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Abstract10

Prey must balance the need to avoid predators with the need to feed, a dilemma central to prey11

refuge theory. Additionally, prey must also assess predatory imminence, or how close predator12

threats are in space and time. Predatory imminence theory classifies defensive behaviors into13

three defense modes—pre-encounter, post-encounter, and circa-strike—each corresponding to14

increasing levels of predatory imminence—suspecting a predator, detecting a predator, and15

contact with a predatory attack. Although prey often simultaneously face variations in predatory16

imminence and spatial distribution of predation risks, research on how these factors intersect to17

influence defensive behaviors has been limited. Integrating these factors into a complex,18

naturalistic environment could enable comprehensive analysis of multiple defense modes in19

consistent conditions within the same study, unlike laboratory tests designed to examine only20

one mode at a time. Here, we combine prey refuge and predatory imminence theories to develop21

a model system of nematode defensive behaviors, with Caenorhabditis elegans as prey and22

Pristionchus pacificus as predator. We show that C. elegans innately exhibits circa-strike behaviors23

in a foraging environment comprised of a food-rich, high-risk patch and a food-poor,24

predator-free refuge. However, after extended experience in this environment, C. elegans25

acquires post- and pre-encounter behaviors that proactively anticipate threats rather than26

merely reacting to attacks. We also demonstrate that these defense modes are potentiated by27

increasingly harmful predators, with only life-threatening predators capable of eliciting all three28

defense modes. Finally, our model system reveals that SEB-3 receptors and NLP-49 peptides, key29

to stress response regulation, vary in their impact and interdependence across defense modes.30

We find that SEB-3 has a greater impact on the highest-imminence defense mode, while NLP-4931

peptides have a stronger effect on the lowest-imminence defense mode. Overall, our model32

system reveals detailed and comprehensive insights into how stress-related molecular signaling33

affects behavioral responses to threats.34
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Introduction36

To survive, prey adjust their behavior to avoid predatory threat across a variety of situations. This37

repertoire of defensive behaviors includes reactions to predatory attacks, as well as proactive be-38

haviors that promote vigilance and reduce vulnerability. Due to strong selective pressure, many39

prey species evolved escape responses to rapidly evade predatory attacks (Eaton, 2013; Evans40

et al., 2019). While instinctive and not requiring conscious thought, these responses consume sig-41

nificant energy and are less effective against anticipated threats. In situations that do not demand42

immediate action, prey can flexibly adjust their defensive strategy based on the specific threat con-43

text. These defensive strategies differ according to predatory imminence, which is the perceived44

perceived spatial and temporal proximity of a predatory threat (Fanselow and Lester, 1988). In45

predatory imminence theory, defensive behaviors are categorized into three defense modes —46

pre-encounter, post-encounter, and circa-strike modes—each corresponding to increasing levels47

of predatory imminence—suspecting a predator, detecting a predator, and contact with a preda-48

tory attack (Fanselow and Lester, 1988). This framework has been primarily used to study rodent49

behaviors, such as escape actions (circa-strike), freezing (post-encounter), and altered meal pat-50

terns (pre-encounter), each linked to specific brain regions (Fanselow and Lester, 1988; Fanselow51

et al., 1988). Despite debates over relating animal defensive behaviors to human emotions like52

fear (Mobbs et al., 2019), the predatory imminence framework links circa-strike, post-encounter,53

and pre-encounter modes with panic, fear, and anxiety, respectively, based on threat and behav-54

ioral criteria rather than on similarity to humans in fear-related brain regions or responses to anx-55

iolytic drugs (Perusini and Fanselow, 2015). However, this framework has predominantly been56

investigated with laboratory tests that use electric shocks (Fanselow et al., 1988; Fanselow, 1989;57

Helmstetter and Fanselow, 1993), rather than more naturalistic threat stimuli. Moreover, despite58

its species-agnostic approach, the predatory imminence framework has seldom been used to ex-59

plore defensive behaviors in invertebrate models.60

In naturalistic environments, prey face the dilemma of balancing the risk of predation with the61

need to forage, a challenge that intensifies in food-rich areas also marked by high predation risk.62

To navigate this balance, prey develop strategies to move between food-rich, high-risk areas and63

refuges, which are areas with less food but also low predation risk (Sih, 1987). Maximally safe64

strategies, such residing only in refuges, are often unsustainable as they result in starvation when65

food is scarce. Prey refuge theory, a branch of optimal foraging theory, identifies key factors influ-66

encing the use of refuges, such as predation risk, hunger level, feeding rates, and uncertainty (Sih,67

1992). These factors are critical in post- and pre-encounter modes for assessing spaces for safety68

and adapting defensive strategies based on the particular risks and resources of the environment.69

Although previous studies, like those exploring the impact of electric shock on mice foraging in an70

operant chamber (Fanselow et al., 1988), have touched on these concepts, there has been little71

systematic integration of actual predators and refuges in lab studies guided by the predatory im-72

minence framework. Recent approaches to evaluating defense modes across the predatory immi-73

nence spectrum rely on a battery of established laboratory tests (Hoffman et al., 2022), potentially74

complicating comparisons across defense modes due to widely varying experimental setups. In-75

tegrating predatory imminence and prey refuge theories enables us to develop behavioral tests76

for defense modes in a consistent and naturalistic environment, thus minimizing variables from77

different experimental designs.78

Investigation of distinct defense modes within the same study can potentially shed light on the79

molecular regulation of threat behaviors and enhance the translatability of these insights. Since80

corticotropin releasing factor (CRF) was identified in 1981 (Vale et al., 1981), its role in stress re-81

sponses in both humans and animals has been a focus of research (Bale and Vale, 2004; Binder82

andNemeroff, 2010), linking CRF systemdysregulation to depression and anxiety, especially via the83

CRFR1 receptor (Reul and Holsboer, 2002; Arborelius et al., 1999; Heinrichs et al., 1997). However,84

CRFR1 antagonists, despite showing promise in animal studies, have struggled to become effec-85
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tive treatments in humans, partly because therapeutic indication is difficult to determine based86

on preclinical studies (Spierling and Zorrilla, 2017). These models often don’t exhibit effects un-87

der normal conditions, requiring specific conditions to mimic stress responses, and the influence88

of CRF varies with the stress condition (Zorrilla and Koob, 2004). For instance, while high CRF lev-89

els correlate with PTSD in some human studies (Bremner et al., 1997; Sautter et al., 2003; Baker90

et al., 1999), this isn’t consistently seen in other anxiety disorders (Banki et al., 1992; Fossey et al.,91

1996; Jolkkonen et al., 1993). Additionally, research in mice shows that CRF can trigger opposite92

responses based on stress intensity (Lemos et al., 2012), suggesting the context of threat signifi-93

cantly impacts molecular mechanisms. However, variations in experimental setups and outcomes94

across studies complicate cross-study comparisons (Bale and Vale, 2004; Atli et al., 2016). Thus,95

to better understand the molecular dynamics of defensive behavior shifts, it is essential to study96

these behaviors throughwell-defined threat stages within a consistent framework in a single study.97

Tobridge this gap, we introduce amodel systemof nematodedefensive behaviorswithCaenorhab-98

ditis elegans as the prey and Pristionchus pacificus as the predator. Utilizing an invertebrate prey99

allows for investigation of interactions with life-threatening predators in a lab setting, avoiding the100

ethical constraints faced by rodent research. The lack of life-endangering threats in vertebrate101

research has been criticized as a limitation in the translatability of rodent anxiety behavior tests102

(Bach, 2022). While C. elegans is an obligate bacteriovore, P. pacificus is omnivorous and can choose103

to eat bacteria, which it prefers, or to bite and kill nematode prey for food (Serobyan et al., 2014;104

Wilecki et al., 2015). C. elegans has been found alongside Pristionchus sp. nematodes in samples col-105

lected from the wild (Félix et al., 2018), suggesting that C. elegansmay be more likely to recognise106

P. pacificus as a predator than other known artifical aversive stimuli, such as blue light or elec-107

tric shocks. While P. pacificus can kill larval C. elegans, adults can survive hours of repeated biting108

(Wilecki et al., 2015; Quach and Chalasani, 2022), enabling them to learn from these encounters109

and adapt their behaviors. Additionally, C. elegans has been shown to form a learned association110

of a bacterial patch with predation risk, as C. elegans does not innately avoid food patches occu-111

pied by Pristionchus sp. or conditioned with their secretions (Quach and Chalasani, 2022; Pribadi112

et al., 2023). P. pacificus tends to stay within bacterial food patches (Quach and Chalasani, 2022),113

creating a natural setup of risky patches and safe refuge surrounding the patch. Leveraging this114

setup, our model system of nematode defensive behaviors applies predatory imminence and prey115

refuge theories to explore C. elegans’ navigation of patch and refuge areas across defense modes.116

Just as specific brain regions in rodents correlate with defense modes in predatory imminence117

theory, we aim to identify distinct molecular mechanisms driving defense modes in nematodes.118

Our focus is on SEB-3, a G protein-coupled receptor in C. elegans (Jee et al., 2013), and NLP-49,119

a neuropeptide locus where one of the peptides has been identified as a ligand for SEB-3 (Beets120

et al., 2023; Chew et al., 2018). Although SEB-3 initially appeared similar to mammalian CRF recep-121

tors, particularly CRFR1 (Cardoso et al., 2006; Jee et al., 2013, 2016), recent reports suggest that it is122

more closely related to invertebrate pigment-dispersing factor (PDF) receptors (Elphick et al., 2018;123

Mirabeau and Joly, 2013). Despite this, both CRF and PDF receptors are part of the secretin super-124

family of receptors, with evidence suggesting that SEB-3 may influence some behaviors similarly125

to CRF receptors (Jee et al., 2013, 2016; Chew et al., 2018). Similar to the mammalian CRF signal-126

ing system, there are conflicting reports on the role SEB-3 signaling in nematode stress responses.127

The role SEB-3/NLP-49-3 signaling in stress response is debated, with some studies linking reduced128

signaling to low stress and increased signaling to high stress (Jee et al., 2013; Chew et al., 2018).129

One study indicating increased SEB-3 signaling reduces stress-like behaviors (Jee et al., 2016). This130

conflicting study differs from the others, which focus on basal stress indicators such as locomotion131

and arousal, by focusing on a choice between continuing to mate or escaping aversive blue light132

(Jee et al., 2016). Our model system of defensive behaviors also involves choosing between contin-133

uing an appealing activity and avoiding an aversive stimulus. Thus we hypothesize that decreased134

SEB-3/NLP-49-2 signaling will enhance defensive behaviours in our model system, while increased135

signaling will reduced defensive behaviors. However, we expect that the specific roles of and inter-136
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actions between SEB-3 and NLP-49-2 will differ across defense modes. Overall, we demonstrate137

that our model system of nematode defensive behaviors can be successfully used to interrogate138

the specific behavioral targets of NLP-49 and SEB-3 signaling and interaction. Bymaintaining a con-139

sistent test environment across defense modes, we are able to attribute differences in molecular140

regulation to the defense mode itself, facilitating a more robust understanding of stress-related141

molecular signaling.142

Results143

C. elegans responses topredatory threat canbeorganized into threedefensemodes144

To focus our model system of nematode defensive behaviors around a bacterial food patch and145

refuge, we adapted our previous predator-prey competition model (Quach and Chalasani, 2022)146

to concentrate on the behavior of the prey rather than that of the predator. This system examines147

interactions among three species across different trophic levels: 1) C. elegans as prey, 2) P. pacificus148

as the predator, and 3) a localized food source (patch) of OP50 E. coli bacteria (Figure 1A). P. paci-149

ficus is territorial over small patches of bacterial food, such that it resides mostly within the patch150

and patrols the patch border for intruders (Quach and Chalasani, 2022). This results in C. elegans151

experiencing predatory attacks (bites) mostly when it contacts the patch, especially at the patch152

boundary, such that predation risk is primarily confined to the patch. In contast, the surrouding153

refuge area offers no food except for negligible bacterial trails at the patch boundary, which only154

become significant food sources after about 5-6 hours of growth at room temperature. Thus, our155

experiments are limited to 6 hours to keep C. elegans’ motivation to feed from the patch high. Basic156

prey refuge models often presume predators are highly successful at capturing prey, who in turn157

have low escape success, leading to a focus on the timing of prey’s emergence from refuge when158

predators seem to leave the area (Sih, 1992). However, because adult C. elegans rarely die from159

a single bite and can escape most bites (Wilecki et al., 2015; Quach and Chalasani, 2022), their160

coexistence in the food patch with P. pacificus presents a sustained rather than immediate survival161

risk. Thus, our study will examine the use of both patch and refuge areas to establish the defense162

modes in our model system of nematode defensive behaviors.163

In the circa-strike mode, we outline a three-step behavioral sequence: 1) escape a bite, 2) exit164

the patch, and 3) reenter the patch (Figure 1A). During the escape response, where C. elegans in-165

stinctively and rapidly accelerates away from a touch stimulus (Pirri and Alkema, 2012), C. elegans166

is unlikely to consider the patch and refuge in this first phase of the circa-strike. However, the sub-167

sequent phases involve deciding whether to move between the patch and refuge. Our previous168

findings show that C. elegans often exits the patch after being bitten by RS5194 P. pacificus (Quach169

and Chalasani, 2022), suggesting that the escape phase is often but not always followed by the170

exit phase of the circa-strike mode. In our experimental setup, we use an arena (Figure 1B, Fig-171

ure 1—figure Supplement 1A) to confine C. elegans to a space with a bacterial patch as the only172

food source, necessitating its eventual reentry into the patch and thereby ensuring that the exit173

phase is always followed by the reentry phase. Importantly, the arena is wide relative to the small174

bacterial food patch placed in the center of the arena (Figure 1B, Figure 1—figure Supplement 1A),175

ensuring ample empty space around the patch for C. elegans to retreat to as refuge. In this arena,176

we placed one C. elegans and four RS5194 P. pacificus. To focus on innate behaviors, we observed177

behaviors for just one hour. Under these conditions, C. elegans exits the patch more often and178

spends significantly more time outside it in the presence of predators, in contrast to minimal exits179

and time spent outside the patch when predators are absent (Figure 1C,D). This indicates that C.180

elegans rarely leaves the patch unless provoked by a predatory attack.181

In the post-encounter mode, we examine the feeding posture of C. elegans after extended ex-182

posure to a predator-inhabited patch (Figure 1A). In a previous study, we demonstrated that C. ele-183

gans tends to stay within the food patch for the first half-hour of exposure to a predator-inhabited184

patch (Quach and Chalasani, 2022). However, its behavior shifts over six hours, with C. elegans185
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Figure 1. C. elegans responses to predatory threat can be organized into three defense modes.
(A) Predatory imminence model of C. elegans defensive responses to a predator-inhabited bacterial food patch. Upon being bitten by a predator,
C. elegans executes an escape response, exits the predator-inhabited patch, and then ultimately reenters the patch (circa-strike mode). Afterextended exposure, C. elegans adopts an outstretched feeding posture to minimize predator contact (post-encounter mode). When confrontedwith a new patch, the predator-exposed C. elegans cautiously explores for potential predators in the patch (pre-encounter mode). (B) Arenasetup for assessing circa-strike and post-encounter behaviors includes a 9.5 mm circular arena with a 2 mm bacterial patch, housing one C.
elegans and four RS5194 P. pacificus predators (or none). (C) Number of exits and (D) total time that C. elegans spent off the patch during 1-hourexposure to predator and predator-free conditions (Wilcoxon rank sum test, nC.elegans = 13). (E) Percentage of C. elegans animals adoptingoutstretched feeding posture across different exposure durations to both predator and predator-free conditions (Fisher’s exact test, nC.elegans =44-45). (F) Arena setup for studying pre-encounter behaviors involved placing one C. elegans and four RS5194 P. pacificus predators (or none) ineither a wide exit arena (open space around the food patch) or a narrow exit arena (narrow corridor to/from the food patch) with a 2 mmbacterial patch. After 2- or 4-hour predator exposure, C. elegans was transferred to a predator-free arena for a 15-minute exploration period. (G)Latency to enter a new patch (Wilcoxon rank sum test with Benjamini-Hochberg adjustment, nC.elegans = 21-24) and (H) number of bins exploredby C. elegans following either 2- or 4-hour exposure to predator or predator-free conditions (Welch’s t-test with Benjamini-Hochberg adjustment,nC.elegans = 13-15). Error bars are 95% bootstrap CIs containing the mean. n.s.=p>0.05, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
Figure 1—figure supplement 1. Images of arena setups.
Figure 1—figure supplement 2. Progression of post-encounter behavior acquisition.
Figure 1—figure supplement 3. Pre-encounter behavior is reversible and not explained by injury-induced changes to locomotor speed.
Figure 1—figure supplement 4. Post-encounter and pre-encounter behaviors are not explained by food deprivation.
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predominantly feeding with only its head in contact with the patch (Quach and Chalasani, 2022).186

In the current study, we define the outstretched feeding posture as C. elegans having its mouth187

contacting the patch boundary or a bacterial trail emanating from the patch while the rest of its188

body stretches outside of the patch (Figure 1—figure Supplement 1B). This outstretched feeding189

posture allows for quick withdrawal from the patch in response to bites, while maintaining access190

to food and reducing the risk of predator detection. To evaluate post-encounter behavior, we use191

the same arena setup as in the circa-strike mode (Figure 1B), with hourly observations over six192

hours to monitor the prevalence of the outstretched feeding posture among C. elegans. To focus193

on feeding posture decisions, C. elegans was allowed time to settle into a stable feeding posture if194

it was transitioning between patch and refuge spaces. Our findings show an increased adoption of195

the outstretched posture in the presence of predators (Figure 1E), which intensifies with prolonged196

predator exposure (Figure 1—figure Supplement 2). This indicates that C. elegans learns to asso-197

ciate the patch with higher predation risk, opting to limit full entry into the patch as a defensive198

strategy.199

In the pre-encounter mode, we studied how C. elegans approaches a new, predator-free after200

extended experience with a predator-inhabited patch (Figure 1A). We modified the light-dark tran-201

sition test for unconditioned anxiety in rodents (Crawley and Goodwin, 1980; Crawley, 1985) to202

suit nematodes in our patch-refuge context. While the light-dark transition test measures explo-203

ration between a dark chamber and an aversive, brightly lit chamber, our adaptation measures204

exploration from an empty chamber into a chamber filled with a bacterial food patch. Unlike the205

light-dark transition test, where the brightly lit chamber inherently repels mice, the patch is not206

aversive to C. elegans unless it becomes associated with predation risk.207

To determine if C. elegans takes into account its own vulnerability in addition to predation risk,208

we utilized two spatial configurations of patch-refuge: one that permits C. elegans to leave the209

patch from any point along its boundary (wide exit arena, same arena as for circa-strike and pre-210

encounter modes) and another that restricts exits to a narrow opening on the boundary (narrow211

exit arena) (Figure 1F, Figure 1—figure Supplement 1A,C). Critically, the narrow opening is small212

enough that it can be blocked by a predator, occasionally preventing C. elegans from exiting the213

patch. During the exposure period, we exposed C. elegans to predator-inhabited patches in either214

the wide exit or narrow exit arena, for either 2 or 4 hours (Figure 1F). As a mock control, C. elegans215

were exposed to these conditions, but without predators. Afterwards, we tested pre-encounter216

behavior by transferring C. elegans to a new predator-free arena of the same type and measuring217

its latency to enter the new patch and the number of bins it explores on the patch within 15 min-218

utes upon entry (Figure 1F, Figure 1—figure Supplement 1D). To ensure C. elegans has no prior219

awareness of predator presence in the new patch, we consistently placed it in the center of the220

empty chamber as its starting position. We hypothesized that previous experience with a predator-221

inhabited patch would lead C. elegans to approach and explore a new patch more cautiously, par-222

ticularly when escape options are restricted. Our observations confirmed this, noting a significant223

delay in entering new patches exclusively after C. elegans spent 4 hours in a narrow exit arena with224

predators (Figure 1G). Moreover, we detected a decrease in exploration activity following just 2225

hours of predator exposure in the narrow exit arena, with exploration diminishing further after 4226

hours in both wide and narrow arenas (Figure 1H). Consequently, we decided to exclusively use the227

narrow exit arena in subsequent pre-encounter mode experiments. To explore whether delayed228

entry and diminished exploration of the patch resulted from mobility issues caused by predator-229

induced injuries, wemeasured the locomotor speed of predator-exposed andmock-exposed C. ele-230

gans. Given that C. elegans tends tomovemore quickly on bacteria-free surfaces, we reasoned that231

assessing speed before C. elegans enters the new patch would provide a clearer indication of any232

locomotion defects. Our findings revealed no noticeable difference in locomotor speed, indicating233

that exposure to predators did not affect C. elegans’ mobility (Figure 1—figure Supplement 3A-C).234

Furthermore, after spending 6 hours in a predator-free patch, the behavior of predator-exposed C.235

elegans returned to typical exploration patterns (Figure 1—figure Supplement 3D), demonstrating236
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intact mobility as well as ability to adjust behavior based on changes in experience. These results237

suggest that extended exposure to a predator-inhabited patch leads C. elegans to adopt a more238

cautious approach when exploring new, predator-free patches.239

We omitted the narrow exit arena from our analysis of the circa-strike and post-encounter240

modes to avoid the possibility that restricted access could conceal C. elegans’ efforts to seek refuge241

when predators are nearby. Our primary interest lies in discerning the prey’s intent to use the242

patch or refuge, not in the obstacles imposed by particular patch-refuge layouts. However, be-243

cause pre-encounter behaviors occur in the absence of predators, the use of a narrow exit arena244

did not interfere with our assessment of C. elegans’ inclination toward patch or refuge use.245

Given that both post-encounter and pre-encounter defense modes involve significant time246

with predator-occupied patches, the observed behaviors may be due to food scarcity from avoid-247

ing the patch, rather than actual defensive responses. To explore this possibility, we subjected248

food-deprived C. elegans to post-encounter and pre-encounter conditions without predators. Prey249

refuge theory predicts that fooddeprivation should lead to increasedpatchuse and reduced refuge250

use, the opposite of what predator presence would cause (Sih, 1992). In post-encounter scenar-251

ios, food-deprived, non-predator-exposed C. elegans rarely adopted the outstretched feeding pos-252

ture, unlikewell-fed, predator-exposed counterpartswho frequently did after two hours (Figure 1—253

figure Supplement 4A). For pre-encounter conditions, food-deprived, non-predator-exposed C. ele-254

gans entered newpatches faster thanwell-fed, predator-exposed animals (Figure 1—figure Supple-255

ment 4B), aligning with predictions that food deprivation increases patch use and decreases refuge256

use. However, the amount of patch explored by food-deprived, non-predator-exposed C. elegans257

was similar to that of well-fed, predator-exposed animals (Figure 1—figure Supplement 4C). Con-258

sidering that food-deprived C. elegansmore dramatically slows down upon finding food compared259

to well-fed animals (Sawin et al., 2000), the interpretation of patch exploration is complicated in260

the absence of other evidence. However, these results as a collective suggest that food deprivation261

alone does not explain the defensive behaviors in our model’s post-encounter and pre-encounter262

modes. This conclusion is consistent with our previous finding that C. elegans remains feeding, with263

its mouth in contact with the bacteria, throughout extended periods in predator-occupied patches,264

regardless of whether the rest of its body is inside the patch (Quach and Chalasani, 2022).265

Defensive response intensity increases with predation risk266

We next investigated the sensitivity of nematode defensive modes to different levels of predation267

risk, which allowed us to further refine our behavioral metrics. Prey refuge theory suggests that268

prey will increasingly avoid areas where predators pose a greater danger, leading to reduced patch269

use and increased refuge use (Sih, 1992). To confirm this in our model system, we tested four270

strains of Pristionchus spp. nematodes, each representing a qualitatively different level of threat271

to C. elegans: TU445 (non-aversive bite), JU1051 (aversive but nonlethal bite), PS312 (aversive, po-272

tentially lethal within 24 hours), and RS5194 (aversive, potentially lethal within 4 hours) (Figure 2A).273

The TU445 strain, a P. pacificus eud-1 mutant, exhibits a non-predatory mouthform whose bites274

are largely non-aversive to adult C. elegans (Ragsdale et al., 2013; Wilecki et al., 2015). JU1051,275

on the other hand, can deliver aversive bites but cannot kill adult C. elegans (Pribadi et al., 2023).276

PS312, the standard P. pacificus strain, poses a 50% chance of killing adult C. elegans within 24277

hours in a bacteria-free, refuge-free environment (Quach and Chalasani, 2022). RS5194 P. pacifi-278

cus, more lethal, has a similar fatality rate within just 4 hours in the same bacteria-free, refuge-free279

environment, increasing to around 70% by 8 hours(Quach and Chalasani, 2022). Considering our280

experiments involve up to 6 hours of predator exposure, only RS5194 poses a significant, timely281

threat to C. elegans survival in our model. To minimize harm and survive long-term exposure to282

RS5194 P. pacificus, C. elegansmust adopt defensive strategies and utilize refuges effectively.283

We first investigated how various predators influence circa-strike behavior. To confirm that the284

aversive nature of bites, rather thanmerely the presence of predators, triggers C. elegans to escape285

and exit the patch, we counted the instances of both spontaneous and bite-induced escapes and286

7 of 30



A aversive
bite 24 hours 4 hours

TU445

JU1051

PS312

RS5194pr
ed

at
or

 s
tra

in

potentially lethal by

E

F G

none
TU445

JU1051
PS312

RS5194

bi
ns

 e
xp

lo
re

d

0

20

40

60

n.s.

Feed in
outstretched

posture

po
st-

en
co

un
te

r

100

75

50

25

0%
 o

ut
str

et
ch

ed
 a

ni
m

al
s

654321
hours

RS5194 − PS312 : *
RS5194 − JU1051 : *
RS5194 − TU445 : ****
RS5194 − none : ****
PS312 − JU1051 : n.s.
PS312 − TU445, ≥ 2h : **
PS312 − none, ≥ 2h : **
JU1051 − TU445, ≥ 2h : **
JU1041 − none, ≥ 2h : **
TU445 − none : n.s. 
 

RS5194
PS312
JU1051
TU445
none

B

0

5

10

15

es
ca

pe
s

TU445
JU1051

PS312
RS5194

**

***
****

ci
rc

a-
str

ike

Escape from
bite

n.s.

Slowly explore
new patch pr

e-
en

co
un

te
r

en
try

 la
te

nc
y 

(m
in

)

**
***

none
TU445

JU1051
PS312

RS5194
0

10

20

30

40

n.s.

*
***

****

C

JU1051
PS312

RS5194
0.00

P(
ex

it 
| 

es
ca

pe
)

0.25

0.50

0.75

1.00

ci
rc

a-
str

ike

Leave patch

n.s.
**

*** D

ci
rc

a-
str

ike

0

m
ea

n 
re

en
try

 la
te

nc
y

(m
in

)

3

6

9

JU1051
PS312

RS5194

n.s.

Reenter 
patch

Figure 2. Defensive response intensity increases with predation risk.
(A) Schematic of predatory harm potential of various Pristionchus spp. predator strains, based on studiespreviously conducted by this lab. (B) Number of bite-induced escape responses during 1-hour exposure to
Pristionchus spp. predators (Dunn’s test with Benjamini-Hochberg adjustment, nC.elegans = 13-25). (C)Probability of exit following an escape response (binomial logistic regression followed by Wald test withsingle-step adjustment for Tukey contrasts, nC.elegans = 10-25). (D) Latency to reenter the patch following anexit, averaged across escape-induced exits, for various predator strains (Kruskal-Wallis test, nC.elegans = 10-25).
(E) Percentage of C. elegans animals adopting outstretched feeding posture across different exposuredurations to various predator conditions (Fisher’s exact test with Benjamini-Hochberg adjustment, nC.elegans =36-45). Pairwise comparisons between predator strains are displayed on the right. (F) Latency to enter a newpatch (Dunn’s test with Benjamini-Hochberg adjustment, nc.elegans = 22-40) and (G) bins explored (Dunn’s testwith Benjamini-Hochberg adjustment, nC.elegans = 11-28) following 4-hour exposure to various predatorconditions. Error bars in (C) are predicted P(exit | escape) and 95% CIs from binomial logistic regressionmodel of data. All other error bars are 95% bootstrap CIs containing the mean. n.s.=p>0.05, *p<0.05,**p<0.01, ***p<0.001, ****p<0.0001.
Figure 2—figure supplement 1. Patch exit latency is unaffected by predator strain.
Figure 2—figure supplement 2. Effect of extended exposure to various predations on pre-encounter
behavior.
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exits. Indeed, encounters with the non-aversive TU445 resulted in very low numbers of escapes287

and exits, compared to strains with aversive bites (Figure 2B, Figure 2—figure Supplement 1A).288

Consequently, TU445 was excluded from further analysis of circa-strike behaviors that are condi-289

tional on escape and exit events. Following bite-induced escapes, C. elegans showed similar exit290

latencies across all aversive predator strains (Figure 2—figure Supplement 1B). Nonetheless, the291

critical factor appears to be the decision to exit rather than the speed of doing so. Our findings292

indicated a higher likelihood of C. elegans exiting the patch after being bitten by RS5194 compared293

to JU1051 or PS312 (Figure 2C). Furthermore, C. elegans sometimes aborts exiting the patch after294

protruding its head outside of the patch, suggesting that the patch-to-refuge transition is a critical295

decision point (Figure 2—figure Supplement 1C). We also evaluated the time it took for C. elegans296

to reenter to the patch after exiting. Similar to exit latency, we found that reentry latencies were297

consistent across all aversive predator strains (Figure 2D). These observations reveal that the de-298

cision to leave the patch after an escape response is a more precise indicator of predation risk’s299

impact on circa-strike behavior than the metrics of how quickly exits or reentries occur.300

Next, we assessed the impacts of various predators on post-encounter behavior. We first301

checked whether post-encounter behavior is specifically triggered by aversive bites. As expected,302

only a small percentage of C. elegans animals adopted the outstretched feeding posture in response303

to non-aversive TU445 predators, similar to that observed in the absence of predators (Figure 2E).304

When exposed to JU1051 and PS312, C. elegans demonstrated an intermediate prevalence of out-305

stretched feeding, with both predators eliciting similar responses across the duration of preda-306

tor exposure (Figure 2E). In comparison, RS5194 triggered the most pronounced increase in out-307

stretched feeding, distinguishing itself by eliciting a significant increase in outstretched feeding308

as early as the 1-hour time point (Figure 2E). Despite PS312’s potential lethality within 24 hours309

and JU1051’s non-lethal nature, their elicited post-encounter responses were similar, indicating310

C. elegans perceives them as comparable threats over the 6-hour exposure period. Conversely,311

RS5194’s potential lethalitywithin this timeframe likely accounts for the heightenedpost-encounter312

behavioral adjustments. Thus, these findings indicate a tiered post-encounter response based on313

predation risk: non-aversive, aversive but not imminently lethal, and potentially lethal within the314

exposure period.315

Lastly, we evaluated how various predators affect pre-encounter behavior. We utilized the nar-316

row exit arena for both the exposure and testing periods to effectively induce pre-encounter re-317

sponses. Similar towhatwe observed in the circa-strike and post-encounter scenarios, interactions318

with non-aversive TU445 predators yielded responses akin to those in predator-free conditions,319

including similar delays in entering a new patch and exploration levels within it (Figure 2F-G). How-320

ever, unlike in circa-strike and post-encounter behaviors, exposure to JU1051 and PS312 predators321

also resembled exposure to non-aversive predators and predator-free conditions (Figure 2F-G).322

The exception was RS5194, which uniquely caused C. elegans to delay entering the patch and to323

reduce exploration upon entry following a 4-hour exposure period (Figure 2F-G). With extended324

exposure, C. elegans facing PS312–—but not JU1051 or TU445—–also exhibited less exploration325

compared to predator-free conditions (Figure 2—figure Supplement 2). These findings suggests326

that pre-encounter behavior primarily emerges in response to predators posing a direct threat to327

life, with the behavior developing more rapidly under threat from more lethal predators. Overall,328

our results show that RS5194 P. pacificus, which represents a significant lethal risk within the dura-329

tion of our behavioral experiments, consistently elicits the strongest responses across circa-strike,330

post-encounter, and pre-encounter modes. Based on its ability to elicit all three defense modes,331

we selected RS5194 as the predator strain for use in subsequent experiments.332

SEB-3 and NLP-49 peptides differentially regulate defense modes333

After we confirmed that our nematode defensive behavior model can effectively detect responses334

to different levels of predation risk, we examineed whether the different defense modes are asso-335

ciated with distinct underlying molecular mechanisms. In C. elegans, the seb-3 gene encodes the336
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SEB-3 receptor, while the nlp-49 gene encodes two peptides, NLP-49-1 andNLP-49-2. Currently, the337

only known ligand for SEB-3 is NLP-49-2, while no receptor is currently known to be activated by338

NLP-49-1 (Chew et al., 2018; Beets et al., 2023). Previous studies have shown that changes in seb-3339

and nlp-49 expression result in coordinated changes in various behaviors, suggesting that SEB-3 di-340

rectly interacts with NLP-49-2 to influence these behaviors (Chew et al., 2018). To see if this is also341

the case in our model system of nematode defensive behaviors, we tested deletion mutants with342

the alleles seb-3(tm1848) and nlp-49(gk546875), as well as seb-3 and nlp-49 overexpression strains.343

The seb-3 and nlp-49 overexpression strains are transgenic lines that were generated by microin-344

jection (Mello et al., 1991), resulting in extrachromosomal arrays containing many copies of seb-3345

or nlp-49, whose expression is driven by their endogenous promoters. A previous study has shown346

that seb-3 and nlp-49 overexpression strains generated in this manner exhibit phenotypes that are347

opposite of seb-3 and nlp-49 deletion mutants (Chew et al., 2018).348

Before assessing the defense modes of seb-3 and nlp-49 strains, we first checked for changes349

in baseline locomotor speeds that may affect interpretation of circa-strike behaviors. We first mea-350

sured the baseline speed on bacterial surfaces following a bite, critical for understanding exit laten-351

cies, using an arena that blocks C. elegans from exiting the patch (Figure 3—figure Supplement 1A).352

Based on when most exits occur following to a bite (Figure 3—figure Supplement 1B-C), we mea-353

sured the average on-bacteria escape speed for 15 seconds post-bite. Since escape responses354

can habituate with repeated stimulation (Rankin et al., 1990), we examined on-bacteria escape355

speed across consecutive bites. We found that escape speeds for seb-3 strains matched those of356

wildtype animals (Figure 3—figure Supplement 1D), consistent with past findings that seb-3 loss or357

gain of function mutations do not significantly alter speed after mechanical stimulation (Jee et al.,358

2013). However, nlp-49 overexpression animals displayed sustained escape speeds across bites,359

compared to wildtype, indicating slower habituation (Figure 3—figure Supplement 1E). This is con-360

sistent with previous findings that nlp-49 overexpression animals have increased baseline speed361

during spontaneous locomotion on bacteria (Chew et al., 2018). Next, we examined baseline speed362

of C. elegans in a wide arena devoid of bacteria and predators, relevant for interpreting reentry363

latencies. Based on when most reentries occur following an exit (Figure 2D), we measured the av-364

erage speed across 5minutes of exploration. In line with prior findings (Jee et al., 2013), seb-3 dele-365

tion mutants showed no significant speed difference from wildtype in these conditions (Figure 3—366

figure Supplement 1F). Similarly, nlp-49 deletion mutants and overexpression animals, exhibited367

speeds comparable to wildtype (Figure 3—figure Supplement 1F-G). However, seb-3 overexpres-368

sion animals moved slower than wildtype (Figure 3—figure Supplement 1G). Thus, the heightened369

baseline speed of nlp-49 overexpression animals may affect interpretation of exit latencies, while370

the reduced baseline speed of seb-3 overexpression animals may affect interpretation of reentry371

latencies.372

Taking this into consideration, we examined the roles of seb-3 and nlp-49 in regulating the circa-373

strike defense mode. We found that seb-3 and nlp-49 strains executed similar numbers of bite-374

induced escape responses as wildtype (Figure 3—figure Supplement 2A-B), suggesting that these375

strains have similar sensitivity to bites as wildtype animals. All seb-3 and nlp-49 strains displayed376

exit latencies similar towildtype animals (Figure 3—figure Supplement 2C-D), despite the increased377

bite escape speed phenotype of nlp-49 overexpression animals (Figure 3—figure Supplement 1E).378

We found that seb-3 overexpression animals were less likely than wildtype animals to exit a patch379

following a bite-induced escape response (Figure 3A), but did not see this effect mirrored in nlp-49380

overexpression animals (Figure 3B). Unlike the divergent effects of seb-3 and nlp-49 on exit proba-381

bility, we found that changes in nlp-49 and seb-3 expression resulted in similar changes to reentry382

latencies (Figure 3C-D). Both seb-3 and nlp-49 deletion mutants displayed longer reentry latencies383

compared to wildtype, while both seb-3 and nlp-49 overexpression strains exhibited shorter reen-384

try latencies (Figure 3C-D). The longer reentry latencies of seb-3 and nlp-49 deletions mutants are385

not explained by slower baseline speeds, as both have similar baseline speeds as wildtypes ani-386

mals in bacteria-free, predator-free environments (Figure 3—figure Supplement 1F-G). Similarly,387
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Figure 3. SEB-3 and NLP-49 peptides differentially regulate defense modes
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Figure 3—figure supplement 1. Baseline speeds of seb-3 and nlp-49 strains.
Figure 3—figure supplement 2. Escapes and exit latencies by seb-3 and nlp-49 strains.
Figure 3—figure supplement 3. Outstretched feeding on high-density bacteria by nlp-49 strains.
Figure 3—figure supplement 4. New patch entry latency by seb-3 and nlp-49 strains.
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the shorter reentry latency phenotypes in seb-3 and nlp-49 overexpressions strains are not ex-388

plained by faster baseline speeds, as these strains show either similar or slower speeds compared389

to wildtype (Figure 3—figure Supplement 1F-G). Thus, the reentry phenotypes observed in seb-3390

and nlp-49 deletion mutants seem to be predator-induced and suggest increased defensive re-391

sponse compared to wildtype animals. Overall, these results suggest that within the circa-strike392

mode, the exit phase is predominantly regulated by seb-3, while the reentry phase is regulated by393

both seb-3 and nlp-49 to similar effects.394

Next, we explored how seb-3 and nlp-49 function in the post-encounter defense mode. While395

seb-3 deletionmutants were similar to wildtype, nlp-49 deletionmutations exhibited increased out-396

stretched feeding in the first two hours (Figure 3E-F). To see if a ceiling effect occluded differences397

between nlp-49 deletion mutants and wildtype at later hours, we also evaluated outstretched feed-398

ing posture on a higher density bacterial patch. Since RS5194 P. pacificus predators bite less on399

higher density bacterial patches (Quach and Chalasani, 2022), we reasoned that prevalence of out-400

stretched feeding observed in wildtype C. elegans would decrease accordingly, providing a clear401

comparison to observe differences between wildtype and nlp-49 deletion mutants at later hours.402

Indeed, our observations revealed that in higher density patches, wildtype animals did not display403

saturating levels of outstretced feeding behavior as they did on lower density bacterial patches (Fig-404

ure 3F, Figure 3—figure Supplement 3). Relative to this reduced wildtype behavior, nlp-49 deletion405

mutants exhibited significantly higher prevalence of animals in outstretched feeding posture at all406

timepoints (Figure 3—figure Supplement 3). While seb-3 deletion mutants behave similarly to wild-407

type, seb-3 overexpression animals consistently exhibited a near-zero prevalence of outstretched408

feeding posture throughout the 6-hour exposure period (Figure 3E). Similar to seb-3 overexpres-409

sion animals, nlp-49 overexpression animals also showed reduced outstretched feeding compared410

to wildtype (Figure 3F). Altogether, these results suggest that, unlike seb-3 deletion, nlp-49 deletion411

has a positive modulatory effect on post-encounter behavior. In contrast, overexpression of seb-3412

and nlp-49 both suppress outstretched feeding.413

Finally, we investigated the roles of seb-3 and nlp-49 strains in the pre-encounter defensemode.414

To account for potential influences of strain-specific differences in baseline locomotion, we com-415

pared predator-exposed and mock-exposed (same setup without predators) animals within each416

strain. We first evaluated the latency to enter a new predator-free patch following a 4-hour preda-417

tor exposure period in a narrow exit arena. In all within-strain comparisons, predator-exposed ani-418

mals delayed entering the new patch longer than mock-exposed animals (Figure 3—figure Supple-419

ment 4A-B), suggesting that changes in seb-3 or nlp-49 expression alone were not sufficient to sup-420

press the entry latency of predator-exposed animals to that of mock-exposed levels. Thus, we next421

compared across strains to look formore subtle effects. To justify comparing predator-exposed an-422

imals across strains, we first checked that mock-exposed animals were comparable across strains.423

Under mock conditions, nlp-49 deletion mutants significantly differed wildtype animals (Figure 3—424

figure Supplement 4C-D), so we excluded nlp-49 deletion mutants from our analysis of predator-425

exposed animals. Comparing only predator-exposed animals, we found that seb-3 deletion mu-426

tants and overexpression strains both exhibited entry latencies similar to that of wildtype animals427

(Figure 3—figure Supplement 4C). In contrast, predator-exposed nlp-49 overexpression animals428

entered the new patch sooner than predator-exposed wildtype animals (Figure 3—figure Supple-429

ment 4D). However, the gathering of most entry latency values near zero for mock-exposed nlp-49430

overexpression and wildtype animals suggests the possibility of a floor effect, so we may not be431

able to observe a sub-wildtype mock phenotype in our setup if one exists for nlp-49 overexpres-432

sion animals. We next looked at the number of bins explored by C. elegans once it entered the433

new patch. This metric has a more dynamic range for both mock- and predator-exposed wildtype434

animals (Figure 1H), so interpretations of effects should be more robust. Predator-exposed nlp-435

49 overexpression animals explored the new patch similarly to mock-exposed animals, while the436

predator-exposed animals of wildtype and all other seb-3 and nlp-49 strains explored the patch437

less than corresponding mock-exposed animals (Figure 3G-H). This patch exploration phenotype438
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of nlp-49 overexpression animals is consistent with its shorter latency phenotype, both suggesting439

that NLP-49 peptides suppress pre-encounter behavior. Meanwhile, SEB-3 seems to have no direct440

effect on pre-encounter behavior.441

Taking into account all defensemodes, SEB-3 and NLP-49 peptides are each involved in regulat-442

ing at least two of the three defense modes. However, the divergent effects of SEB-3 and NLP-49443

peptides suggest that their regulation of defensive behaviors involves signaling interactions other444

than NLP-49-2 directly binding the SEB-3 receptor. Furthermore, NLP-49 peptides appear not to445

be directly involved in an early phase of the defense phase associated with the highest predatory446

imminence (circa-strike, exit phase), while SEB-3 seems to have no direct role in the defense mode447

with the least predatory imminence (pre-encounter).448

Interdependence between SEB-3 and NLP-49 peptides shifts across defense modes449

To further investigate interdependence between SEB-3 and NLP-49 peptides in regulating defen-450

sive behaviors, we tested mutants with double deletions in seb-3 and nlp-49, as well as a nlp-49451

overexpression animals lacking seb-3. These strains have been previously used to assess interde-452

pendence between SEB-3 and NLP-49 peptides in regulating other types of stress behaviors (Chew453

et al., 2018).454

We first explored the interdependence of SEB-3 and NLP-49 peptides in regulating the circa-455

strike mode. In the exit phase of the circa-strike mode, double deletion mutants were similar to456

wildtype in number of escapes and exit latency (Figure 4—figure Supplement 1A-B). While nlp-49457

deletion and seb-3 deletionmutants individually did not affect the probability of C. elegans exiting a458

patch following a bite-induced escape (Figure 3A-B), we found that double deletion mutants exhib-459

ited decreased exit probability compared to wildtype (Figure 4A). This decrease was abolished in460

nlp-49 overexpression animals lacing seb-3 (Figure 4A). These results suggest that SEB-3 andNLP-49461

peptidesmay independently contribute to the regulation of the exit phase of the circa-strikemode,462

with the the possibility of a compensatory or synergistic interaction. Next, we assessed the reentry463

phase of the circa-strike mode. If the similar increased reentry latency phenotypes of seb-3 and464

nlp-49 single deletion mutants are due to direct interaction between SEB-3 and NLP-49-2, then we465

would expect double deletionmutants to have a similar reentry latency as the seb-3 single deletion466

mutant, since the removal of one binding partner should be sufficient to preclude the function of467

both. Similarly, we would also expect seb-3 single deletion mutants with nlp-49 overexpression to468

have a similar reentry latency as the seb-3 single deletionmutant, since additional NLP-49-2 should469

have no effect without its binding partner SEB-3. However, we found that double deletionmutants470

and nlp-49 overexpression lacking seb-3 exhibited reentry latencies similar to that of wildtype and471

lower than that of seb-3 single deletion mutants (Figure 4B). These differences in reentry latencies472

are not due to altered locomotor speed, as all strains have similar baseline speeds in off-bacteria,473

predator-free conditions (Figure 4—figure Supplement 2A). This suggests that the reentry latency474

phenotype of nlp-49 or seb-3 single deletion mutants are dependent on the normal expression of475

the other gene. Additionally, disruption of normal expression of both genes in the same animal476

results in wildtype reentry latency. Overall, these results indicate that SEB-3 and NLP-49 peptides477

likely interact in a complex manner to regulate circa-strike behavior, with both genes playing dis-478

tinct but interconnected roles in this process.479

We next investigated the interdependence of SEB-3 and NLP-49 peptides in the post-encounter480

mode. We first explored whether the enhanced outstretched feeding phenotype of nlp-49 deletion481

mutants and thewildtype phenotype in seb-3 deletionmutants (Figure 3E-F) indicate that SEB-3 and482

NLP-49 peptides act independently of each other. If so, then double deletion mutants should have483

a similar phenotype to nlp-49 deletion mutants. However, we observed that the enhanced out-484

stretched feeding phenotype of nlp-49 single deletion mutants was abolished in double mutants,485

which insteadmore closely resembled seb-3 single deletionmutants (Figure 4C). This suggests that486

the phenotype observed in the nlp-49 single deletionmutants is not solelymediated byNLP-49 pep-487

tides acting independently of SEB-3. Next we looked at whether the reduced outstretched feeding488

13 of 30



seb-3(--);nlp-49(o/e)
nlp-49(o/e)
seb-3(--)

seb-3(--);nlp-49(--)
nlp-49(--)
seb-3(--)

D100

75

50

25

0%
 o

ut
str

et
ch

ed
 a

ni
m

al
s

654321
hours

C 100

75

50

25

0%
 o

ut
str

et
ch

ed
 a

ni
m

al
s

654321
hours

Feed in
outstretched

posture

po
st-

en
co

un
te

r

*****

0

25

50

75

nonenone
RS5194

RS5194

bi
ns

 e
xp

lo
re

d

wildtypeE
**** n.s. n.s.

0

25

50

75

none
RS5194

nonenone
RS5194

RS5194

bi
ns

 e
xp

lo
re

d

wildtype seb-3(--);
nlp-49(o/e)

seb-3(--);
nlp-49(--) nlp-49(o/e)F

Slowly explore
new patch pr

e-
en

co
un

te
r

A

0.00

1.00

0.25

0.50

0.75

P(
ex

it 
| 

es
ca

pe
)

wildtype

seb
-3(-

-);n
lp-4

9(--
)

seb
-3(-

-);n
lp-4

9(o
/e)

Exit patch

B

0

wildtype
seb

-3(-
-)

seb
-3(-

-);n
lp-4

9(o
/e)

5

10

m
ea

n 
re

en
try

 la
te

nc
y

(m
in

)

Reenter patchci
rc

a-
str

ike

ci
rc

a-
str

ike

**
n.s.

**

**

****
****

** *
**

**

*
*

**

seb
-3(-

-);n
lp-4

9(--
)

n.s.

**

Figure 4. Interdependence between SEB-3 and NLP-49 peptides shifts across defense modes
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seb-3 deletion strains with nlp-49 deletion or overexpression (Fisher’s exact test with Benjamini-Hochbergadjustment, nC.elegans = 67-78). Significance asterisks represent comparisons with seb-3(-);nlp-49(-) (blue). (D)Percentage of animals adopting outstretched feeding posture in seb-3 deletion strains with nlp-49 deletion oroverexpression (Fisher’s exact test with Benjamini-Hochberg adjustment, nC.elegans = 64-67). Significanceasterisks represent comparisons with seb-3(-);nlp-49(o/e) (yellow). (E) Bins explored following 4-hour exposureto predator or predator-free conditions, by seb-3 deletion strains with nlp-49 deletion or overexpression(Student’s t-test with Benjamini-Hochberg adjustment, nC.elegans = 9-10). (F) Bins explored following 4-hourexposure to predator or predator-free conditions, by seb-3 deletions strains with or without nlp-49overexpression (Student’s t-test with Benjamini-Hochberg adjustment, nC.elegans = 13-16). Error bars in (A) arepredicted P(exit | escape) and 95% CIs from binomial logistic regression model of data. All other error barsare 95% bootstrap CIs containing the mean. n.s.=p>0.05, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
Figure 4—figure supplement 1. Circa-strike behavior of seb-3 deletion strains with nlp-49 deletion or
overexpression.
Figure 4—figure supplement 2. Baseline locomotion of seb-3 deletion strains with nlp-49 deletion or
overexpression.
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phenotype of nlp-49 overexpression animals depends on SEB-3 (Figure 3E). If this phenotype is en-489

tirely dependent on SEB-3, thenwewould expect the phenotype to be fully abolished in seb-3 single490

deletion mutants with nlp-49 overexpression. Instead, this strain exhibited outstretched feeding491

levels that are intermediate between between those of seb-3 deletion or nlp-49 overexpression492

alone (Figure 4D). Overall, these findings suggest that although SEB-3 and NLP-49 peptides have493

distinct functions in influencing post-encounter behavior, they also exhibit a degree of interdepen-494

dence in this modulation.495

Finally, we assessed the interdependence of SEB-3 and NLP-49 peptides in the pre-encounter496

mode. While both seb-3 and nlp-49 single deletionmutants resemble wildtype, wewondered if dou-497

ble deletion mutants would differ from wildtype, as was observed for the exit phase of circa-strike498

mode (Figure 4A). However, predator-exposed double mutants explored a new patch less than499

mock-exposed double mutants, a pattern similar to wildtype animals (Figure 4E). This indicates500

a lack of compensatory interaction between SEB-3 and NLP-49 peptides, and that neither SEB-3501

nor NLP-49 peptides are required to maintain wildtype pre-encounter response. Entry latency was502

excluded from our analysis due to the subtle effects of nlp-49 overexpression, which required com-503

parisons across strains. Such comparisons necessitated consistent behavior amongmock-exposed504

animals from all strains, a criterion not satisfied by double mutants relative to wildtype (Figure 4—505

figure Supplement 2B). Consequently, we concentrated on the number of bins explored on a new506

patch as a more reliable measure of pre-encounter behavior. Next, we determined whether the507

reduced pre-encounter phenotype of nlp-49 overexpression animals (Figure 3H) is dependent on508

SEB-3. Similar to animals with only nlp-49 overexpression, nlp-49 overexpression animals lack-509

ing seb-3 show no difference in their exploration of the new patch across predator-exposed and510

mock-exposed conditions (Figure 4F). These results indicate that NLP-49 overexpression alone is511

sufficient to disrupt the typical pre-encounter response, and this effect is not influenced by the512

presence or absence of SEB-3. Thus, in the pre-encounter mode, NLP-49 peptides appears to act513

independently of SEB-3, suggesting distinct regulatory mechanisms for the pre-encounter mode514

compared to other defense modes.515

Discussion516

Ourmodel system offers a comprehensive view of nematode defensive behaviors, focusing on the517

adaptive strategies C. elegans employs in utilizing patch and refuge spaces while foraging under518

predatory threat. This approach integrates principles from both prey refuge theory and predatory519

imminence theory. Predatory imminence theory helps us categorize defensive behaviors into dis-520

tinct defensemodes based on the spatiotemporal proximity of predatory attack, which dictates the521

urgency with which prey need to deal with predatory threat. Prey refuge theory, on the other hand,522

provides a framework for understanding the decision-making process of C. elegans as it navigates523

the trade-offs between feeding and safety when predation risk varies across space. This creates524

a consistent and predictable environment for examining how C. elegans should flexibly adjust its525

behavior in each defense mode to achieve optimal patch and refuge use. Our model delineates526

three defense modes that describe how C. elegans interacts with a predator-associated patch and527

a predator-free refuge, each representing different levels of predatory imminence, uncertainty,528

and experience (Figure 1A). In the circa-strike mode, C. elegans responds to a predatory bite by529

executing an escape response, exiting the patch, and then reentering the patch. With repeated530

experiences of bites and circa-strike responses, C. elegans learns to associate the patch with pre-531

dation risk and develops anticipatory behaviors for future encounters in post- and pre-encounter532

defense modes. In the post-encounter mode, C. elegans assumes an outstretched feeding posture533

for feeding at the periphery of a patch that it knows to be inhabited by predators. In the pre-534

encounter defense mode, when approaching a new patch without specific knowledge of its safety,535

C. elegans is less quick to enter and explore the new patch, influenced by its accumulated experi-536

ences of predation risk associated with similar patches. These defense modes provide a narrative537

on how C. elegansmight acquire and apply them in its natural life, shaped by experience and per-538
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ceived predation risk. The consistent patch and refuge foraging environment across these modes539

allows for behavioral changes to be attributed to C. elegans’s changing perceptions and experi-540

ences, rather than external setup variations. This model thus bridges the behaviors observed in C.541

elegans with underlying theories of predator-prey interactions, offering insights into the complex542

decision-making processes that nematode prey may face in the wild.543

Our research demonstrates that only life-threatening predators trigger all three defensemodes544

in nematodebehavioralmodels, highlighting howC. elegansdifferentiates betweennon-threatening,545

aversive but nonlethal, and life-endangering threats through a variety of responses. Consistent546

with the function of escape responses as innate reflexes for immediate evasion of mechanosen-547

sory stimuli (Pirri and Alkema, 2012), C. elegans executes similar numbers of escape responses for548

all aversive predators in our study (Figure 2B). In contrast, our study shows that more nuanced549

behaviors are possible when C. elegans has more time to make a behavioral choice, especially in550

decision-making contexts in with food access and predation risk are conflicting factors. In the circa-551

strike mode (exit phase) and the post-encounter mode, responses are split into three tiers of in-552

tensity: minimal response to non-aversive predators, intermediate responses to aversive but non-553

lethal predators (including predators that are lethal on a irrelevently long timescale), and maximal554

responses to predators that are life-threateningwithin the timescale of the behavioral experiments555

(Figure 2C,E). The pre-encounter mode has the highest threshold for eliciting a defensive response,556

which is only observed when C. elegans is exposed to life-threatening predators (Figure 2F-G). No-557

tably, the pre-encounter defense mode reveals C. elegans’s ability to adapt its approach to new558

patches based on past experiences with patches inhabited by life-threatening predators, an ad-559

justment that is reversible with subsequent exposure to predator-free patches (Figure 1—figure560

Supplement 3D). This underscores the importance of threat severity in behavioral studies, con-561

tributing to the debate on the adequacy of using non-life-threatening stimuli to capture a full range562

of animal responses to danger.563

Our study reveals that the defense modes in our nematode behavior model are not merely564

theoretical constructs but reflect physiologically distinct states driven by specific molecular mecha-565

nisms. While previous research has found that NLP-49 peptides largely act through SEB-3 inmanag-566

ing a variety of basal and stimulus-evoked stress responses (Chewet al., 2018), our findings indicate567

a divergence in howNLP-49 peptides and SEB-3 influence defensive behaviors, with this divergence568

varying across different defensemodes. Specifically, altered seb-3 but not nlp-49 expressionmodu-569

lates behavior in the defense mode/phase with the highest predatory imminence (circa-strike, exit570

phase) (Figure 3A-B), while altered nlp-49 but not seb-3 expression influences behavior in the de-571

fense mode with the lowest predatory imminence (pre-encounter) (Figure 3G-H,Figure 3—figure572

Supplement 4). Interestingly, while SEB-3 and NLP-49 peptides show some interdependence in the573

exit phase of the circa-strike mode (Figure 4A), NLP-49 peptides operate independently of SEB-3 in574

the pre-encounter mode (Figure 4E-F). Between these extremes of predatory imminence, changes575

in the expression of both seb-3 and nlp-49 affect defensive behaviors, but in ways that are incongru-576

ous or independent. While nlp-49 and seb-3 deletion mutants have similar enhanced phenotypes577

in the reentry phase of the circa-strike mode (Figure 3C-D), the loss of these phenotypes in double578

mutants (Figure 4) suggest that this behavior is not entirely modulated by NLP-49 peptides binding579

to the SEB-3 receptor. Although overexpression of seb-3 and nlp-49 both suppress post-encounter580

responses, nlp-49 deletion enhances these responses while seb-3 deletion has no effect (Figure 3E-581

F). Remarkably, seb-3 overexpression animals exhibit normal behavior in the pre-encounter mode582

despite showing almost no response in the post-encounter mode, even though both involve ex-583

tended exposure to predators (Figure 3E,G), illustrating that a deficit in one defense mode doesn’t584

necessarily affect performance in another. This evidence highlights the physiological distinctive-585

ness of the defense modes in our model system of nematode defensive behaviors. Furthermore,586

our results emphasize the complex interplay betweeen SEB-3 and NLP-49 peptides, pointing to the587

need for further investigation into their underlying mechanisms. Moreover, our model serves as588

a useful instrument for an in-depth examination of the molecular signaling that drives defensive589
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responses.590

Our study extends previous findings on SEB-3’s role in how C. elegans chooses between stimuli591

with opposite valences. In a prior study, male C. eleganswere subjected to aversive blue light while592

mating, while researchersmeasured the time it took formales to disengage frommating in order to593

escape the blue light (Jee et al., 2016). This behaviormost closelymirrors the exit phase of the circa-594

strike mode in our study, where C. elegans faces a choice between continuing to feed on a bacterial595

patch or exiting after a predator bite. In both cases, C. elegans must decide between pursuing a596

desirable activity (mating or feeding) and evading an unpleasant one (blue light or a predator). Our597

research corroborates the other study’s finding that enhancing SEB-3 function promotes C. elegans598

to persist in the appetitive behavior amidst aversive factors. Building on these findings, we delve599

into defensive behaviors shaped by repeated encounters with acute threats, aiming to understand600

the broader implications of molecular regulation in these scenarios. Future research could explore601

the response to other known paradigms for exposing C. elegans to natural threats like predatory602

fungi (Maguire et al., 2011) or artificial threats such as blue light or electric shocks (Rankin et al.,603

1990; Tee et al., 2023), shedding light on whether C. elegans differentiates between natural and604

artificial threats. Investigating roles of SEB-3 and NLP-49 peptides during extended exposure to605

mating under aversive conditions could provide further comparative insights, particularly on the606

generalizability of our study’s conclusions across experimental conditions. It is important to clarify607

that our focus is on specific stress responses triggered by predatory threat, distinct from general608

stress indicators, such as hyperarousal and baseline locomotion. This distinction might explain609

why other studies linking SEB-3 and NLP-49 peptides to baseline stress behaviors have found con-610

trasting results to ours regarding threat-induced responses (Jee et al., 2013; Chew et al., 2018),611

suggesting a need for further investigation to resolve these discrepancies.612

Our study represents the continuation of ours and others’ efforts to incorporate principles from613

ethology, behavioral ecology, and related fields into developing naturalistic and complex labora-614

tory models of decision-making (Krakauer et al., 2017; Mobbs et al., 2018). Previously, we lever-615

aged concepts from intraguild predation, neuroeconomics, and foraging theory to understand the616

motivations behind a predator’s interactions with a prey that competes for the same bacterial food617

source (Quach and Chalasani, 2022). Using a similar foraging setup, the current study focuses on618

the prey’s perspective and completes our exploration of both sides of this particular predator-619

prey interaction. Our work provides intricate and specific micro-scale insights into the behavioral620

ecology of flexible predator-prey interactions, which complements the more complex and broad621

insights of meso- and macro-scale ecology of predator-prey interactions in larger and less con-622

trolled ecosystems. Specifically, we address the concept of "prey refuge" within the broader, more623

recent framework of the "landscape of fear," coined in 2001 to describe spatial variation in prey624

perception of predation risk (Laundré et al., 2001). Our focused study on interactions between a625

single prey and a few predators contrasts with broader landscape of fear research, which often626

examines predator-prey dynamics of free-ranging predators and prey on complex landscapes, the627

cascading effects of these interactions on ecosystem structure, and how spatial variation in pre-628

dation risk evolves over time (Gaynor et al., 2019; Palmer et al., 2022). A common challenge in629

landscape of fear studies is reconciling actual predation risk with perceived predation risk. Accu-630

rately predicting the impact of prey’s anti-predator behaviors on population and ecosystem levels631

necessitates a deep understanding of the external and internal factors influencing prey responses632

at the individual level. While models of prey refuge have laid the groundwork for exploring the633

landscape of fear in more complex ecological systems (Sih, 1987), our work adds a new dimension634

by considering predator imminence as another critical factor influencing prey’s spatial behavior.635

This study, together with its companion study on predator decision-making (Quach and Chalasani,636

2022), demonstrates that complex behavioral theories applicable to advanced nervous systems637

are also relevant to the simpler neural circuits of nematodes. By deconstructing complex behav-638

iors and decision-making relevant to a nematode’s natural life, we can adapt existing theories to639

the unique aspects of nematode life and interactions.640
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Table 1. C. elegans and Pristionchus spp. strains.
Strain Name Source Genotype
N2 CGC Wildtype
RS5194 Click et al. (2009) P. pacificus wild isolate
PS312 Click et al. (2009) P. pacificus wild isolate
JU1051 Félix et al. (2013) P. uniformis wild isolate
TU445 Ragsdale et al. (2013) P. pacificus eud-1(tu445)
IV820 This study seb-3(tm1848) X outcrossed 4x
IV496 This study seb-3(tm1848) X; ueEx309[Pseb-3::seb-3-GFP]
AQ3644 Chew et al. (2018) nlp-49(gk546875) X
AQ3853 Chew et al. (2018) nlp-49(gk546875) X; ljEx1004[Pnlp-49::Pnlp-49gDNA +

UTR::SL2-mKate2(25); unc-122::gfp(50)]
AQ3701 Chew et al. (2018) seb-3(tm1848); nlp-49(gk546875)
AQ3851 Chew et al. (2018) seb-3(tm1848); ljEx1004[Pnlp-49::Pnlp-49 gDNA +

UTR::SL2-mKate2(25); unc-122::GFP(50)]

CGC = Caenorhabditis Genetics Center
Strains are C. elegans unless otherwise indicated.

Methods and Materials641

C. elegans and Pristionchus spp. strains642

Nematode strains used in this study are shown in Table 1.643

Nematode culture and selection for behavioral experiments644

Caenorhabditus elegans and Pristionchus spp. animals were cultured using standardmethods (Stier-645

nagle, 2006). Day 1 adult hermaphrodite C. elegans were used for all behavioral experiments. For646

the hermaphroditic P. pacificus strains (TU445, PS312, RS5194), day 1 hermaphrodites were used.647

For the gonochoristic P. uniformis strain (JU1051), we used day 1 females as they are the similar in648

size and morphology to P. pacificus. Additionally, JU1051 females were used to avoid attempts by649

male JU1051 to mate with C. elegans hermaphrodites.650

Behavioral imaging651

Behavioral images and video recordings were acquired using an optiMOS sCMOS camera (QImag-652

ing) and Streampix software. To keep animals within field-of-view, corrals were made by using a653

hole punch or a die-cut machine (Cricut Maker 3) to cut 6 mil transparent mylar sheets into desired654

arena configurations.655

Bacterial patches656

To create stocks of bacterial liquid cultures, lysogeny broth (LB) was inoculated with a single colony657

of E. coliOP50, grown at room temperature overnight, and then stored at 4°C for up to twomonths.658

To produce a working liquid culture, the stock liquid culture was diluted with LB to an OD600 value659

of 0.018 (standard density) or 0.06 (high density) using a NanoDrop spectrophotometer. Bacterial660

patches were created by dispensing 0.3 𝜇l of cold working liquid culture onto cold 3% agar NGM661

plates (Stiernagle, 2006), resulting in patches that are approximately 2 mm in diameter. Bacterial662

patches were grown for 24 hours at 20°C. Fully grown patches were stored at 4°C and allowed to663

come to room temperature for 1 hour before use in behavioral experiments. All bacterial patches664

were inspected for roundness and size. Standard patches were characterized by a sharp raised665

boundary, while high density lawns exhibited a thick, wide boundary that transitioned smoothly666

into the interior of the patch.667
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Circa-strike behaviors668

To provide ample space for C. elegans to leave and avoid the bacterial patch, a 2mmbacterial patch669

was centered inside a 9.5 mm diameter circular arena. The resulting arena allowed C. elegans to670

leave the bacterial patch from any part of the patch boundary, and the bacteria-free ring surround-671

ing the bacterial patch was over 3 body lengths wide. 1 x C. elegans adult and 4 x Pristionchus spp.672

adults (or no predators) were placed in the arena and recorded for 1 hour. Video recordings were673

manually scored for timestamps when C. elegans: 1) exhibits an escape response to a bite, 2) exits674

the bacterial patch, or 3) re-enters the bacterial patch. Scoring criteria for bites were previously de-675

scribed in Quach and Chalasani (2022). A bite-induced escape response was defined as C. elegans676

rapidly accelerating away from the bite (Pirri and Alkema, 2012). An exit was defined as C. elegans677

transitioning from being inside the bacterial patch to moving its body completely outside of the678

patch. A re-entry was defined as C. elegans transitioning from being completely outside the bacte-679

rial patch to being partially (with head) or completely inside the bacterial patch. If C. elegans was680

visibly dead or injured as indicated by abnormal locomotion, the remainder of the video was ex-681

cluded. Exit latency was measured as the time between a bite and the point at which the C. elegans682

head enters the off-patch area, for events in which C. elegans fully exits the patch. The probabil-683

ity of a C. elegans individual leaving the bacterial patch after escaping a bite, P(exit|escape), was684

calculated as the number of exits divided by the number of bite-induced escapes responses. Reen-685

try latency was calculated as the time between the point at which the C. elegans head enters the686

off-patch area and the point at which the C. elegans head enters the patch, for events in which C.687

elegans fully exits the patch.688

Post-encounter behaviors689

The arena setup and rationale were the same as for assessing patch leaving (see above section).690

1 x C. elegans adult and 4 x Pristionchus spp. adults (or no predators) were placed in the arena for691

6 hours. C. elegans was visually assessed every hour for whether it was fully inside the bacterial692

patch or in a stable outstretched feeding posture. An outstretched feeding posture was defined as693

C. elegans having only its head inside the patch or feeding on a bacterial trail outside of the patch,694

with the rest of its body outside the bacterial patch and stretched out from its typical sinusoidal695

waveform. To ensure accurate assessment of feeding posture choice rather than location at a696

point in time, we wait up to 10 minutes for the first persistent feeding posture (stationary for >697

10 seconds) if C. elegans is in transition between on and off-patch states. Any time points without698

stable inside-patch or outstretched feeding postures were excluded from analysis. Dead or injured699

C. elegans were also excluded.700

Pre-encounter behaviors701

Two different arena setups were used: a wide exit arena and and a narrow exit arena. Thewide exit702

arena setup and rationale were the same as for assessing patch leaving and outstretched feeding703

posture (see above sections). To create a narrow exit arena, a two-chamber arena was designed704

such that a pair of 2mmdiameter circular cutouts were connected by a 3mmx 0.7mm rectangular705

cutout, resulting in a dumbbell shape (Figure 1—figure Supplement 1C). A 2 mm bacterial patch706

was centered inside one of the 2 mm diameter circular cutouts, such that the patch perimeter was707

entirely surrounded by the corral except for a 0.7mmopening. While thewide exit arena allowed C.708

elegans to exit and enter the bacterial patch anywhere along the patch circumference, the narrow709

exit arena allowed exit and entry to only 1/9 of the circumference. For the predator exposure710

phase, 1 x C. elegans adult and 4 Pristionchus spp. adults (or no predators for mock exposure)711

were placed in the arena for 4 hours (unless otherwise stated). After the predator exposure phase,712

C. elegans was assessed for normal and vigorous locomotion. We especially check for the typical713

sinusoid waveform of its body as it crawls on non-bacterial surfaces, as injury to any part of the714

body can disrupt the sinusoid waveform. C. elegans individuals were excluded if they were visibly715

dead, paralyzed, or injured as indicated by abnormal locomotion. In particular, we looked for the716
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vigorous movement and sinusoid waveform of typical locomotion. In the predator-free phase, C.717

elegans was transferred to a new arena that was identical to the one used for predator or mock718

exposure, but without predators present. C. elegans was placed in the bacteria-free circular cutout719

of the arena, and patch exploration began once C. elegans touched its nose to the predator-free720

patch. After 15 minutes of patch exploration, an image of the bacterial patch was taken. Entry721

latency was measured as the time between C. elegans being placed in the arena to the point at722

which the C. elegans head contacts the patch. Patch exploration was measured as the number723

of bins containing worm tracks in the image of the bacterial patch. To count the number of bins724

containing worm tracks, a 10 x 10 square grid was superimposed on top of the bacterial patch725

image in MATLAB (Figure 1—figure Supplement 1D). The body length of C. elegans is about 5 bins726

wide, while the portion of the head that canmove while the rest of the body is stationary is about 1727

bin wide. In extinction experiments, C. elegans was transferred to a new predator-free arena every728

hour for 6 hours following the predator exposure phase.729

Baseline on-bacteria escape speed730

To maximize predator-prey encounter frequency and limit locomotion to only one kind of surface,731

a 2 mm bacterial patch was centered inside a 2 mm diameter circular arena. The resulting arena732

was completely filled with bacteria and lacked any bacteria-free agar surface where C. elegans can733

escape to and move quickly. 1 x C. elegans adult and 4 x P. pacificus adults were placed in the734

arena and recorded. Video recordings weremanually scored for bite event start times. If C. elegans735

was visibly dead or injured as indicated by abnormal locomotion, the remainder of the video was736

excluded. The C. elegans nose was manually tracked in MATLAB throughout the escape window,737

defined as the first 15 seconds immediately after being bitten. The escape speed following each738

bite was calculated as the distance traveled the escape window, divided by the duration of the739

escape window or the interval between two bites if one occurs within 15 seconds.740

Baseline off-bacteria, predator-free speed741

To best replicate conditions of the off-patch circa-strike environment, we used the same 9.5 mm742

diameter circular arena but omitted bacteria and predators. A single C. elegans adult was placed743

into the center of the arena and recorded for 5 minutes. Video recordings were downsampled to 3744

fps and manually tracked in MATLAB to obtain head locations. The average speed was calculated745

as the distance traveled divided by 5 minutes.746

Statistical Methods747

Statistical test parameters and outcomes are indicated in figure legends.748

For datasets with nominal independent variables and measurement dependent variables, as-749

sumptions for statistical tests were evaluated prior to select an appropriate parametric or non-750

parametric test for comparing groups. The Shapiro–Wilk test was used to test for normality within751

each group, while Levene’s test was used to test for homogeneity of variances across groups.752

For comparisons between two groups, Student’s t-test was used to compare normally distributed753

groups with equal variances, Welch’s t-test was used to compare normally distributed groups with754

unequal variances, and Wilcoxon rank sum test was used to compare non-normally distributed755

groups. For paired comparisons, the paired t-test was used to compare groups with normally756

distributed differences. For comparisons between more than two groups, one-way ANOVA with757

Tukey’s post hoc testwas used for normally distributed groupswith equal variances,Welch’s ANOVA758

with Games-Howell post hoc test was used for normally distributed groups with unequal vari-759

ances, and Kruskal-Wallis Test with Dunn’s post hoc test was used for non-normally distributed760

groups. To adjust p-value for multiple comparisons between independent comparisons, we used761

the Benjamini-Hochbergmethod. To avoidmaking assumptions of normality in error bar represen-762

tation, we performed non-parametric bootstrap resampling (1x103 iterations) to obtain empirical763

95% confidence intervals containing the mean.764
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For datasets in which both independent and dependent variables are nominal, we used Fisher’s765

exact test. To adjust p-value for multiple comparisons, we used the Benjamini-Hochberg method.766

For datasets in which both independent and dependent variables are continuous measure-767

ments, we represented the data as a 2-D plot and calculated linear regression lines with shaded768

regions representing 95% confidence intervals from linear regression models. To compare two lin-769

ear regression lines, we used the Kruskal-Wallis test on the residuals of linear regression models.770

For datasets in which the dependent variable is a measurement that varies over "time" (i.e.771

consecutive bites), we used non-parametric boostrap resampling with replacement for 1x105 iter-772

ations to obtain empirical 95% confidence intervals. Timecourses were compared by identifying773

areas of non-overlap as statistically significant (p<0.05).774

All statistical analyses were carried out with the R statistical software (Team, 2017). The addi-775

tional package multcomp was used to conduct linear hypotheses with single-step adjustment for776

multiple comparisons (Hothorn et al., 2008). The additional package boot was used to perform777

non-parametric bootstrap resampling to obtain empirical 95% confidence intervals containing the778

mean (Canty and Ripley, 2017). The additional package rstatix was used to perform the Games-779

Howell test. The additional package FSA was used to perform Dunn’s test.780
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DCBA

Figure 1—figure supplement 1. Images of arena setups. (A) Wide exit arena. A 9.5 mm wide arena con-tains a 2 mm wide bacterial food patch as well as one adult C. elegans (arrow) and four adult Pristionchus
sp. predators. (B) Representative example of C. elegans adopting outstretched feeding posture (arrow), withonly its head in contact with bacteria. The typical sinusoidal waveform observed in (A) is distorted in theoutstretched feeding posture. (C) Narrow exit arena. A dumbbell-shaped arena consisting of a pair of 2 mm-wide circular cutouts separated by a 3 mm x 0.7 mm corridor. One circular cutout is completely filled with a2 mm wide bacterial food patch. (D). Example image of a 10x10 square grid overlaid on top of the patch forcounting bins explored by C. elegans.
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Figure 1—figure supplement 2. Progression of post-encounter behavior acquisition. Percentage of C.
elegans animals adopting outstretched feeding posture at different hours of exposure to RS5194 P. pacificus(Fisher’s exact test with Benjamini-Hochberg adjustment, nC.elegans = 45).
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Figure 1—figure supplement 3. Pre-encounter behavior is reversible and not explained by injury-
induced changes to locomotor speed. (A-C) The pre-patch period is defined as starting from the initialplacement of C. elegans in the empty circular cutout of a narrow exit arena and lasting until itsmouth touchesthe new patch. (A) Distance traveled in the pre-patch period and (B) duration of the pre-patch period for
C. elegans exposured either to RS5194 P. pacificus predators or no predators (Wilcoxon’s ranked sum test,nC.elegans = 38-41). (C) Association between pre-patch distance and pre-patch duration. Bold lines representlinear regression lines, with shaded regions representing 95% confidence intervals from linear regressionmodels. Pre-patch speed was estimated as the slopes of regression lines. (Kruskal-Wallis test on residuals oflinear regression models, nC.elegans = 38-41). (D) Bins explored immediately or 6 hours after 4-hour exposureto either RS5194 P. pacificus predators or no predators (Student’s t-test and paired t-test with Benjamini-Hochberg adjustment, nC.elegans = 8-9). Error bars are 95% bootstrap CIs containing the mean. n.s.=p>0.05,*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 1—figure supplement 4. Post-encounter and pre-encounter behaviors are not explained by
food deprivation. (A) Percentage of C. elegans animals adopting outstretched feeding posture at differenthours of exposure to RS5194 P. pacificus or food deprivation (Fisher’s exact test, nC.elegans = 26-31). (B) Latencyto enter a new patch following 4-hour exposure to RS5194 predators, food deprivation, or neither (Dunn’stest with Benjamini-Hochberg adjustment, nC.elegans = 23-31). (C) Number of bins explored by C. elegansfollowing 4-hour exposure to RS5194 predators, food deprivation, or neither (Dunns’s test with Benjamini-Hochberg adjustment, nC.elegans = 7-20). Error bars are 95% bootstrap CIs containing the mean. n.s.=p>0.05,*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 2—figure supplement 2. Effect of extended exposure to various predations on pre-encounter
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Figure 3—figure supplement 2. Escapes and exit latencies by seb-3 and nlp-49 strains. (A-B) Number ofbite-induced escape responses executed by (A) seb-3 strains (Kruskal-Wallis test, nC.elegans = 17-34) and (B)
nlp-49 strains (one-way ANOVA, nC.elegans = 15-18) during 1-hour predator. (C-D) Latency to exit the patch fol-lowing a bite-induced escape response, averaged across escape-induced exits, for (C) seb-3 strains (Kruskal-Wallis test, nC.elegans = 17-34) and (D) nlp-49 strains (Kruskal-Wallis test, nC.elegans = 14-18). Error bars are 95%bootstrap CIs containing the mean. n.s.=p>0.05, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 4—figure supplement 1. Circa-strike behavior of seb-3 deletion strains with nlp-49 deletion
or overexpression. (A) Number of bite-induced escape responses (one-way ANOVA, nC.elegans = 11-24). (B)Latency to exit the patch following a bite-induced escape response, averaged across escape-induced exits(Tukey’s test, nC.elegans = 11-24). Error bars are 95% bootstrap CIs containing the mean. n.s.=p>0.05, *p<0.05,**p<0.01, ***p<0.001, ****p<0.0001.
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Figure 4—figure supplement 2. Baseline locomotion of seb-3 deletion strains with nlp-49 deletion or
overexpression.. (A) Baseline speed in bacteria-free, predator-free conditions (one-way ANOVA, nC.elegans= 10). (B) Latency to enter a new patch for mock-exposed double deletion mutants and wildtype animals(Wilcoxon’s ranked sum test, nC.elegans = 9-10). Error bars are 95% bootstrap CIs containing the mean.n.s.=p>0.05, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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