later. The C. elegans strain CX7389 with integrated GFP reporter that expresses in eggs (Pelt-2::GFP) was used to visually distinguish
C. elegans eggs from non-fluorescent P. pacificus eggs. Egg plates were incubated at room temperature for one hour and then at 4°C
for 2 days to allow GFP expression to increase while preventing hatching. Arenas were then imaged under bright-field and fluores-
cence microscopy using a Zeiss Axio Zoom.V16 microscope. The distances of eggs from the center of the patch were measured
using MATLAB (see key resources table).

The extended egg distributions assay was conducted on a 100 mm 3% agar plate (no corral) with a medium-density 2 mm patch
centered on the plate. 4 adult nematodes (4 prey, or 3 predator:1 prey) were placed near the patch, and the progeny within 10 mm of
the patch were checked 36 h later. Plates were stored at 4°C for 2 days to allow GFP expression to increase while preventing hatch-
ing. To minimize larval movement, plates were imaged immediately after being removed from 4°C. A 22 mm square area centered on
the bacterial patch was imaged under bright-field and fluorescence microscopy using a Zeiss Axio Zoom.V16 microscope. Progeny
were counted using the multi-point tool in Fiji°® (see key resources table).
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Patch-finding

The patch-finding assay was conducted on the same setup as the extended egg distribution, on a 100 mm agar plate (no corral) with a
medium-density 2 mm patch centered on the plate. Mature CX7389 (Pelt-2::GFP) eggs were transferred from a bacteria-depleted
plate to one side of a clean 3% agar NGM plate. Ten newly hatched L1 larvae found on the opposite side of the plate were transferred
to a specific radius from the center of the patch. Cylindrical plugs excised from a clean 3% agar plate were used to gently transfer
larvae. After transfer, larval health was assessed by checking for normal, vigorous locomotion. Plates were checked on a Zeiss Axio
Zoom.V16 microscope 36 hours later for the presence of fluorescent larvae inside the patch.

Fat-staining

The caloric values of various diets were assessed by feeding ~300 adult P. pacificus diets comprised of excess E. coli OP50, adult
C. elegans, or larval C. elegans for 6 h. As a control, P. pacificus was food-deprived for 6 h. Oil Red O (ORO) lipid staining®® was car-
ried out as described by Escorcia and colleagues.®” P. pacificus worms (and any food that were on the same plate) were then washed
with PBST, centrifuged at 560 x g for 1 minute, and supernatant removed three times. Worms were next incubated in 40% isopro-
panol for 3 minutes, centrifuged at 560 x g for 1 minute, and supernatant removed. Worms were then incubated in a filtered solution of
7.34 mM ORO (Alfa Aesar A12989) in 60% isopropanol, while rotating at 30 rpm, for 2 h. Worms were centrifuged at 560 x g for 1 min-
ute, supernatant removed, resuspended in PBST, centrifuged at 560 x g for 1 minute, and supernatant removed except for 50 pl. 5 pl
of resuspended worms were then placed on a microscope slide for imaging. Stained P. pacificus animals were imaged on a Zeiss
Axio Imager M2 microscope with a Hamamatsu color CCD camera. To minimize bias, all intact P. pacificus animals on each slide
were imaged, with no staining-based exclusion criteria. ORO, background, and unstained body colors were separated in Fiji°® using
the Colour Deconvolution plugin.®” ORO pixels were quantified as a percentage of worm body area.

Food switching

The food switching assay was adapted from the leaving assay described by Shtonda and colleagues.?® Pairs of different food
patches were placed 2 mm apart on a 35 mm NGM plate. E. coli OP50 spots were made by seeding 0.3 pl of liquid culture
(ODggo = 0.4) and grown for 2 days. To produce C. elegans food patches, we used strains with locomotion phenotypes in order to
restrict movement without use of anesthetics, which would also affect P. pacificus and prevent free movement between food spots.
Adult C. elegans spots consisted of ~20 animals with roller locomotion phenotype (IV95: ueEx46 [gcy-7-sl2-mCherry; Punc-
122::RFPJ; gvis246 [ida-1::GFP+ pRF4 rol-6(su1006)]). Larval C. elegans spots consisted of ~500 animals with kinky locomotion
phenotype (CB81: unc-18(e81) X). unc-18 mutant adults were not used because they moved considerably when bacteria were ab-
sent, even though they barely moved when they were on bacteria. Food preference was assayed by placing a single adult P. pacificus
in one food patch and checking 1 hour later to see if it had switched to the nearby alternate food spot. Switching probability was
calculated as the number of P. pacificus that switched divided by the total number of P. pacificus animals. Food preference was
determined by using the transitive property of inequalities: if p(a — b) < p(c — b), then P. pacificus prefers food a over food c.

Bacteria consumption and progeny proliferation

Initial bacterial supply was created by seeding 0.3 ul of OP50-GFP liquid culture (ODggo = 0.7) on 3% agar NGM 35 mm plates (with
peptone omitted to minimize bacterial growth). Patches were allowed to saturate growth for 2 days. Initial bacterial levels were
measured by imaging the OP50-GFP patches under fluorescence with consistent excitation and exposure parameters on a Zeiss
Axio Zoom.V16 microscope and measuring GFP luminance in Fiji°®. A single adult P. pacificus or adult C. elegans was placed by itself
on a patch and imaged at 12 and 24 h. GFP fluorescence, number of eggs, and number of hatched larvae were recorded.

Expected utility of biting
For a well-fed (with bacteria) P. pacificus individual presented with a particular C. elegans target and bacterial condition, the overall value
of biting was estimated by calculating the expected utilities®* of biting outcomes. We calculated the expected utility of each outcome,

EU;; = pij X uj

where p;; and u;; are the probability and utility (subjective value), respectively, of an outcome i (predatory, territorial) given an indi-
vidual bite against a target| (larval C. elegans, adult C. elegans). Predatory outcomes were defined as feeding on the target, whereas
territorial outcomes were defined as removing competitors from the bacterial territory.

First, we estimated p;; using empirically obtained probabilities. For the probabilities associated with the predatory and territorial
outcomes of a larva-targeted bite, pp; and pp 7, we used the empirically estimated probability that P. pacificus feeds on prey given
a larva-targeted bite (Figure S1M),

ppL = pr.=0.8115

We equated pp to pr, since killing and feeding on larvae simultaneously eliminates competitors. For the probability of a predatory
outcome of an-adult targeted bite, pr.a, we estimated the probability that an adult C. elegans exits a bacterial patch given a bite
received while on the patch (Figure STN).

pra = 0.6483
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Since the objective probabilities used for estimating pp;, pr., and pr 4 were similar across bacterial abundance (Figures 1J and
1K), we assumed that pp; , p7,, and pr 4 were constants and pooled data across bacterial conditions. Finally, for the probability of a
predatory outcome of an-adult targeted bite, pp 4, we measured the number of bites that a single P. pacificus inflicted on a single
adult C. elegans in a bacteria-free arena (3.2 mm diameter) until it successfully killed and fed on the prey (Figure S1F). Since each
successive bite may have contributed cumulative harm in a way that killed C. elegans by attrition, the bite events were not indepen-
dent of each other. Therefore, the true pp 4 should be a cumulative probability that is very low during the first bite and very high at ~25
bites. However, treating bites as cumulative or independent resulted in the same long-term incidence of killed prey, so we treated
each bite as independent for simplicity of prediction,

Pra =0.0408

1
T 245

Next, we described outcome utility as a function of bacterial abundance, u(a). We divided bacteria abundance into three
behaviorally defined subranges: negligible, scarce, and plentiful. The ‘negligible’ subranges encompassed the physical absence
of bacteria, as well as bacterial abundance levels that are too small for P. pacificus to detect or care to exploit. We take the negligible
subrange to be determined by sensory ability and internal state (hunger, satiety), and therefore consistent across outcome-target
pairings when P. pacificus animals have been well-fed on OP50. The ‘scarce’ subrange included the minimum bacterial abundance
that P. pacificus is willing to exploit, as well as other low levels of bacteria that induce P. pacificus to use biting as a means to secure
additional food. Finally, the ‘plentiful’ subrange referred to excess bacterial abundance levels in which P. pacificus does not need to
bite and focuses only on grazing on bacteria. Importantly, the scarce and plentiful subranges varied depending on the outcome and
target being considered.

Based on P. pacificus’s preference for bacteria food over prey (Figure 3B), we generally defined predatory utility functions as having
a constant maximal value over the negligible subrange, where prey is the only acceptable food option. Predatory utility should then
monotonically decrease over the scarce subrange, until it bottoms out to zero utility over the plentiful subrange. We reasoned that
predatory utility over the negligible subrange should reflect the relative long-term net energy gain of eating prey when it is the only
food option. Instead of calculating energy intake and dividing by food handling time, we approximated long-term net energy gain using
ORO staining of fat stores (see STAR Methods: fat-staining), a proxy indicator of excess energy intake (Figure 3A). With excess food
and assumed lack of satiety (OP50, the highest quality food, does not induce satiety,®® we assumed that P. pacificus spent the entire
time (6 h) feeding and handling food (search time is assumed to be zero). Using the relative ORO-stained area in prey-fed P. pacificus
compared to bacteria-fed P. pacificus (taken to be 1), we estimated predatory utility of biting larval and adult targets over the negligible
subrange,

upy (anegligib/e) =0.4179

Up 4 (@negigibie) = 0.5686

For predatory utility over the scarce subrange, we used the probability that P. pacificus switches from a prey patch to a bacterial
patch (Figure 3B) to linearly approximate how much prey P. pacificus foregoes with each increase in bacterial abundance,

Up (Bscarce) =UpL (anegligible) — 0.406ascarce

uP,A (ascarce) =Upa (anegligible) —0.641 8scarce

Compared to predatory value functions, we set territorial utility functions to be non-monotonic to reflect the dual dependence of
bite utility on both bacterial abundance and whether bacteria is considered territory. We reasoned that territorial utility over the scarce
subrange should be zero, since there is no bacterial territory present, detected, or worth defending. At the transition between negli-
gible and scarce subranges, territorial utility should abruptly rise to maximal utility, since this is where scarcity-induced competitive
pressure is highest. Like predatory utility functions, territorial utility should also decrease monotonically over the scarce subrange. To
estimate the maximal territorial utility, we used the bacterial consumption rate of C. elegans relative to that of P. pacificus (taken to be
1) (Figure 3C). Adult C. elegans consumed bacteria 1.5 times faster than P. pacificus, but we found that the addition of L1 larvae (range
20-62) alongside an adult C. elegans did not increase bacteria consumption rate (Figures 3C, S3E, and S3F). This finding differed
considerably from previous reports that L1-L2 stage C. elegans consumes ~25% the rate of an adult C. elegans.®® This discrepancy
may be due to that study’s use of liquid bacterial culture rather than a viscous patch, or due to our indirect measure of larval bacterial
consumption (we did not measure larvae by themselves). To acquire a conservative estimate of larval bacterial consumption rate, we
set adult C. elegans consumption to zero and assumed staggered hatching of larvae, and obtained a rate that is 1/20'" the rate of
adult C. elegans. To alleviate competitive pressure to defend territory, we reasoned that there should be additional bacterial allocated
for C. elegans in addition to the amount that would be considered plentiful for P. pacificus without C. elegans competition. To approx-
imate this latter amount, we used the length of the scarce subrange for up, . Altogether, we defined the territorial value over the scarce
subrange for larval and adult C. elegans,
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Finally, expected utility was calculated by multiplying the corresponding probability and utility function for each target-outcome
pair, and then comparing within-target to predict which outcome is more lucrative for a particular C. elegans target,

EUjj = pij X uj
EUP‘ L> EUP, A

ELJTv 1< EUT,A

It is important to note that the purpose of this bite choice model was to predict the shape of expected utility functions across the
behaviorally defined bacterial abundance subranges, rather than to precisely predict p(bitelencounter) values. It is unclear how char-
acteristics of bacterial patches such as diameter and density would map onto the one-dimensional bacterial abundance x-axis in the
model, so we could not assign predicted p(bitelencounter) values to particular bacterial patches. Instead, to test the model, we
manipulated either only diameter or density, with one patch (medium density, 1 mm diameter) that was common to both sets of tested
patches. We measured P. pacificus bites and encounters with either 1 adult C. elegans or ~100 larval C. elegans in each of these
patches. Then we assessed monotonicity, which was not affected by the scaling (of bacterial abundance) between bacterial patches
that are ordered from lowest abundance to highest abundance.

Amphid neuron ablation

DiO staining of amphid neurons was adapted from published staining of P. pacificus.®” Larval J2 P. pacificus were stained for2hona
nutator in a solution of 15 ng/ml Fast DiO (ThermoFisher D3898) and then de-stained on an empty NGM plate for 1 hour. A 3% agar
plug was used to gently transfer stained J2 animals onto a 2% agarose pad (melted in M9) with 20 mM sodium azide paralytic. Pairs of
amphid neurons were ablated using an Andor Micropoint focused laser microbeam system. Cell identification was based on the iden-
tities described by Hong and colleagues.®® Cell death was confirmed by identifying a morphological change within the cell, and by re-
staining after behavior was recorded. Each ablated J2 was transferred onto its own bacterial patch to recover before being used
2 days later to measure p(bite|lencounter).

Bead patches

Sephadex bead patches were prepared similarly to Sawin and colleagues (2000).°° 30 mg/ml of superfine Sephadex beads (Sigma-Al-
drich G10050) in M9 were autoclaved for 45 minutes and allowed to rehydrate overnight at 4°C. Rehydrated beads were then stored at
4°C. To prepare bead patches, the rehydrated bead mix was vortexed well, and then pipetted onto the agar plate. 0.28 pul was used to
make 1 mm diameter patches (Figure S4B), and 1 ul was used to make 3 mm diameter patches. The beads were transparent and allowed
for encounters and bites to be mostly visible. Encounters were excluded from analysis if encounters or bites were unclear due to bead
distortion.

Patrol speed
Since the P. pacificus mouth is engaged in both feeding on bacteria and biting C. elegans, we tracked mouth location instead of the
body’s center of mass. Mouth location on a bacterial patch (medium density, 1 mm in diameter) was manually tracked using MATLAB
(see key resources table). To focus on persistent on-patch exploration patterns, we restricted analysis to the longest continuous video
segment (> 10 minutes of a 30-minute recording) during which P. pacificus did not leave the patch. To measure total movement, we
calculated translational speed as the sum of the Euclidean distances between each recorded mouth location, divided by total time. We
used MATLAB (see key resources table) to measure forward patrolling around the circular patch boundary (Video S3). We first
measured the widest arc of the patch circumference that P. pacificus traversed (excluding back-and-forth movements or traveling
along a chord to another location on the patch circumference, both of which do not contribute to forward patrolling) in between chang-
ing directions (clockwise <> counterclockwise). Then, we summed all arc lengths (angle x radius) and divided by total time to arrive at
what we call patrol speed.

The ratio of patrol speed to translational speed was used to compare differences in how much movement is dedicated to patrolling.
To discount stationary bouts of feeding on larvae, during which time P. pacificus is not searching, we normalized patrol speed by the
corresponding translational speed. Both these patrol speed and translational speeds are calculated over the same period of time, so
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time cancels out and normalized patrol speed becomes a ratio of patrol and translational distances. Since stationary bouts of feeding
do not contribute distances to either patrol or translational speed, they do not affect normalized patrol speed.

Drug treatment

The bacterial patch used for treatment was formed by seeding 0.5 pl of liquid E. coli OP50 cultures (ODggo = 0.4) on a 35 mm NGM
plate and growing for 2 days at room temperature. 2 ul of a working drug solution (5 mM amisulpride, 10 mM sumanirole, 100 mM
octopamine, 100 mM epinastine) was dispensed onto the patch, 1 pl at a time and allowed to dry in between. As soon as the patch
was visibly dry, P. pacificus young adults were placed on the treated patch for 2 h. P. pacificus was then allowed crawl! three body
lengths on a clean area of an agar plate to remove surface drug residue, and then immediately used for behavior. See key resources
table for more information on drugs.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical test parameters and outcomes are indicated in figure legends.

For datasets in which all measurements were independent results, assumptions for statistical tests were assessed to select an
appropriate parametric or non-parametric test for comparing samples. The Shapiro-Wilk test was used to test for normality within
each sample, and the Levene’s test was used to test for homogeneity of variances across samples. Student’s t-test was used to
compare two normally distributed samples with equal variances, while Welch’s t-test was used to compare two non-normally distrib-
uted samples with unequal variances. Wilcoxon’s rank sum test was used to compare two non-normally distributed samples with
equal variances. Dunn’s test was used to compare non-normally distributed samples with unequal variances. For paired compari-
sons, the paired t-test was used compare samples with normally distributed differences, while Wilcoxon’s signed rank test was
used to compare samples with non-normally distributed differences. One-or two-way ANOVAs were used to compare three or
more normally distributed groups. For post-hoc tests after an ANOVA, Dunnett’s test was used to conduct simultaneous multiple
comparisons in which samples are compared to a control, and Tukey’s HSD test was used to conduct simultaneous multiples com-
parisons between all pairs. As a parametric alternative to ANOVA, the Kruskall-Wallis test was used to compare three or more non-
normally distributed groups, with Dunn’s test as the post-hoc test for simultaneous comparisons of all pairs. To avoid making as-
sumptions of normality in error bar representation, we performed bootstrap resampling to calculate 95% confidence intervals around
the mean.

For datasets in which both independent and dependent variables were categorical, we assembled data into a contingency table
and conducted Fisher’s exact test.

For datasets with multiple unplanned measurements per independent result, we built statistical models to compare estimated
means across categories. Binomial logistic regression® was used to model data in which independent results consist of a variable
number of trials with two possible outcomes (Figures 1H, 1J, 1K, 2C, 2E, 3E, 3F, 4C, 6A, 6B, S1D, S6A, and S6B). The primary benefit
of binomial logistic regression models is to give more weight to independent results with more trials. All figures with y-axes starting
with “p(name of event)” (not including Figure 1l) feature sample probabilities and confidence intervals predicted by binomial logistic
regression model. Linear mixed-effects (LME) models were used to model hierarchical egg distribution data (Figure 2B), which has
non-independence in the data at one level (egg distances within an arena) and independence at a higher level (arenas). To model the
effect of mix of adult nematodes on egg distances (Figure 2B), separate models were fitted for each egg species to model. Conver-
gence of LME models was assessed by fitting models with all available optimizers and checking that all optimizers converge to values
that are practically equivalent. For all binomial logistic regression models and LME models, likelihood ratio tests (LRT) were used to
assess goodness of fit by comparing full models to null models (Table S1). To compare between multiple levels of a category, Wald
tests with single-step p-value adjustment were used to test linear hypotheses and limit issues related to multiple comparisons.

Benjamini-Hochberg correction was used to adjust p-value for all comparisons involving multiple independent tests.

To measure associations between variables, we used different coefficients or combinations of coefficients, depending on the type
of association we wanted to describe. To measure linear correlation between two variables, we used Pearson’s r. To measure how
well a monotonic function describes the relationship between two variables, we used Spearman’s p. To measure the non-linear and
non-monotonic relationship between two variables, we first checked for a very low value for Spearman’s p (indicative of non-mono-
tocity), and then used Hoeffding’s D.

All statistical analyses were carried out with the R statistical software.>® The additional package Ime4°® was used to conduct linear
mixed-effects models, and the additional package multcomp®* to conduct linear hypotheses with single-step adjustment for multiple
comparisons.
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Figure S1. Outcomes of biting C. elegans off and on bacteria, related to Figures 1A-1K
(A-B) Pseudo-colored (A) ventral and (B) dorsal tooth of eurystomatous adult P. pacificus
(strain: RS5194).

(C) Toothless mouth of adult C. elegans (strain: N2)

(D) Instantaneous killing ability of different wild isolates of P. pacificus, expressed as
probability of killing C. elegans given a single bite, (Wald test with Benjamini-Hochberg
adjustment, nppacificus = 8—16, Nbites per P.pacificus = 1-39). RS5194 P. pacificus was selected for
experiments featured in main figures.

(E) Long-term killing ability of different wild isolates of P. pacificus, expressed as cumulative
probability of a killing a single adult C. elegans by various time points (nepacificus = 11-16).
RS5194 P. pacificus was selected for experiments featured in main figures.

(F) Number of bites that a single adult RS5194 P. pacificus inflicted to kill a single adult C.
elegans.

(G-L) Arenas with various densities and diameters of E. coli OP50 bacterial patches (see
Methods: Bacterial patches).

(M) Number of larva-targeted bites that lead to predatory feeding (np.pacificus = 60,

Nbites per Ppacificus = 1—31). Data points were pooled from all conditions in Figure 1J.

(N) Number of adult-targeted bites on bacteria that lead to adult C. elegans exiting the bacterial
patch (np.pacificus = 77, Nbites per P.pacificus = 1—14). Data points were pooled from all conditions in
Figure 1K.

(D,M,N) Error bars are predicted probabilities and 95% confidence intervals from binomial
logistic regression models of data.

Other error bars are 95% bootstrap confidence intervals.
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Figure S2. Biting-induced patch avoidance and egg-laying, related to Figures 1L-1N and
Figure 2

(A-B) Single adult C. elegans (black arrow) with three adult P. pacificus after (A) 0 hours, and
(B) 6 hours.

(C) Difference between 0 and 6 hours in adult C. elegans residence time on different regions of a
bacteria patch occupied by P. pacificus (Dunn’s test with Benjamini—Hochberg correction,
NC.elegans = 11).

(D) Number of non-bite encounters that were followed by adult C. elegans leaving a bacteria
patch, at 0 and 6 hours of predator exposure. Each data point represents an individual arena with
1 P. pacificus and 1 adult C. elegans (Narena = 9—11, Nnon-bite_encounters per arena= 0—13). Shading
indicates that multiple arenas had the same number of non-bite encounters and exits.

(E-F) Egg distribution assay at (E) 0 hours with four adult nematodes (2 P. pacificus, 2 C.
elegans), and at (F) 7 hours with adults removed.

(G-H) Zoomed-in (G) brightfield and (H) fluorescent view of the bacterial patch in (E).
Fluorescent eggs are C. elegans (GFP-labeled), while non-fluorescent eggs are P. pacificus.

(I) Total eggs laid per C. elegans and P. pacificus adult, across mixed-species groups (Dunn’s
test, narenas = 10-20). Eggs were pooled within species for comparison between species.

(J-L) Bacterial patches were conditioned with either C. elegans or P. pacificus pheromones (See
Methods: Pheromone-conditioned patches). (J) Residence time on conditioned patches
(Wilcoxon's signed rank test, nc.eregans = 10). (K) Percent of eggs laid off conditioned patches
(Wilcoxon's signed rank test, nc.eregans = 14). (L) Mean egg distance from center of conditioned
patches, with yellow shading indicating distances that fall within the bacterial patch (t-test, n-
C.elegans = 14).

Error bars are 95% bootstrap confidence intervals.
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Figure S3. Influences on and assessment of biting incentive, related to Figure 3

(A-D) Representative images of P. pacificus stained with Oil Red O after 6 hours of exclusively
feeding on (A) nothing, (B) larval C. elegans, (C) adult C. elegans, and (D) E. coli OP50
bacteria.

(E) Probability of P. pacificus switching between a C. elegans-conditioned patch (see Methods:
Pheromone-conditioned patches) and a pristine (unconditioned) patch (Fisher’s exact test,

NP pacificus = 30).

(F) Total progeny produced by a single adult P. pacificus or C. elegans (Wilcoxon’s ranked sum
test with Benjamini—Hochberg adjustment, naduit= 16-23).

(G) C. elegans eggs that hatched into larvae (Wilcoxon’s signed rank test, nc.eregans = 16—23). No
P. pacificus eggs hatched within 24 hours.

(H) Distributions of durations for bite encounters and non-bite encounters on different types of
patches. Encounters were pooled across animals within each patch type. Each distribution is
plotted as a probability density function (same area under each curve) (Dunn’s test, Nencounters =
10— 492).

(I) Correlation between non-bite encounter duration and probability of biting during an
encounter, for different patch types (Pearson’s 7, narena = 9-33).

(J-L) Correlation between number of encounters and probability of biting during an encounter
on a medium density lawn with various diameters (Pearson’s 7, Narena = 13-26).

Error bars are 95% bootstrap confidence intervals.
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Figure S4. P. pacificus residence time on different types of patches, related to Figure 4
(A) P. pacificus patch residence time on different types of bacterial and non-bacterial patches
(Dunn’s test, nppacificus = 11-14).

(B) 1 mm patch of rehydrated Sephadex beads (See STAR Methods: Bead patches), with adult
C. elegans and P. pacificus. P. pacificus is fully inside the bead patch.

(C) Difference between 0—15 minutes and 15-30 minutes in patch residence time (t-test,

NP pacificus = 11-14).

Error bars are 95% bootstrap confidence intervals.
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Figure S5. Active and passive search for C. elegans, related to Figure 5

(A-B) Histograms of C. elegans larvae movement on a medium density, 1 mm bacterial patch (see
Methods: Larvae movement). To obtain relative patch locations, all patches were normalized to
have a radius of 1. Each bin value represents the probability density of video frames showing larval
movement at that location/distance. (A) 2-dimensional location on the patch. (B) 1-dimensional
distance from the center of the patch.

(C-D) P. pacificus patrolling on P. pacificus- and C. elegans-conditioned patches (see Methods:
Pheromone-conditioned patches). (C) Translational and patrol speeds (Wilcoxon’s signed rank
test, np.pacificus = 10). (D) patrol speed normalized by translational speed (t-test, np.paciticus = 10)
(E-F) P. pacificus patrolling with locomotion-defective C. elegans mutant (unc-18(-)) and control
wildtype C. elegans (N2) patch cohabitants. (E) Translational and patrol speeds (Wilcoxon’s
signed rank test, np.pacificus = 10). (F) Patrol speed normalized by translational speed (t-test, np.pacificus
=10).

(G) Timecourses of when P. pacificus feeds on live or dead (previously killed) larvae, after three
hours with larvae on a bacteria-free arena (np.pacificus = 18). Each row represents the timecourse for
an individual P. pacificus.

Error bars are 95% bootstrap confidence intervals.
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Figure S6. Dopamine D2 receptor agonist and octopamine do not affect territorial biting,
related to Figure 6

(A-B) p(bite|encounter) for P. pacificus treated with (A) the dopamine D2 receptor agonist,
sumanirole (Wald test with Benjamini-Hochberg adjustment, np. pacificus = 7—15, Nencounters per
P.pacificus = 7-38), and (B) octopamine (Wald test with Benjamini-Hochberg adjustment, np pacificus
= 7-9, Nencounters per P. pacificus = 8—42). Drug concentrations refer to the concentration of drug
solution applied to a bacterial patch for treatment (see Methods: Drug treatment).

Error bars are predicted probabilities and 95% confidence intervals from binomial logistic

regression models of data.
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Table S1: Goodness of fit of statistical models, related to STAR Methods
For binomial logistic regression models and linear mixed-effects models, full models were

compared to null models using likelihood ratio test.
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