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Summary

Soil-transmitted parasitic nematodes infect over one billion people and cause devastating
morbidity worldwide. Many of these parasites have infective larvae that locate hosts using thermal
cues. Here, we identify the thermosensory neurons of the human threadworm Strongyloides
stercoralis and show that they display unique functional adaptations that enable the precise
encoding of temperatures up to human body temperature. We demonstrate that experience-
dependent thermal plasticity regulates the dynamic range of these neurons while preserving their
ability to encode host-relevant temperatures. We describe a novel behavior in which infective
larvae spontaneously reverse attraction to heat sources at sub-body temperatures and show that
this behavior is mediated by rapid adaptation of the thermosensory neurons. Finally, we identify
thermoreceptors that confer parasite-specific sensitivity to body heat. Our results pinpoint the
parasite-specific neural adaptations that enable parasitic nematodes to target humans and provide
the foundation for drug development to prevent human infection.

eTOC Blurb

Bryant et al. report that the skin-penetrating, human-parasitic nematode Strongyloides stercoralis
relies on a conserved thermosensory neuron pair to drive attraction to human body heat. The
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authors demonstrate that parasite-specific sensory encoding strategies drive temperature-driven
host seeking by human-infective parasitic worms.

Keywords

parasitic nematode; parasitic helminth; host seeking; thermosensation; thermotaxis; Strongyloides
stercoralis

Introduction

Soil-transmitted gastrointestinal helminths are a major source of neglected disease affecting
the world’s most socioeconomically depressed communities! 8. Although the prevalence
of parasitic helminth infections is highest in developing nations, infections persist within
impoverished areas of developed nations, including the United States*®. Infection with
soil-transmitted gastrointestinal helminths causes chronic gastrointestinal distress as well as
stunted growth and cognitive impairment in children. Current therapeutics against parasitic
nematodes exclusively target ongoing infections. These anthelmintic drugs have variable
efficacy at clearing infections, and the lack of prophylactic treatments results in high
reinfection rates®-12. Additionally, repeated dosage with anthelmintics may give rise to
drug-resistant parasites®-11, underscoring the need for preventative strategies. A mechanistic
understanding of how parasitic nematodes locate human hosts will enable the development
of new therapeutic approaches to preventing infections.

The skin-penetrating human threadworm Strongyloides stercoralis is a human-parasitic
gastrointestinal helminth that is estimated to infect at least 610 million people worldwide,
nearly three times as many people as malarial3. Infections with S. stercoralis are

of particular concern because these infections are often fatal for immunosuppressed
individuals, a fact that bears additional urgency given that front-line immunosuppressive
treatments in the current COVID-19 pandemic exacerbate the risk that latent infections will
erupt into acutely fatal diseasel4~16, Like other skin-penetrating nematodes, S. stercoralis
infects hosts exclusively as developmentally arrested third-stage infective larvae (iL3s). The
iL3s are soil-dwelling and actively locate hosts using host-emitted sensory cues (Figure
1A)17.18 They then infect hosts by penetrating directly through the skin of the feet or other
exposed skin.

Host detection and subsequent infection require thermal cues'819. S. stercoralisiL3s display
robust attraction to human body heat when exposed to temperatures above an ambient
cultivation temperature (Tc; Figure 1B)18. Moreover, the preference of iL3s for body heat is
thought to act as a major driver of long-range navigation toward hosts2. This heat-seeking
behavior is specific to mammalian-parasitic nematodes: insect-parasitic nematodes and the
free-living model nematode Caenorhabditis elegans are not attracted to mammalian body
heat18. Indeed, for C. eflegans, exposure to temperatures above T drives either negative
thermotaxis, or noxious heat avoidance when the temperature is above C. elegans’15-25°C
physiological temperature range?1-26,

Curr Biol. Author manuscript; available in PMC 2023 May 23.
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Although the molecular and neural basis of C. elegans thermosensation has been extensively
studied?1:24.26.27 the mechanisms that underlie the very different thermosensory behaviors
of parasitic nematodes are unknown. Many of the same neurons are present in S. stercoralis
and C. elegans'’, leading to the fundamental question of how these anatomically similar
nervous systems generate drastically different behavioral repertoires. This question was not
feasible to address previously due to the lack of a genetic toolkit for interrogating neural
function in parasitic nematodes.

Here, we identify cellular and molecular specializations that drive heat seeking in parasitic
nematodes. We identify and characterize the primary thermosensory neurons in S. stercoralis
by applying single-cell genetic targeting, cell-type-specific neural silencing, and fluorescent
biosensor techniques for the first time in any non- Caenorhabditis nematode. We show that
the thermosensory neurons of a human parasite are specialized for the precise encoding of
temperatures up to human body heat, enabling these parasites to robustly track human hosts.
These neurons are sensitive to thermal experience in a manner that supports the ability of
iL3s to adjust their heat-seeking behaviors in response to altered environmental conditions.
In addition, rapid sensory adaptation enables S. stercoralis iL3s to behaviorally differentiate
between host and sub-host heat sources. Thermosensory proteins tuned for human body
heat generate the expanded responsiveness of parasite thermosensory neurons relative to
homologous neurons in C. elegans. Our results pinpoint the specific cellular and molecular
adaptations that enable endoparasitic animals to target human hosts.

Genetic identification of S. stercoralis thermosensory neurons

To understand the neural mechanisms of thermosensation in S. stercoralisiL3s, we first

used a genetic approach to identify the primary thermosensory neurons. This approach
resolved the historical challenge of identifying S. stercoralis thermosensory neurons, which
arose from species-specific morphological differences in sensory neuron dendritic structure
that complicated anatomical comparisons across species?C. In C. elegans, the AFD sensory
neuron pair provides the primary thermosensory drive for thermotaxis navigation toward

a remembered cultivation temperature6:28-31_ C. efegans AFD neurons are structurally
defined by “finger-like” microvilli that emerge from the dendritic ends at the nose of

the animal and are thought to enhance neuronal sensitivity to temperature fluctuations28.

S. stercoralis lacks sensory neurons with these “finger-like” structures2932, The closest
anatomical homologs appear to be the multi-layered “lamellae” of the ALD neurons, which
are the only elaborate sensory endings in the S. stercoralis amphid sensory organs32.
However, due to both variations in the arrangement of the cell bodies that comprise

the amphid sensory organs and life-stage-specific changes in the morphology of sensory
neurons, whether ALD neurons are homologs of the C. elegans AFD thermosensory neurons
or AWC chemosensory neurons (the other C. elegans amphid neurons with elaborate sensory
endings) was unclear20-32-34,

In C. elegans, the receptor-type guanylate cyclases (rGCs) GCY-8, GCY-18, and GCY-23 are
expressed selectively in C. elegans AFD, contribute to thermosensation via activation of the
cyclic GMP-gated cation channels composed of TAX-2 and TAX-4 subunits, and are used

Curr Biol. Author manuscript; available in PMC 2023 May 23.
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as AFD-specific genetic markers31:35-38 The S. stercoralis TAX-4 homolog, Ss-TAX-4, is
required for positive thermotaxis by iL3s18. Thus, parasite homologs of the AFD-specific
rGCs may serve as molecular markers for AFD-specific function, permitting the genetic
identification of the sensory neurons that drive the thermotaxis behaviors of S. stercoralis
iL3s.

The C. elegans genome contains an unusually large number of receptor-type guanylate
cyclases compared with mammalian genomes3940, To assess whether this gene family is
similarly expanded in Strongyloides species, we used TBLASTN to catalogue orthologs

of the 26 C. elegansrGC proteins (Data S1) in S. stercoralis and the closely related rat
parasite Strongyloides ratti. After identifying S. stercoralisand S. rafti genomic regions with
potential homology to members of the C. elegans rGC gene family, we performed manual
curation of overlapping gene models retrieved from WormBase ParaSite (WBPS16; Data S1
and Table S1). We found that, like C. elegans, the genomes of S. stercoralisand S. ratti
contain large numbers of rGCs — our manual curation pipeline revealed at least 24 fully
sequenced rGC genes for S. stercoralis and 23 for S. ratti. Our TBLASTN search identified
three additional S. stercoralis genomic loci containing sequences encoding guanylate cyclase
protein features (e.g., guanylate cyclase domain, transmembrane domain). However, these
matches localize to partial contig fragments; since full sequences for the overlapping genes
(SSTP_0000270000, SSTP_0000334600, SSTP_000962000; Data S1) are not available, we
excluded these potential rGCs from further analysis.

Next, we performed a phylogenetic comparison between the updated rGC protein sequences
for S. stercoralis, S. ratti, and C. elegans (Figure S1). This analysis revealed that although
all three species contain approximately the same number of rGC genes, the degree of direct
homology varies. For some rGCs, including C. efegans daf-11 and gcy-9, we identified
putative 1-to-1 homologs in each Strongyloides genome. However, the majority of C.
elegans rGCs are not clearly homologous to individual Strongyloides genes, and vice versa.
In contrast, most S. stercoralis rGCs have clear 1-to-1 homolog matches to S. ratti genes,
mirroring previous phylogenetic comparisons of rGCs in C. elegans and Caenorhabditis
briggsae3®49,

To enable cell-type-specific labeling of AFD neurons in parasites, we next sought to identify
parasite homologs of rGCs that are selectively expressed in C. elegans AFD (AFD-rGCs).
Our phylogenetic analysis revealed that the genomes of S. stercoralisand S. ratti each
contain three putative AFD-rGCs. The pattern of clear within-genus homologs paired

with indirect homology between Strongyloides and Caenorhabditis is present for the AFD-
rGCs. Although there is clear 1-to-1 homology between the Strongyloides species, all six
Strongyloides sequences are most homologous to C. elegans GCY-23 (Figure 1C, Figure
S1). Receptor-type guanylate cyclase proteins contain distinct domains, including a 5’
extracellular domain, a transmembrane domain, and a 3’ intracellular domain comprised of
a kinase homology domain and a cyclase domain (Figure S1B). Protein sequence homology
between Strongyloides and C. elegans sequences is lowest in the extracellular domain and
highest in the guanylate cyclase domain; despite differences in the degree of homology
across topographical and functional domains, Ce-GCY-23 is consistently the closest match
for Strongyloides sequences, as for the full-length protein (Figure S1C).

Curr Biol. Author manuscript; available in PMC 2023 May 23.
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Based on protein sequence homology, we therefore named the S. stercoralisand S. ratti
homologs GCY-23.1, GCY-23.2, and GCY-23.3. We then extracted promoter sequences for
the three S. stercoralisrGCs, as well as Sr-GCY-23.2, and found that all four promoters
drive strong transgene expression in a single TAX-4-positive head neuron pair in S.
stercoralisiL3s (Figure 1D, Figure S2). Using confocal microscopy, we found that this
neuron pair displays elaborate structures at the nose tip that strongly resemble electron
microscopy reconstructions of the ALD lamellae (Figure 1D)33:34, Based on genetic
homology, we thus identified the S. stercoralis ALD neurons as homologs of the C. elegans
AFD neurons (and hereafter refer to them as S. stercoralis AFD neurons, or Ss-AFD).

S. stercoralis AFD neurons are required for heat seeking

To test whether the Ss-AFD neurons are required for the attraction of S. stercoralisil.3s

to mammalian body heat, we chemogenetically silenced them via AFD-specific expression
of the Drosophila histamine-gated chloride channel HisCl141, which we codon-optimized
for Strongyloides (Figure S3A). We found that silencing Ss-AFD reduced the migration of
iL3s toward temperatures approximating mammalian body heat (Figure 1E). Exposure to
warm temperatures between ambient and host body temperature is known to increase the
movement speed of S. stercoralisiL3s and promote a switch from highly curved local search
behaviors to relatively straight long-distance navigationl8. Ss-AFD is required for these
temperature-dependent changes in behavior: AFD-silenced iL3s moved slower and more
circuitously in the thermal gradient than control iL3s (Figure 1E). In fact, the movement of
AFD-silenced iL3s was similar to that of wild-type iL3s migrating in an isothermal room
temperature environment (Figure S3B). We validated that activation of Ss-AFD-expressed
HisCI1 channels muted thermosensory responses in those neurons, via calcium imaging (see
below, Figure S3C, D). Our results establish single-neuron genetic targeting for the first
time in any non-Caenorhabditis nematode and demonstrate that the Ss-AFD neurons are
required for the heat-seeking behavior of iL3s, thus confirming the impact of Ss-ALD laser
ablation33,

Novel encoding of warming stimuli by S. stercoralis AFD neurons

Do temperature-driven responses in Ss-AFD display species-specific adaptations, or is
AFD encoding of temperature conserved between parasitic and free-living nematodes?

We generated iL3s expressing yellow cameleon YC3.60%2 in Ss-AFD, which allowed

us to image neural activity for the first time in any non- Caenorhabditis nematode. We
designed thermal stimuli that mimic the temperatures experienced by iL3s engaged in
positive thermotaxis toward host body temperatures; these warming stimuli were delivered
to immaobilized worms via a custom PID-controlled thermal stimulator (warming rate =
0.025 °C/s; Figure S4A, B). We then imaged from S. stercoralis AFD and C. elegans

AFD under the same experimental conditions. Consistent with previous findings26:36:43.44
warming stimuli drove large depolarizations in C. elegans AFD (Ce-AFD) above a response
threshold (T*app) set near the recently experienced ambient temperature (Figure 2A, B).
Ce-AFD monotonically and nonlinearly encoded temperature deviations near the ambient
temperature, such that the lowest Ce-AFD response was the baseline response driven by the
coldest temperature in the thermal stimulus (Tg, 20°C; Figure 2C) and the Ce-AFD response

Curr Biol. Author manuscript; available in PMC 2023 May 23.
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was positively correlated with increasing temperature only in a narrow temperature range
near T*app (Figure 2D-H).

In contrast, temperature-driven responses in Ss-AFD encoded different features of the
thermal stimulus and displayed multiple parasite-specific adaptations. Ss-AFD also had a
response threshold near the ambient temperature (Figure 2A, B). However, the Ss-AFD
response at T*app Was dominated by a warming-triggered inhibition, such that the Ss-
AFD responses were reduced below the baseline Tg (20°C) response. We quantified

this effect by calculating the temperature that drove the lowest Ss-AFD response, where
“lowest” is defined as less than or equal to the response at 20°C. Unlike Ce-AFD, the
temperature that elicited the lowest Ss-AFD response was usually above 20°C, closer to the
ambient temperature (Figure 2C). This warming-triggered inhibition resulted in a negative
monotonic relationship between temperature and Ss-AFD activity near ambient (Figure 2D,
E). Following warming-triggered inhibition, Ss-AFD responses showed near-linear positive
encoding of temperatures ranging from near ambient to above human body temperature,
with peak excitatory responses driven by the warmest temperature in the stimulus (Figure
2F—H, Figure S5). Thus, Ss-AFD utilizes both nonlinear and near-linear encoding of
temperature information. We speculate that the initial reduction in neural activity, achieved
via warming-triggered inhibition, effectively “resets” the dynamic range of Ss-AFD,
expanding the range of above-ambient temperatures that can be differentially encoded. A
parasite-specific encoding strategy that combines a threshold nonlinearity with near-linear
encoding of temperatures up to host body heat likely enables Ss-AFD to maximize both
thermal sensitivity and the information conveyed in physiologically relevant temperature
ranges. The relative abilities of Ce-AFD adults and Ss-AFD iL3s to encode temperatures
near body heat align with the distinct physiological temperature ranges of these two species/
life stages. Notably, given the importance of heat seeking for host targeting by iL3s, the
presence of parasite-specific mechanisms that sculpt the unique Ss-AFD thermosensory
responses highlights the potential for elements in the S. stercoralis thermotransduction
pathway to serve as novel targets for parasite-specific therapeutic interventions.

Ss-AFD responses are regulated by temperature experience

The thermotaxis behaviors of both S. stercoralisand C. elegans are regulated by thermal
experience?0:2645 |n C. efegans, AFD thermal thresholds are determined by the just-
experienced ambient temperature (/.e., the holding temperature), which often coincides
with the animal’s cultivation temperature26:36:43-45 To determine whether responses in
Ss-AFD display experience-dependent changes in thermosensitivity, we tested the impact
of shifting the cultivation and holding temperatures together. We cultivated worms
overnight at 15°C, then exposed them to warming temperature ramps that were shifted
toward cooler temperatures, such that the starting temperature in the stimulus (/.e., the
holding temperature) was also 15°C; we refer to the combined cultivation and holding
temperature as Tampient (Figure S4C). Exposure to a Tampient Of 15°C shifted T*arp toward
cooler temperatures in both SssAFD and Ce-AFD (Figure 3A-D). The downward shift

in thermal threshold did not eliminate the unique properties of the Ss-AFD response.

The response at the cooler T*app was still dominated by warming-triggered inhibition,
with a peak hyperpolarization just above T*agp (Figure 3E), and a peak depolarization

Curr Biol. Author manuscript; available in PMC 2023 May 23.
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in response to the warmest temperature in the stimulus (Figure 3F). Notably, despite

the shift in T*app toward cooler temperatures, Ss-AFD still responded near-linearly to
temperatures up to host body temperatures (Figure 3C), consistent with earlier behavioral
results demonstrating that S. stercoralis iL3s cultivated at 15°C engage in robust positive
thermotaxis toward skin temperatures'8. The preservation of near-linear encoding at host
body temperatures, combined with experience-dependent expansions in the dynamic range
of Ss-AFD thermosensitivity, further supports a model in which parasite-specific adaptations
in sensory information processing pathways actuate the ability of iL3s to host seek across a
range of ethological contexts.

S. stercoralis iL3s migrate toward cool temperatures

Besides attraction to host body temperatures, mammalian-parasitic iL3s display negative
thermotaxis: migration toward cooler temperatures when exposed to temperatures below
their ambient cultivation temperaturel8. Previously, negative thermotaxis was measured
exclusively using iL3s exposed to a ~20-34°C gradient8. To investigate how iL.3s behave
in thermal gradients at lower temperatures, we measured migration in a ~12—-22°C gradient
(Figure S6). When placed at 20°C or 17°C, iL3s cultivated at 23°C displayed negative
thermotaxis, accumulating near ~16°C (Figure S6A). These migration patterns are regulated
by recent experience, such that iL3s cultivated at 15°C for at least 2 hours accumulated at
cooler temperatures than iL3s cultivated at 23°C (Figure S6B-D). In contrast, iL3s placed
at 14°C in a ~12-22°C gradient remained at cooler temperatures, regardless of cultivation
temperature (Figure S6). These results suggest that negative thermotaxis by S. stercoralis
iL3s is regulated by the strength of thermal drive, which decays as a function of deviations
from T, similar to positive thermotaxis18.

Ss-AFD mediates negative thermotaxis via an Ss-tax-4 signaling cascade

Positive and negative thermotaxis behaviors represent distinct iL3 behavioral modes, raising
the question of whether these behaviors are regulated by the same signaling cascades

and primary sensory neurons. We found that CRISPR/Cas9-mediated targeted mutagenesis
of Ss-tax-4*® and HisCl1-mediated silencing of Ss-AFD activity both abolished negative
thermotaxis by iL3s (Figure 4A, B), similar to positive thermotaxis (Figure 1E)18. In

C. elegans, positive and negative thermotaxis behaviors toward T also rely on Ce-tax-4-
dependent sensory transduction in Ce-AFD26:36:47:48 Thuys, our results provide additional
evidence that the opposing thermosensory behaviors of S. stercoralisiL3s and C. elegans
adults reflect adaptations of a broadly conserved nematode thermosensory circuit.

Next, we tested the effect of cooling temperature ramps on Ss-AFD activity, compared

to Ce-AFD (Figure 4C, D). Although Ce-AFD responses were reduced during a rapidly
cooling temperature ramp (range: 22-13°C, Figure 4D), simple linear regression analysis
found that Ce-AFD response magnitudes were significantly predicted by recording time
(Figure 4E; regression equation: Y = —0.021*X + 3.59, R2 = 0.70; replicates test for lack
of fit: discrepancy (F) = 1.96, p= 0.17), across timepoints where the change in temperature
was non-linear (Figure 4F). This result raises the possibility that the reductions we observe
in Ce-AFD under our specific experimental conditions may be due to photobleaching. In
contrast to our Ce-AFD responses, reductions in the Ss-AFD responses were not fully

Curr Biol. Author manuscript; available in PMC 2023 May 23.
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predicted by recording time (Figure 4D-F; regression equation: Y = —0.041*X + 6.60, R2

= 0.61; replicates test for lack of fit: discrepancy (F) = 4.56, p < 0.05). Previous studies
using electrophysiology have measured cooling-activated hyperpolarizations in Ce-AFD3,
suggesting that the lack of clear responses in our experiments may be due to the difficulty
of resolving decreases in already-low activity rates using calcium indicators. If true, this
explanation further suggests that our ability to measure cooling-activated decreases in
Ss-AFD could be because Ss-AFD has higher tonic activity levels than Ce-AFD. This
interpretation aligns with our observation of warming-triggered inhibition in Ss-AFD, which
indicates that baseline Ss-AFD activity is high enough to reveal negative deviations via
calcium imaging.

It remains unclear how changes in AFD activity are translated into the robust behaviors of
S. stercoralfsiL3s in cool temperature gradients. Taken together, our results, particularly
the lack of major species-specific differences in the direction of neural responses associated
with cool temperatures, suggest that the mechanisms that sculpt the different behavioral
responses of free-living and parasitic nematodes to below-ambient temperatures are
downstream of AFD.

S. stercoralis iL3s display a unique “U-turn” behavior at temperatures below host body
temperature

When navigating in the environment, S. stercoralis iL3s likely encounter temperature
gradients that terminate well below host body temperature and do not directly reflect the
presence of a host animal (e.g., sun-warmed soil or recently deposited fecal piles). Do

iL3s have a mechanism that enables them to avoid accumulation at these “false positive”
heat sources? To address this question, we examined the behavior of iL3s in temperature
gradients that are warmer than ambient but well below host body heat. We first exposed iL3s
cultivated at 23°C to temperature gradients ranging from 15-25°C (Tgat = 23°C). Under
these conditions, most iL3s initially engaged in positive thermotaxis and accumulated at

the warmest temperature in the gradient, consistent with the behaviors of iL3s in thermal
gradients that end near host body temperaturel8. However, unlike our observations with
warmer gradients, we found that within minutes some of these heat-seeking iL3s seemingly
reversed their thermal preferences, transitioning to sustained negative thermotaxis (Figure
5A; median percent of heat-seeking iL3s that reversed their thermal preference = 35%;
median dwell time near maximum temperature reached = 216 s). This behavior, in which
iL3s essentially perform a “U-turn” in the thermal gradient, is distinct from the stereotyped
reversal maneuvers employed by C. efegans, which feature backward movement of the entire
animal®. U-turns could occur before worms reached the edge of the agar surface, suggesting
that this reversal of thermal preferences is not driven by physical interactions. U-turns also
do not appear to result from a lack of explorable area: iL3s that did not perform U-turns
(often the majority of the population) continued to explore the vertical axis of the plate

after reaching the warmest temperature. However, we cannot exclude the possibility that
additional sensory signals contribute to this behavior.

Worms cultivated at 15°C displayed similar U-turn behaviors (Figure 5B; median dwell
time near maximum temperature reached = 126 s), with increased frequencies observed in

Curr Biol. Author manuscript; available in PMC 2023 May 23.
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thermal gradients that terminate closer to T¢ (Figure 5C; median percent of heat-seeking
iL3s that U-turned in a 15-25°C gradient = 3.46%, median percent of heat-seeking iL3s

that U-turned in a 12-22°C gradient = 97.25%). Across cultivation temperatures, U-turns
were only observed in thermal gradients that ended well below host body temperature. Thus,
the likelihood that iL.3s will abruptly switch the valence of their thermal preferences is
modulated by both cultivation temperature and the assay gradient (Figure 5C).

To test for neural correlates of the U-turn behavior, we designed imaging stimuli that
mimicked U-turn trajectories (Figure 5D), then quantified Ss-AFD responses at the
transition between an initial warming ramp and sustained “steady-state” exposure to a
temperature stimulus. We found that Ss-AFD steady-state responses rapidly (within ~60

s) adapted toward the ambient temperature response (Figure 5E-H). To test whether

this rapid adaptation may be a neural correlate of the U-turn transition from positive to
negative thermotaxis, we compared Ss-AFD responses to a range of maximum temperatures
associated with a range of U-turn rates across the population: 22°C (many worms U-turn),
26°C (some worms U-turn) and 32°C (no worms U-turn). We found that the degree of
Ss-AFD response adaptation approximated the likelihood that thermal stimuli would drive
positive-to-negative thermotaxis U-turns: when Tampient Was 15°C, Ss-AFD responses to
steady-state thermal stimuli strongly adapted at 22°C, moderately adapted at 26°C, and

did not adapt at 32°C (Figure 5F—H). This result suggests that rapid adaptation in the
Ss-AFD response to some, but not all, temperature stimuli may underlie the ability of iL3s to
abruptly abandon positive thermotaxis in favor of sustained negative thermotaxis.

The Ss-AFD responses that displayed the greatest steady-stage adaptation (Figure 5F,

G) were in response to steady-state stimulation at 22°C; at this temperature, Ss-AFD is
usually hyperpolarized due to the warming-triggered inhibition. We tested whether this rapid
adaptation reflects a general inability of Ss-AFD to maintain prolonged hyperpolarization.
Cooling temperature ramps from 22—-13°C drove Ss-AFD hyperpolarizations of similar
magnitude to non-adapted warming-triggered hyperpolarizations at 22°C, but did not display
rapid adaptation (Figure 51, J). These results suggest that Ss-AFD response adaptation

is likely a consequence of the thermal stimuli themselves rather than the direction of

the Ss-AFD response, and that distinct processes drive cooling- and warming-triggered
hyperpolarizations in Ss-AFD.

The Ss-AFD-rGCs each confer sensitivity to temperature ranges spanning ambient and
host body heat

Next, we sought to identify molecular mechanisms that underlie the expanded
responsiveness of Ss-AFD to mammalian body temperatures. In C. elegans, the AFD-
specific rGCs are required for thermosensory activity in AFD31:3%.36_ These proteins
localize exclusively to the elaborate finger-like processes of Ce-AFD37:50, Given the unique
lamellar structure of the S. stercoralis AFD sensory ending (Figure 1D), we first tested the
intracellular localization of Ss-AFD-rGCs. A GFP-tagged version of Ss-GCY-23.1 localized
to the distal end of the Ss-AFD process (Figure 6A). Intriguingly, SsGCY-23.1 intracellular
localization is restricted to the most elaborate anterior end of the Ss-AFD process (Figure
6B). A more posterior section of the Ss-AFD process that displays reduced, but still present,
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lateral complexity does not contain Ss-GCY.23.1 expression. The functional relevance of
these apparent intracellular domains within the elaborate lamellar structure of Ss-AFD is
not clear, although we speculate this division acts to partition cGMP signaling machinery,
similar to the bipartite signaling compartment of Ce-AFD%0,

Misexpression of Ce-GCY-18 and Ce-GCY-23, but not Ce-GCY-8, can confer TAX-4-
dependent sensitivity to thermal stimuli (Figure S7A)3°. To determine whether the S.
stercoralis AFD-rGCs (Ss-GCY-23.1, SsGCY-23.2, and Ss-GCY-23.3) have thermosensory
capabilities similar to Ce-GCY-23, we ectopically expressed each SsAFD-rGC in C.
elegans ASE chemosensory neurons also expressing the YC3.60 calcium sensor, then
measured responses to warming temperature ramps. Ce-ASE was chosen as the ectopic
expression site, rather than Ce-AFD, in order to examine the thermosensory properties of the
Ss-AFD-rGCs independent of mechanisms for Ce-AFD-specific signal amplification26:35.
Ce-ASER is activated by cooling, with an activation threshold of ~18°C>L. We first
measured baseline activity of Ce-ASE neurons to our 20-40°C warming temperature ramp.
We did not observe increased activity upon cooling or decreases in activity following
warming (Figure S7B), confirming that Ce-ASE does not display significant thermosensory
responses above its activation threshold.

In contrast to the wild-type responses of Ce-ASE neurons, we found that ectopic expression
of each S. stercoralis AFD-rGC conferred thermosensitivity to above-ambient temperatures.
The functional properties of all three of the Ss-AFD-rGCs differed from each other and
from those of the C. elegans AFD-rGCs (Figure 6C, D, Figure S7). For Ss-GCY-23.1

and Ss-GCY-23.3 ectopic expression, the threshold of temperature-evoked activity (T*asg,
defined based on significant, sustained deviation from baseline Ce-ASE responses) was near
mammalian skin temperature; Ss-GCY-23.2 expression resulted in thermosensory activity
with a T*agg near ambient temperature (Figure 6D).

Notably, all three Ss-AFD-rGCs conferred thermosensitivity up to host body temperatures.
Across the SssAFD-rGCs, the temperature driving maximal responses varied such that
Ss-GCY-23.3 responses peaked at warmer temperatures than Ss-GCY-23.1 and Ss-GCY-23.2
(Figure 6D). These results suggest that changes in the functional properties of Ss-AFD-
rGCs, including an expanded responsiveness to mammalian body temperatures relative to

C. elegans homologs, contribute to both the parasite-specific encoding of thermal cues in
Ss-AFD and the preference of S. stercoralisiL3s for mammalian body heat.

Warming-triggered inhibition in Ss-AFD reflects a reduction in cyclic GMP

Ss-AFD calcium responses display a pronounced warming-triggered inhibition (Figure 2A)
that is not reflected in the temperature-evoked calcium activity observed following ectopic
expression of Ss-AFD-rGCs in Ce-ASE (Figure 6C). This observation suggests that initial
reductions in Ss-AFD activity following exposure to near-ambient warming temperatures are
likely not an intrinsic property of the Ss-AFD-rGC thermoreceptors. We sought to identify
whether warming-triggered inhibition in the Ss-AFD calcium response reflects a reduction
of cGMP levels, which would lead to a reduction in cGMP-gated channel activity and thus

a decreased calcium signal. We generated iL3s expressing the cGMP sensor FlincG3°253

in Ss-AFD, and measured cGMP levels in response to a warming stimulus centered on the
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ambient temperature (ramp: 20-25°C at 0.025 °C/s). At the Ss-AFD sensory tips, exposure
to near-ambient warming temperatures resulted in a significant decrease in cGMP levels
(Figure 7A). The response threshold (the temperature at which FlincG3 signals deviated
significantly from the baseline response at 20°C) was similar to the response thresholds for
Ss-AFD calcium responses, suggesting that the warming-triggered inhibition observed via
YC3.60 imaging is due to a temperature-dependent decrease in cGMP. During steady-state
application of an above-ambient temperature (25°C), reduced cGMP levels partially adapted
back toward the response at ambient temperatures (Figure 7A). This observation suggests
that the rapid adaptation in Ss-AFD calcium responses associated with thermotaxis U-turn
behaviors (Figure 5) reflects, at least in part, cGMP response dynamics. The molecular
mechanisms that produce temperature-dependent reductions in cGMP levels in Ss-AFD are
not yet known but may involve cGMP hydrolysis via cGMP-selective phosphodiesterase
activity. In C. elegans, temperature-dependent regulation of cGMP hydrolysis may help
shape the threshold and temporal dynamics of thermal responses26:38. Future experiments
are needed to test whether S. stercoralis phosphodiesterases display parasite-specific thermal
sensitivities that help generate the unique features of thermosensory encoding in SssAFD
neurons, as well as the impact of these encoding features on the thermal behaviors of
parasites.

Discussion

Here, we identify multiple parasite-specific molecular, cellular, and behavioral adaptations
in the thermosensory circuit of the human parasite S. stercoralis that enable it to

locate human hosts. We present the first uses of single-cell genetic targeting and neural
imaging methods in any endoparasitic animal, as well as the first demonstration of
parasite-specific sensory encoding strategies that underlie host seeking by soil-transmitted
parasitic helminths. We show that free-living and parasitic nematodes rely on a homologous
thermosensory neuron pair, named AFD, to drive their divergent thermal preferences and
behaviors. We find that S. stercoralis AFD neurons display temperature-driven activation
properties distinct from those observed in the free-living model C. elegans, including both
nonlinear and near-linear encoding of temperatures from below ambient to human body
heat. These unique, parasite-specific response properties provide a mechanism for Ss-AFD
to encode additional information and differentiate between a broad range of host and
environmental temperatures, and are likely critical for the ability of iL3s to host seek over
relatively long distances’.

Nematode nervous systems are remarkably well conserved, to the extent that many of the
same neurons are found across free-living and parasitic speciesl’>4-56_ Despite a high
degree of anatomical conservation, different species have strikingly divergent lifestyles

and behavioral repertoires. For example, C. elegans is a free-living bacterivore whose
natural habitat is decaying organic matter such as rotting fruit®’, while S. stercoralis

is a human-infective worm that inhabits the soil as an infective larva and the human

gut as a parasitic adult®®. How such anatomically similar nervous systems can support
species-specific ethological requirements has remained an unanswered question. Our results
demonstrate that the parasite-specific behaviors of soil-transmitted nematodes emerge from
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functional adaptations at the earliest stages of sensory information processing and are driven
in part by differences in the tuning properties of the thermoreceptor proteins.

The behavioral strategies that guide parasitic nematodes to human hosts are not fully
understood. Here, we report a new behavioral component of temperature-driven host
seeking: the ability to rapidly reverse erroneous attraction to non-host heat sources. This
novel behavior appears to be generated by rapid sensory adaptation selectively triggered

by exposure to sub-body-heat temperatures. In C. elegans, although Ce-AFD can display
minutes-long adaptation to recent temperature experiences26:36:45.59 these changes do not
appear to affect behavioral temperature preferences, which are thought to adapt primarily on
longer (hours-long) timescales?1:26:45.60, Thys, the ability of iL3s to engage in thermotaxis
“U-turns”, rapidly transitioning from sustained positive thermotaxis to sustained negative
thermotaxis, may reflect a parasite-specific behavioral consequence of sensory adaptation
that permits iL3s to quickly adjust their host-seeking behaviors after encountering a non-
host heat source. We also show that exposure to new environmental temperatures triggers
changes in the dynamic range of Ss-AFD thermosensitivity while preserving the ability to
encode host body heat. Together, these results suggest that soil-transmitted nematodes utilize
a host-seeking strategy that both relies on the precise encoding of temperature to direct
worms toward host animals over long distances and flexibly adjusts in response to sensory
experience.

Here, we demonstrate that the cellular mechanisms of thermal encoding are fundamentally
different in S. stercoralisand C. elegans. Historically, most research on parasitic nematodes
has used the free-living nematode C. elegans as a genetically tractable model for human
parasites. Our data indicate that this approach is not sufficient given the dramatically
different neural mechanisms that operate in the two species and emphasize the essential role
of mechanistic studies in parasitic nematodes themselves for understanding the neural basis
of parasitism in these species. Parasitic nematode infections are one of the world’s most
neglected sources of chronic disease and economic burden. Our finding that the sensory
neurons of parasitic nematodes display parasite-specific functional adaptations identifies
parasite sensory neurons as promising targets for anthelmintic control strategies.

STAR Methods
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Dr. Elissa Hallem (ehallem@ucla.edu).

Materials Availability—All unique reagents generated in this study are available from the
Lead Contact.

Data and Code Availability

. The data that support the findings of this study have been deposited at Zenodo
and are publicly available as of the date of publication. DOIs are listed in the key
resources table.
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. All original code has been deposited at Zenodo and is publicly available as of the
date of publication. DOIs are listed in the key resources table.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All protocols and procedures involving vertebrate animals were approved by the UCLA
Office of Animal Research Oversight (Protocol ARC-2011-060), which adheres to the
standards of the AAALAC and the Guide for the Care and Use of Laboratory Animals.

Maintenance of Strongyloides stercoralis—S. stercoralis UPD strain (originally
provided by Dr. James Lok, University of Pennsylvania) was maintained as previously
described!8. Briefly, S. stercoralis was serially passaged through male Mongolian gerbils
(Charles River Laboratories) and maintained on fecal-charcoal plates. Gerbils were placed
under isoflurane anesthesia before receiving ~2,250 iL3s in 200 uL of sterile PBS via
inguinal subcutaneous injections. Feces infested with S. stercoralis were collected by placing
infected gerbils on wire cage racks overnight with damp cardboard liners on the cage
bottoms. The following morning, fecal pellets were collected, mixed in a 1:1 ratio with
autoclaved charcoal granules, and stored in 10-cm-diameter Petri dishes lined with wet
10-cm-diameter Whatman filter paper. Feces containing S. stercoralis were collected for
14-45 days post-inoculation. Fecal charcoal plates were initially stored for 48 hours at 20°C,
then either used for microinjection (free-living adults) or moved to a 23°C incubator for an
additional 6-14 days until use in behavioral assays (iL3s). S. stercoralis free-living adults
and iL3s were collected from fecal-charcoal plates via a Baermann apparatus®3.

Transgenic S. stercoralis F1 iL3s were generated by microinjection of plasmid constructs
into free-living adult females using standard methods®4, with modifications as previously
described!®. Fecal-charcoal plates containing microinjected females and wild-type adult
males were incubated at 23°C for a minimum of 5 days prior to screening and experimental
use. To generate transgenic Fq iL3s expressing fluorescent reporters, plasmids (including:
pJHLO9, pASB25, pASB41, pASB42, pASB51, and pMLC4118) were microinjected at
40-100 ng/uL. A full list of all plasmids used in this study are provided in Table

S2. Targeted mutagenesis of Ss-tax-4 was accomplished using established Strongyloides
CRISPR/Cas9 protocols1846, with the following modifications. For generating Ss-tax-4
iL3s, injection mixes contained 80 ng/uL pMLC47, 80 ng/uL pEY11, and 40 ng/uL pPV540.
For generating no-Cas9 controls, injection mixes contained 80 ng/uL pMLC47 and 80
ng/uL pEY11. For calcium imaging of S. stercoralis AFD, Sr-gcy-23.2p::strYC3.60F iL3s
were generated by microinjecting pASB52 at a concentration of 80 ng/uL. For generating
Sr-gcy-23.2p.:strHisC/1iL3s, injection mixes contained 80 or 100 ng/uL pASB30 with

50 ng/pL pJHLO9 as a co-injection marker. For calcium imaging of HisCl1-silenced Ss-
AFD neurons, Sr-gcy-23.2p..strHisCI1.:P2A.:mRFPmars, Sr-gcy-23.2p::stryYC3.60F, iL3s
were generated by co-injecting pASB56 and pASB52, both at 80 ng/uL. For generating
Sr-gey-23.2p.:strFlincG3 1L 3s, injection mixes contained 80 ng/uL pASB67.
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Maintenance of C. elegans—C. efegans adults were raised on 2% Nematode Growth
Media (NGM) plates seeded with a lawn of Escherichia coli OP50 bacteria, as per standard
methods®®. C. efegans experiments exclusively used young adult hermaphrodites; adult
males were used only for crosses. Calcium imaging of C. elegans AFD was performed
using strain 1K890 rnfEx358[gcy-8::YC3.60, ges-1.:NLS-tagRFP], which was obtained from
Dr. Ikue Mori (Nagoya University). Calcium imaging of C. elegans ASE was performed
using strain XL115 /in-15(n765) ntls14[flp-6.. Y C3.60, lin-15+], which was obtained from
Dr. Shawn Lockery (U. Oregon). Independent strains for ectopic expression of S. stercoralis
AFD-rGCs in C. elegans ASE (Table S3, strains EAH359, EAH361, EAH365, EAH378,
EAH370, EAH372, EAH374, EAH376, and EAH379) were generated by microinjecting test
plasmids (pASB57, pASB61, pASB62) into N2 hermaphrodites at 20 ng/uL. Each ectopic
expression strain was crossed to XL115 to generate the strains used for calcium imaging
(Table S3, strains EAH360, EAH362, EAH366, EAH369, EAH371, EAH373, EAH375,
EAH377, and EAH380).

METHOD DETAILS

Phylogenetic Analysis—Identification of rGC genes in S. stercoralisand S. rattiwas
based on protein sequence homology with the following C. elegansrGCs: ODR-1, DAF-11,
GCY-1, GCY-3, GCY-4, GCY-5, GCY-6, GCY-7, GCY-8, GCY-9, GCY-11, GCY-12,
GCY-13, GCY-14, GCY-15, GCY-17, GCY-18, GCY-19, GCY-20, GCY-21, GCY-22,
GCY-23, GCY-25, GCY-27, GCY-28, and GCY-29. For all C. elegans rGCs with multiple
isoforms, coding sequences for isoform a were used. Amino acid sequences for C. elegans
rGCs were retrieved from WormBase (release WS283) and used in TBLASTN searches

of S. stercoralisand S. ratti genomes via WormBase ParaSite (release WBPS16)%. For
every C. elegansrGC, TBLASTN results were sorted by score and overlapping genes

for the top 10-30 matches were recorded. Duplicate genes were removed, then parasite
genomic sequences and gene annotations were retrieved from WormBase ParaSite and
imported into Geneious Prime 2022.0.1. The accuracy of predicted gene models for each
parasite gene identified in the TBLASTN search was examined using the following criteria:
protein sequence length, identity of InterProScan domain predictions, and overlap of gene
model with RNA-seq expression61:62, When necessary, gene models were manually adjusted
using Geneious Prime. Updated gene models were submitted to WormBase ParaSite and
WormBase for dissemination. For a list of all Strongyloidesand C. elegansrGC gene IDs
and protein sequences, see Data S1. For a list of manually curated StrongyloidesrGC genes
and descriptions of adjustments made to WBPS16 gene models, see Table S1.

MUSCLE alignment of amino acid sequences was calculated in Geneious Prime.
Phylogenetic tree reconstruction was performed on the MUSCLE alignment by applying

a maximum-likelihood phylogenetic inference method with 1Q-TREE®’ and ModelFinder68
with ultrafast bootstrapping (1000 replicates), using the WAG substitution matrix®® with
empirical base frequencies and a free-rate substitution model”%71 with 7 categories. The
maximume-likelihood tree was plotted in R v4.1.2 using treedataverse packages (ggtree
v3.2.1, tidytree v0.3.6, and treeio v1.18.1)7273,
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The following S. stercoralisand S. ratti genes were identified as homologs of the C. elegans
AFD-specific rGCs based on amino acid sequence homology and phylogenetic clustering:
Ss-gey-23.1 (SSTP_0000354300), Ss-gcy-23.2 (SSTP_0000775800), Ss-gcy-23.3
(SSTP_0000846800), Sr-gcy-23.1 (SRAE_2000430600), Sr-gey-23.2 (SRAE_0000007100),
and Sr-gcy-23.3 (SRAE_X000020900). Percent sequence identity between C. elegans AFD-
rGCs and Strongyloides AFD-rGCs was calculated by performing MUSCLE alignment

of the 9 AFD-rGC sequences in Geneious Prime. MUSCLE alignments were run on full-
length protein sequences, extracellular domains, intracellular domains, and cyclase domains;
domains are InterProScan and PROSITE predictions.

Molecular Biology—Promoter sequences for all S. stercoralis genes and Sr-gcy-23.2
were extracted by PCR-amplifying ~1.7-2 kb upstream of the predicted first exons;

some sequences include portions of the first exon. Primers used are listed in Table S4.
Putative promoter sequences were cloned into either the Strongyloides expression vector
pPV254 (containing Ss-act-Zp::GFP, a gift from Dr. James Lok, UPenn) in place of the
Ss-act-2 promoter, or into a Strongyloides promoter-less expression vector (pASB10, which
features a multiple cloning site and the Ss-era-1 3’'UTR®4) along with wrmScarfet-I"*
(obtained from Dr. Hillel Schwartz, Caltech). The following constructs were generated: Ss-
gcy-23.1p::GFP (pASBb5Y), Ss-gey-23.2p::GFP (pASB41), Ss-gey-23.3p..GFP (pASB42),
Sr-gey-23.2p.:GFP (pJHL09), and Sr-gcy-23.2p..wrmScarlet-1 (pASB25).

For expression of HisCI1 in S. stercoralis AFD, we first calculated a Strongyloides codon-
optimized HisCl1 sequence (strHisC/I) by hand*1.75. To generate a Sr-gcy-23.2p::strHisCI1
construct (pASB30), strHisC/1 was synthesized by Genewiz (South Plainfield, NJ) and
cloned into pASB10 with the Sr-gey-23.2 promoter from pJHL09. For expression of

the calcium sensor YC3.60%2 in S. stercoralis AFD, we calculated a Strongyloides codon-
optimized YC3.60sequence (stryC3.60) by hand. To generate a Sr-gcy-23.2p..strYC3.60
construct (pASB52), strYC3.60was synthetized by Genewiz and cloned into pASB30,
replacing strH/sC/1. For imaging the impact of HisCl1-silencing on Ss-AFD activity,

we generated a Sr-gcy-23.2p.:strHisCI1.:P2A.:mRFPmars construct (pASB56). The
P2A::mRFPmars sequence was taken from pPV/505 (a gift from Dr. James Lok, UPenn)7.
For expression of the cGMP sensory FlincG3°253 in S. stercoralis AFD, we first calculated a
Strongyloides codon-optimized FlincG3 sequence (strFlincG3) using the Wild Worm Codon
Adapter’’. To generate a Sr-gcy-23.2p::strFlincG3 construct (DASB67), strFlincG3was
synthesized and subcloned into pJHLQ9 by GenScript (Piscataway, NJ).

For ectopic expression of S. stercoralis AFD-rGCs in C. elegans ASE neurons,

cDNA sequences were identified based on gene predictions in WormBase ParaSite;

in some cases predictions were manually adjusted (see phylogenetic analysis methods,
above)81.66_ Sequences were codon-optimized for C. elegans and 2 synthetic introns

were inserted into the sequence using the C. elegans Codon Adapter’8. To generate

a flp-6p::Ss-gcy-23.1::SL2..mCherry construct (pASB57), the cDNA sequence was
synthesized by Genewiz and used to modify the plasmid AT1_66, obtained from Dr.

Piali Sengupta (Brandeis)3®. To generate fp-6p..Ss-gcy-23.2::SL2::mCherry (pDASB61) and
flp-6p..Ss-gcy-23.3..5L2::mCherry (pASB62) constructs (Table S2), cDNA sequences were
synthesized and inserted into AT1_66 by GenScript.
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Fluorescent Microscopy—For fluorescent microscopy, the Fq iL3 progeny of
microinjected females were recovered and screened for GFP or wrmScarlet-1 expression on
a Leica M165 FC fluorescence microscope using a previously established nicotine-paralysis
method“6. Transgenic iL3s were transferred to a small watch glass containing BU saline’®
and allowed to recover overnight. Animals were exposed to 50-100 mM levamisole in BU
saline, then mounted on a slide with 5% Noble agar dissolved in BU saline, coverslipped,
and sealed with quick-drying nail polish. Epifluorescence and DIC images were taken

with a 40x air objective (EC Plan-Neofluar 40x/0.75 00/0.17; Zeiss) on an upright Zeiss
Axiolmager A2 microscope equipped with a 10 filter set for GFP (BP470/20, FT510,
BP540/25; Zeiss), a 63 HE filter set for wrmScarlet-1 (BP572/25, FT590, BP629/62; Zeiss),
a 46 HE filter set for YFP(BP500/25, FT515, BP535/30; Zeiss) and a 47 HE filter set for
CFP (BP436/25, FT455, BP480/40; Zeiss), a Hamamatsu W-View Gemini image splitter

in bypass mode, and a Hamamatsu ORCA-Flash4.0 camera; broad spectrum fluorescence
illumination was provided by an X-Cite Series 210Q lamp. Additional epifluorescence
images were taken with a 40x oil objective (Plan-Apochromat 40x/1.4 00/0.17 Qil DIC (UV)
VIS-IR M27; Zeiss) on an inverted Zeiss AxioObserver microscope equipped with a 38 HE
filter set for

GFP (BP470/40, FT495, BP 525/50) and a 63 HE filter set for wrmScarlet-1 (BP572/25,
FT590, BP629/62), and a Hamamatsu ORCA-Flash4.0 camera; fluorescence illumination
was provided by Colibri 7 LEDs (LED-Module 475 nm and LED-Module 567nm).
Confocal images were acquired using a Zeiss LSM880 confocal microscope (Broad Stem
Cell Research Center, Molecular, Cellular, and Developmental Biology Microscopy Core
Facility, UCLA). Images were acquired using Zeiss ZEN 2 (blue edition) software. Image
montages were generated using F1J180,

Behavioral Assays—Thermotaxis assays were performed using a custom thermoelectric
behavioral arenal8. For experiments quantifying the distribution of a population, worms
were monitored using one or two 5 mega-pixel CMOS cameras (BTE-BO50-U, Mightex
Systems) at a frame rate of at least 1 frame per minute. The population-level movement

of worms was analyzed as previously described!®. For worm tracking experiments, worm
movements were imaged at a frame rate of 0.5 frames per second, and individual iL3
trajectories were quantified post hoc as previously described8, using updated custom
MATLAB scripts.

For testing wild-type thermotaxis behaviors across different cultivation temperatures, iL3s
were collected from 7-14 day old fecal-charcoal plates using a Baermann apparatus®3 or
removed directly from the lid of the fecal-charcoal plate and then stored in a watch glass
containing BU saline at either 15°C or 23°C for at least two hours. For negative thermotaxis
behaviors, iL3s were placed in a 12-22°C gradient (Tt = 14°C, 17°C, or 20°C) for 30
minutes. For positive thermotaxis behaviors, iL3s were placed in a ~21-33°C gradient (Tstart
= 23°C) for 20 minutes. The behavioral data for unstimulated wild-type iL3s (Figure S3B)
are from Bryant et a/ 201818,

For measuring “U-turn” behaviors, 7-14 day old fecal-charcoal plates were incubated for
at least two hours at 15°C or 23°C. iL3s were collected using a Baermann apparatus
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or removed directly from the lid of the fecal-charcoal plate and stored in a watch glass
containing BU saline at their cultivation temperature for at least two hours. Two thermal
gradients were used to elicit U-turn behaviors: a 12-22°C gradient (Tgtgt = 20°C) and a
15-25°C gradient (Tt = 23°C). For testing the percentage of the population that engaged
in U-turn behaviors, at least 150 iL.3s were placed on a thermotaxis plate and their migration
was imaged for 20—30 minutes. For tracking individual iL3 trajectories during U-turns,
either single iL3s or a small group (<100) of iL3s were placed on a thermotaxis plate and
their migration was imaged for 20 min.

For testing negative thermotaxis by Ss-tax-4iL3s, either Ss-fax-4iL3s or no-Cas9 control
iL3s were screened for mRFPmars expression as previously described846, 1-2 mRFPmars-
expressing S. stercoralis iL3s were placed at 20°C in a ~17-26°C gradient for 15

min. Following the cessation of recording, single iL3s were recollected for individual
genomic DNA preparations. mRFPmars-positive iL3s in which Ss-fax-4 expression was
fully disrupted either by deletion or integration events (/.¢e., Ss-tax-4iL3s) were identified by
post-hoc single-worm genotyping, as previously described1846. Trajectories of Ss-tax-4iL3s
were tracked and quantified following post-hoc genotyping.

For testing the effect of HisCl1-mediated AFD silencing on positive and negative
thermotaxis, Sr-gey-23.2p..strHisCIl1 + Sr-gcy-23.2p::GFPiL3s were screened for GFP
expression as follows: F iL3 progeny of microinjected females were recovered from fecal-
charcoal cultures using a Baermann apparatus and stored in a small watch glass containing
2-3 mL BU saline. ~10 L of iL3-containing BU saline was placed on a 2% NGM plate
containing a lawn of OP50 and migrating iL3s were screened at low magnification for strong
GFP expression. Recovered iL3s were evenly split into two watch glasses containing either
BU saline or BU saline + 20-50 mM histamine. Watch glasses were incubated at 23°C

for at least 2 h. For behavioral experiments, iL3s were transferred in batches (<20 worms
per experiment) to 3% thermotaxis agar plates®81 with or without 10 mM histamine. For
positive thermotaxis assays, iL3s were placed at 30°C in a ~22—-34°C gradient; for negative
thermotaxis assays, iL3s were placed at 20°C in a ~17-26°C gradient. For both positive

and negative thermotaxis, assay duration was 10 min. On individual experimental days,
behavioral assays were always conducted with paired histamine-positive and no-histamine
control experiments. Furthermore, the researcher performing the assay was fully blinded to
the experimental condition: blinding was implemented as recovered GFP-positive iL3s were
split into BU saline or BU saline + histamine watch glasses (/.e., the researcher splitting

the population was unaware of which watch glass contained histamine-spiked BU saline).
Blinding was lifted only following post-foc tracking.

Calcium and cGMP Imaging—For imaging of Ss-AFD activity, the F; iL3 progeny

of microinjected females were recovered and screened for the presence of either YC3.60

or FlincG3 using methods previously established for fluorescent screening of nicotine-
paralyzed transgenic iL3s*. Prior to imaging, C. elegans adults on 2% NGM plates with

an OP50 lawn or S. stercoralisiL3s in BU saline-containing watch glasses were incubated
overnight at either 23°C or 15°C. Animals were exposed to 100 mM levamisole in BU saline
(S. stercoralisilL3s) or 10 mM levamisole in M9 saline (C. elegans adults), then mounted
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on a slide with 5% Noble agar dissolved in BU or M9 saline, coverslipped, and sealed with
quick-drying nail polish.

YC3.60 imaging was performed with a 40x air objective (EC Plan-Neofluar 40x/0.75 oo/
0.17; Zeiss) on an upright Zeiss Axiolmager A2 microscope equipped with a 78 HE ms
filter set (BP445/25 + BP510/15, DFT460+520 + FT510, BP480/22 + LP530; Zeiss), a
Hamamatsu W-View Gemini image splitter with a CFP/YFP dual camera filter set, and a
Hamamatsu ORCA-Flash4.0 camera for simultaneous acquisition of CFP and YFP images.
FlincG3 imaging was performed with a 40x air objective (EC Plan-Neofluar 40x/0.75 oo/
0.17; Zeiss) on an upright Zeiss Axiolmager A2 microscope with a 10 filter set (BP470/20,
FT510, BP540/25; Zeiss), a Hamamatsu W-View Gemini image splitter in bypass mode,
and a Hamamatsu ORCA-Flash4.0 camera. Broad spectrum fluorescence illumination was
provided by a X-Cite Series 210Q lamp. For both YC3.60 and FlincG3, images were
acquired every 250 ms using the Zeiss ZEN software with a time lapse module.

Temperature ramps were delivered to slide-mounted worms using a custom thermal
stimulator (Figure S4A) based on established C. efegans systems*®. An annular-style Peltier
element (430533-502, Laird Thermal Systems) was mounted on a custom aluminum heat
block held on the microscope stage with a custom 3D-printed stage clamp. The custom heat
block was attached to a temperature-controlled recirculating water bath (13-874-180, Fisher
Scientific) set to the ambient cultivation temperature. The Peltier element was controlled

by a closed-loop control circuit consisting of a PID controller (ATEC302, Accuthermo
Technology), an H-bridge amplifier (FTX700D, Accuthermo Technology), two 12 V, 30 W
AC/DC power converters (LS35-12, TDK-Lambda Americas Inc), and a 10 kQ thermistor
(USP12837, Littelfuse) that was attached to the coverslip near the immobilized worm with
adhesive tape. Slides containing worms were placed on the Peltier element; halocarbon

oil was placed between the Peltier element and the glass slide to ensure strong thermal
transfer. Slides were anchored to the aluminum heat block using adhesive tape. Prior to the
start of imaging, slides were brought to cultivation temperature (23°C or 15°C) for 5 min
using the ATEC302 software general control mode. Thus, for all experiments, the recently
experienced holding temperature (Ty) was equivalent to T¢; we refer to this combined
ambient temperature as Tmpient- DUring imaging, temperature ramps were delivered using
the ATEC302 software programmable step temperature control function. A full list of all
thermal ramps used in this study is provided in Table S5. Measured temperatures at the
coverslip surface were recorded using the ATEC302 software data log function.

From time-lapse dual-wavelength images containing aligned CFP and YFP signals (YC3.60
imaging) or from time-lapse images containing GFP signals (FlincG3 imaging), we
calculated the mean intensity over time for soma and background regions of interest (ROI)
using the ZEN software. CSV files containing imaging data and temperature log files were
saved, then processed using custom MATLAB scripts. For YC3.60 imaging, CFP and YFP
signals from soma and background ROIs were used to calculate the baseline-corrected
YFP/CFP ratio (% AR/Rg); YFP signals were corrected for bleed-through from the CFP
channel. For FlincG3 imaging, GFP signals from lamellar sensory tips and background ROIls
were used to calculate the baseline-corrected GFP signal (% AF/Fp). For both YC3.60 and
FlincG3, responses were aligned relative to the ATEC302 temperature log based on file
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time stamps. Plots of aligned fluorescence responses and temperature records were saved as
EPS files. For heatmaps, individual fluorescence traces (heatmap rows) were ordered using
average linkage clustering; heatmap colors were defined using the viridis color map.

Custom MATLAB code was used to calculate: linear/monotonic regressions at different
temperature windows, thermal threshold (either T*app or T*agE), temperatures eliciting
maximal and minimal fluorescence responses, and the response magnitude at the steady-
state stimulus temperature (either the warmest or coldest temperature in the stimulus),
across different time windows. For AFD recordings, thermal threshold (T*arp) is defined
as the first temperature where the absolute value of the AFD response is at least 3*STD
from the response at T for the amount of time it takes the warming/cooling temperature
ramp to change 0.25°C (10 s). For C. elegans ectopic expression recordings, to control for
the possibility of native Ce-ASE temperature responses at warm temperatures, the thermal
threshold (T*asg) was defined as the first temperature where the absolute value of the
Ce-ASEegxperimental 'esponse deviates from the average Ce-ASEt response by at least
3*STD for a minimum of 40 seconds.

For imaging the effect of HisCI1 on Ss-AFD neurons, Sr-
gey-23.2p::strHisCI1::P2A::mRFPmars + Sr-gcy-23.2p.:strYC3.60iL3s were screened for
co-expression of HisCl1 and YC3.60 via the nicotine-paralysis method described above.
Transgenic iL3s were incubated in BU overnight at 23°C, then transferred to a watch glass
containing either BU (control animals) or BU + 50 mM histamine (experimental animals)
for at least 2 hours, at 23°C. For imaging, experimental animals were exposed to 100 mM
levamisole + 50 mM histamine in BU saline, then mounted on a slide with 5% Noble agar
dissolved in 50 mM histamine in BU, coverslipped, and sealed with quick-drying nail polish.
For control animals, mounting solutions and agar did not contain histamine. To quantify

the impact of HisCl1-silencing on Ss-AFD temperature responses, we calculated the sum of
the absolute deviation from baseline during the warming phase of the temperature stimulus
(21-33°C). Baseline was defined as the AFD response at Tq (20°C).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were conducted using GraphPad Prism 9. Exact p values for all statistical
tests are provided in Data S2. Statistical details of experiments are provided in figure
legends and Data S2. Power analyses to determine appropriate sample sizes were conducted
using G*Power 3.182. For plotting single-worm tracking quantifications and neural imaging
quantifications, data were imported into R v4.1.2 and plotted using the ggplot2 package
v3.3.58,

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
S. stercoralfs senses temperature via the conserved AFD sensory neuron pair
Heat seeking by S. stercoralis infective larvae requires Ss-AFD neurons
Ss-AFD neurons display unique temperature-encoding strategies

Three receptor-type guanylate cyclases in Ss-AFD sense body heat
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Figure 1. The S. stercoralis AFD neurons are required for positive thermotaxis toward host body
temperatures.

A. Overview of the life cycle of S. stercoralis. Soil-dwelling infective larvae (iL3s) actively
seek out hosts using host-emitted sensory cues and infect via skin penetration. Parasitic
adults reside in the host small intestine. Their progeny exit the host in feces, and can

cycle through a single free-living generation on feces before developmentally arresting

as iL3s. For S. stercoralis and other mammalian-parasitic worms, host detection and
subsequent infection require thermal cues. B. Tracks of S. stercoralisiL3s engaging in
positive thermotaxis toward host body temperatures. Worms were placed at 23°C in a
~21-33°C gradient and allowed to migrate for 20 min. C. Phylogenetic tree of C. elegans
AFD-specific receptor-type guanylate cyclases (AFD-rGCs, green text) and homologous

S. stercoralis (orange text) and S. ratti (purple text) proteins. Tree is a subset from a
phylogenetic comparison of all known rGCs in C. elegans, S. stercoralis, and S. ratti (Figure
S1). AFD-rGCs for Strongyloides spp. were identified based on protein sequence homology
with C. elegans GCY-8, GCY-18, and GCY-23. SSTP and SRAE numbers indicate S.
stercoralisand S. ratti\WWormBase ParaSite (WBPS) gene IDs, respectively; gene names
indicating homology to C. elegans GCY-23 (GCY-23.1, GCY-23.2, and GCY-23.3) for S.
stercoralisand S. ratti sequences are shown in parentheses. For genes marked with an
asterisk, predicted gene annotations from WBPS were manually adjusted based on protein
sequence, InterProScan domain predictions, and RNA-seq evidence®1-62, See also Figure
S1, Table S1, Data S1. D. The promoter region for Sr-gcy-23.2 drives GFP expression

in a single neuron pair (top) with a dendritic morphology (bottom left) that matches the
lamellar morphology of S. stercoralis ALD (bottom right; EM reconstruction modified
from Ashton et al., 1995 and Lopez et al.,, 2000 with permission; figure reproduced from
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Bryant and Hallem, 2018b with permission)20:32:33, For top image, scale bar is 10 pm.

For bottom left image, scale bar is 2 um. For all images, anterior is to the left. See also
Figure S2. E. HisCl1-mediated silencing of the S. stercoralis AFD neuron pair results in
profound reductions in positive thermotaxis by iL3s. 7gp. Tracks of Sr-gcy-23.2p::strHisC/1;
Sr-gey-23.2p.:GFPiL3s treated with BU saline or histamine (20-50 mM) in BU for at

least 1 h, migrating in a ~22—-34°C gradient for 10 min. Tt = 30°C. Bottorr. Change in
temperature, average speed, and curvature of worm tracks (distance ratio = total distance +
maximum displacement; a greater distance ratio indicates a more curved worm trajectory)
exhibited by individual iL3s. Exposure to temperatures above ambient and below host body
heat increases the speed of wild-type iL3s and reduces track curvaturel8; these effects are
reduced when Ss-AFD activity is suppressed. n = 38 worms (6 assays, across 6 days) for
iL3s treated with BU saline, 36 worms (7 assays, across 7 days) for histamine-treated iL3s;
****n<0.0001, two-sided Mann-Whitney test. Exact p values for all figures are provided in
Data S2. For all plots of worm tracks: Scale bar = 2 cm, gray zone = 1°C centered at Tggart-
Black dots show the starting position of the worms. A subset of 10 randomly selected tracks
is plotted and only a portion of the full gradient is shown. See also Figure S3.
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Figure 2. Warming ramps drive parasite-specific warming-triggered hyperpolarizations followed

by near-linear thermal encoding in S. stercoralis AFD neurons.

A. C. elegans AFD and S. stercoralis AFD responses to a 20-34°C warming temperature
ramp that approximates the temperatures experienced by iL3s migrating from ambient to
human skin temperature (~34°C). Colored traces show the responses of individual worms;
black traces show median responses. Horizontal dotted lines indicate response at baseline
(Ro, 20°C). Heatmaps show responses normalized to the maximum AR/R( response for each
species, with Rg set to zero. Responses are ordered by hierarchical cluster analysis. For
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all plots, temperature traces show the average recorded temperature (mean in solid line,

SD in shading; in some cases, shading is too small to be visible). Warming ramp slope
=0.025 °C/s. n = 15 worms for S. stercoralis, 20 for C. elegans. See also Figure S4,

Figure S5. B. Thermal threshold (T*agp) of C. elegansand S. stercoralis AFD calcium
responses, where T*arp is defined as the first temperature where AR/Rg is significantly
different from baseline (3 * STD Rg) for at least 10 seconds. Data are responses to

either a 20-34°C (circles) or a 20-40°C (squares) warming ramp. Meaningful differences
between C. elegans T*app and S. stercoralis T* opp Were not detected (difference between
median T*app = —0.325°C (Ss-AFD vs Ce-AFD), effect size = 0.072, power = 0.057,
Mann-Whitney test). C. Temperature that elicits the lowest (/.e., minimum or most negative)
calcium response in Ce-AFD and Ss-AFD, in response to either a 20-34°C (circles) or

a 20-40°C (squares) warming ramp. Horizontal dashed lines indicate Tampient (23°C) and
To (20°C). ****p<0.0001, Mann-Whitney test. D. Plots of % AR/Rg as a function of
temperature at near-ambient temperatures (20-25°C). Horizontal dotted line indicates Rg
(response at 20°C). E. Quantification of monotonic correlation between temperature and
calcium responses in the 20-25°C range. Values are Spearman’s correlation coefficients.
****n<0.0001, Mann-Whitney test. F. Temperature that elicits the highest calcium response
in Ce-AFD and Ss-AFD, in response to a 20-34°C warming ramp. Horizontal dashed line
indicates the maximum temperature tested (Tmax, 34°C). ****p<0.0001, Mann-Whitney
test. n = 15 worms for S. stercoralis, 20 for C. elegans. G. Plots of % AR/Rg as a

function of temperature at above-ambient temperatures (25-34°C). Horizontal dotted line
indicates R (response at 20°C). H. Quantification of linear correlation between temperature
and calcium responses at 25°C and higher. Values are Pearson’s correlation coefficients.
****n<0.0001, Mann-Whitney test. For all plots: icons indicate responses of individual
worms, boxes show medians and interquartile ranges, whiskers show min and max values.
Tambient (7€, the temperature that corresponds to both the cultivation temperature and the
holding temperature) = 23°C. n = 20 worms for C. elegans, 30 for S. stercoralis, unless
otherwise specified. All Mann-Whitney tests are two-sided.
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Figure 3. Exposure to a new ambient temperature shifts the Ss-AFD thermal threshold.
A. Ce-AFD responses to a 12—-26°C temperature ramp, after overnight cultivation at 15°C

and exposure to a holding temperature of 15°C. Left: Colored traces show the responses of
individual worms; black traces show the median response. Horizontal dotted line indicates
the baseline (Rg) response at 12°C. Right: Heatmap shows responses normalized to the
maximum Ce-AFD AR/R( response, with Rq set to zero. Temperature traces show the
average recorded temperature (mean in solid line, SD in shading; in some cases, shading

is too small to be visible). Warming ramp slope = 0.025 °C/s. n = 16 worms. See also
Figure S4. B. Ss-AFD responses to a 12-26°C temperature ramp, after overnight cultivation
and holding at 15°C. Heatmap shows responses normalized to the second largest Ss-AFD
AR/R( response, with Rg set to zero; the largest response is saturated. All other conventions
are as in panel A. n =17 worms. C. Ss-AFD responses to a 12-32°C temperature ramp,
after overnight cultivation and holding at 15°C. Heatmap shows responses normalized to
the maximum Ss-AFD AR/Rg response, with Rq set to zero. All other conventions are as in
panel A. n =16 worms. D. Effect of ambient temperature (15°C versus 23°C) on Ce-AFD
and Ss-AFD thermal threshold (T*arp). Data are responses to ramps with a net temperature
change of 14°C (circles) or 20°C (squares). n = 16 worms (Ce-AFD, Tambient = 15°C),

20 worms (Ce-AFD, Tampient = 23°C), 33 worms (Ss-AFD, Tambient = 15°C), 30 worms (Ss-
AFD, Tambient = 23°C). ****p<0.0001, 2-way ANOVA with Tukey’s multiple comparisons
tests. Responses for Tampient = 23°C are re-plotted from Figure 2. E. Temperature that
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elicits the lowest calcium response in Ce-AFD and Ss-AFD, in response to either a 12-26°C
(circles) or a 12-32°C (squares) warming ramp. Tampient= 15°C. Horizontal dashed lines
indicate Tampient (15°C) and Tg (12°C). n = 16 worms (Ce-AFD), 33 worms (Ss-AFD).

**** <0.0001, two-sided Mann-Whitney test. F. Temperature that elicits the highest calcium
response in Ce-AFD and Ss-AFD, in response to a 12-26°C warming ramp. Tampient = 15°C.
Horizontal dashed line indicates Tpmax (26°C). n = 16 worms (Ce-AFD), 17 worms (Ss
AFD). ***p<0.001, two-sided Mann-Whitney test. For all plots: icons indicate individual
worms, boxes show medians and interquartile ranges, whiskers show min and max values.
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Fig_ut_'e 4. S. stercoralisiL3 negative thermotaxis is dependent on TAX-4 signaling and Ss-AFD
activity.

A. CR):SPR/CaSQ targeting of the Ss-fax-4 gene results in iL3s with reduced negative
thermotaxis behavior. Left Tracks of no-Cas9 control iL3s and Ss-fax-4iL3s migrating
for 15 min in a ~17-26°C gradient. Tt = 20°C. T¢ = 23°C. Black dots indicate starting
location of each worm. Scale bar = 2 cm, gray zone = 1°C centered at Ttrt. A subset of 10
randomly selected tracks is plotted and only a portion of the full gradient is shown. Right.
Changes in temperature, average speed, and distance ratio exhibited by individual iL3s.
Icons indicate individual worms, boxes show medians and interquartile ranges, whiskers
show min and max values. n = 26 worms/single-worm assays (no-Cas9 control, “Ctrl”),

27 worms/single-worm assays (Ss-tax-4); ****p<0.0001, Mann-Whitney test. See also
Figure S6. B. HisCl1-mediated silencing of S. stercoralis AFD induces deficits in negative
thermotaxis. Left: Tracks of Sr-gcy-23.2p::strHisCl1; Srgcy-23.2p.: GFPIL3s treated with
BU saline or BU saline + 20-50 mM histamine for at least 2 h, migrating in a ~17-26°C
gradient for 10 min. Tge = 20°C. T = 23°C. Figure conventions are as in panel A.

Right. Change in temperature, average speed, and distance ratio exhibited by individual
iL3s. n = 32 worms (BU treated; 3 assays, across 3 days), 33 worms (histamine treated; 4
assays, across 3 days); ****p<0.0001, Mann-Whitney test. C. Diagram of a cooling stimulus
spanning the range of temperatures eliciting strong negative thermotaxis in S. stercoralis
iL3s (22-13°C). Ramp slope: 0.1 °C/s. See also Figure S3. D. Ce-AFD and Ss-AFD
responses to the rapid 22-13°C cooling temperature ramp shown in panel C. Colored traces
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show the responses of individual worms; black traces show median responses. Horizontal
dotted lines indicate baseline (Rp) responses at 22°C. Arrowheads indicate timepoints shown
in panels E-F. E. Simple linear regression of Ce-AFD and Ss-AFD response magnitude

at regularly spaced timepoints during a 22—-13°C temperature ramp. Time 1 is +220 s of
continuous fluorescent illumination; subsequent timepoints are each an additional +120 s.
Boxes show medians and interquartile ranges, whiskers show min and max values. Dashed
lines show best-fit linear regression line, gray shading shows 95% confidence intervals.
Ce-AFD regression equation: Y = —0.021*X + 3.59, R2 = 0.70; replicates test for lack

of fit: discrepancy (F) = 1.96, p=0.17. Ss-AFD regression equation: Y = —-0.041*X +

6.60, RZ = 0.61; replicates test for lack of fit: discrepancy (F) = 4.56, p< 0.05. F. The
change in temperature across the timepoints used for measurements in panel E is non-linear.
Icons indicate the responses of individual worms, boxes show medians and interquartile
ranges, whiskers show min and max values. For D-F, n = 14 worms (Ce-AFD), 15 worms
(Ss-AFD).
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Figure 5. S. stercoralisiL3s display rapid behavioral and neural adaptation in response to
thermosensory cues well below host body temperatures.

A. Example tracks of individual S. stercoralisiL3s displaying a “U-turn” thermotaxis
behavior comprised of an abrupt transition from sustained positive thermotaxis to sustained
negative thermotaxis. Gradient range: 15-25°C. Tgiart = 23°C. T = 23°C. Left: Example
worm tracks artificially distributed along the y-axis to increase visual clarity. Black dots
indicate the starting positions of the worms. Only a portion of the full gradient is shown.
Track color indicates time during the assay. Right: Temperatures experienced by individual
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iL3s as a function of time; traces are the same worms displayed in the left panel. Median
time spent near the maximum temperature reached by each worm = 216 s (IQR = 166-244
s). n =5 worms. B. When cultivation temperature is 15°C, worms also display U-turn
behaviors. Gradient range: 12—22°C. Tt = 20°C. Te= 15°C. Median time spent near the
maximum temperature reached by each worm = 126 s (IQR = 106-150 s). n = 9 worms,
plots show subset of tracks. Plots use same conventions as in panel A. C. Percent of S.
stercoralis iL3s engaging in positive thermotaxis (PT) that U-turn into negative thermotaxis.
Annotations along the x-axis are the average percentage of the total population that engages
in positive thermotaxis under each experimental condition. Boxes indicate medians and
interquartile ranges; whiskers indicate min and max values. Tt = 23°C for the 15-25°C
gradient and 20°C for the 12—-22°C gradient. n = 15 assays for the 15-25°C gradient

when T¢ = 15°C, 16 for all other conditions. ns = not significant (p=0.47), ****p<0.0001,
Kruskal-Wallis test with Dunn’s post-test. D. Diagram of a thermal stimulus that mimics
temperature ramps experienced by 15°C-cultivated iL3s that perform thermotaxis U-turns in
a 12-22°C gradient. These parameters were chosen because they are the assay conditions
most likely to elicit a U-turn behavior. Ramp slope: £0.025 °C/s. Holding time at 22°C =5
min. E. Ss-AFD calcium responses to the thermal stimulus shown in panel D. For calcium
responses, colored lines indicate responses from individual worms, black line indicates
median response. Temperature traces are mean = SD recorded temperature (lines + shading;
in some cases, shading is too small to be visible). Dashed vertical line indicates thermal
threshold. Dotted horizontal line indicates the response at ambient (Rampient); Tambient =
15°C. n = 17 worms. F. Ss-AFD calcium responses to different steady-state temperatures:
22°C, 26°C, and 32°C. Colored shading indicates time windows used for analyses in panels
G, H, and J. n = 17 worms (22°C or 26°C), 16 worms (32°C). All other conventions are
the same as panel E. G. Adaptation of Ss-AFD calcium responses at different steady-state
temperatures. Calcium responses are calculated over two analysis windows: Early (first

15 seconds) and Late (15 seconds following 1 min at the steady-state temperature). ns =
not significant (p=0.32), ****p<0.0001, two-way repeated-measures ANOVA with Sidak’s
multiple comparisons tests; multiplicity adjusted p values are reported. Boxes indicate
medians and interquartile ranges; whiskers indicate min and max values. n = 17 worms
(22°C or 26°C), 16 worms (32°C). Tambient = 15°C. H. Temperature stimuli that are more
likely to result in thermotaxis U-turns (/.e., when the maximum temperature reached by

the thermal ramp is 22°C or 26°C vs 32°C) result in a higher proportion of steady-state
adaptation responses such that Late window responses are not significantly different from
responses at Tympient- FOr €ach worm, significant steady-state responses are those that vary
from the average Tambient fesponse by at least 3 standard deviations. 22°C vs 26°C: p=0.045;
26°C vs 32°C: p=0.13; 22°C vs 32°C: p<0.0001, Fisher’s exact tests with Bonferroni-Dunn
correction for multiple comparisons. Tampient = 15°C. All statistical tests are two-sided,;
when possible, we report multiplicity adjusted p values. 1. Ss-AFD calcium responses to
steady-state stimulation at 13°C following a 22—-13°C cooling temperature ramp (Figure
4C). Trace is a subset of the full response shown in Figure 4D, re-normalized to the
response at 23°C. Colored shading indicates time windows used for analysis. n = 15
worms. Tambient = 23°C. J. Ss-AFD steady-state responses at 22°C (following a 15-22°C
warming temperature ramp) and 13°C (following a 22-13°C cooling temperature ramp),

at Early (first 15 s) and Late (15 s after 1 min at steady-state temp) time windows.
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Responses at 22°C following a 15-22°C warming temperature ramp are replotted from
panel G. For responses at 22°C, Tambient = 15°C; for responses at 13°C, Tampient = 23°C.
Despite displaying similar initial magnitudes (early 13°C vs. early 22°C), only the warming-
triggered hyperpolarization response at 22°C displays rapid adaptation (early 22°C vs late
22°C); cooling-triggered hyperpolarizations at 13°C are constant across the stated time
windows (early 13°C vs late 13°C). ns = not significant (early 13°C vs. early 22°C, p=1,
early 13°C vs late 13°C, p=0.46), ****p<0.0001, two-way repeated-measures ANOVA with
Sidak’s multiple comparisons tests and Bonferroni-Dunn correction; multiplicity adjusted p
values are reported. Values are median % AR/Rampient- BOXes are median and interquartile
range; whiskers indicate min and max values. n = 15 worms (13°C), 17 worms (22°C).
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Figure 6. All three S. stercoralis AFD-specific rGCs are thermoreceptors.
A. A GFP-tagged version of SssGCY-23.1 under the control of the Ss-gcy-23.1 promoter

region localizes to the Ss-AFD sensory tip. Images show Ss-gcy-23.1p.::Ss-gcy-23.1-GFP
(green) co-expressed with a cell-filling marker (Sr-gcy-23.2p..wrmScarlet-1, magenta) in
a S. stercoralisiL3. Asterisk indicates a single Ss-AFD cell body; closed arrowhead
indicates the sensory tip of the filled neuron. Open arrowhead indicates the location of
the second Ss-AFD neuron, which only expresses Ss-GCY-23.1-GFP. Scale bar is 20 um;
anterior is to the left. B. The portion of the Ss-AFD process with a lamellar structure
appears to contain multiple zones: an anterior region with extensive lamellae (a), and a
more posterior region with less complex lamellar structures (b); Ss-GCY-23.1 localizes
specifically to the more anterior region. Left: outline of the full Ss-AFD neuron shown

in panel A. Asterisk indicates cell body. Right: Magnified view of images shown in

panel A. Labels indicate Ss-AFD lamellar process with (a) and without (b) expression

of Ss-GCY-23.1. Scale bar is 5 um; anterior is to the left. C. Responses of C. elegans
ASER/L neurons expressing YC3.60 and Ss-GCY-23.1 (top), Ss-GCY-23.2 (middle), or
Ss-GCY-23.3 (bottom) to warming temperature ramps. Warming stimulus ramp: 20-40°C at
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0.025 °C/s. Vertical dashed lines indicate average thermal threshold (T*agg), defined as the
first temperature where AR/R deviates from the average Ce-ASEy,T response by at least 3
* STD for a minimum of 40 s. Colored traces indicate responses of individual worms that
crossed the thermal threshold; light gray traces indicate responses that did not. Thick black
traces show median responses; only worms with a response above threshold are included in
averages. Thick dark gray traces show median response of wild-type Ce-ASER/L neurons
(Figure S7B). Temperature traces show the average + SD recorded temperature (lines +
shading; in some cases, shading is too small to be visible). Rq (horizontal dotted lines)

= response at 20°C. Tampient = 23°C. n = 15 worms above threshold out of 17 total

worms (Ss-GCY-23.1, Strain EAH360), 15 of 15 worms (Ss-GCY-23.2, Strain EAH373),
and 17 of 19 worms (Ss-GCY-23.3, Strain EAH380). See also Figure S7. D. Thermal
thresholds (upper) and temperatures eliciting highest calcium responses (lower) for C.
elegans ASE neurons expressing Ss-GCY-23.1 (purple icons), SsGCY-23.2 (teal icons),
and Ss-GCY-23.3 (red icons) measured in individual worms from three replicate strains

(n =5-17 worms per strain). Only worms with a response crossing the thermal threshold
are included in quantifications. Boxes show medians and interquartile ranges, whiskers
show min and max values. Horizontal dashed line indicates Tax (40°C). n = 5-17 worms
per strain, with 26, 30, and 34 worms per genotype (Ss-GCY-23.1, Ss-GCY-23.2, and
Ss-GCY-23.3, respectively). *p<0.05, **p<0.005, ****p<0.0001, two-sided Kruskal-Wallis
test with Dunn’s post-test; multiplicity adjusted p values are reported.
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Figure 7. Warming-triggered inhibition in Ss-AFD reflects a reduction in cGMP levels.
A. Fluorescent response (% AF/Fg) of the cGMP biosensor FlincG3 in the Ss-AFD

sensory tips during a 20-25°C temperature ramp. Left: Colored traces show the responses
of individual worms; black traces show median responses. Ramp speed: 0.025 °C/s. Fg
(horizontal dotted lines) = response at 20°C. n = 16 worms. Right: cGMP levels display
rapid adaptation at near-ambient warm temperatures. Plot shows median FlincG3 responses
in Ss-AFD during steady-state application of an above-ambient stimulus (25°C), at early
(first 15 s) and late (15 s after 1 min at 25°C) temporal windows. Values are normalized

to the response at Tympient- BOXes are medians and interquartile ranges; whiskers indicate
min and max values. ****p<0.0001, Wilcoxon matched-pairs signed rank test. B. Proposed
schematic of thermotransduction in Ss-AFD. Three Ss-AFD-specific receptor-type guanylate
cyclases (Ss-GCY-23.1, Ss-GCY-23.2, Ss-GCY-23.3) act as thermoreceptors to sense
changes in temperature from ambient to mammalian body heat. SssAFD-rGCs increase
levels of cGMP after exposure to above-ambient temperatures. Exposure to warming stimuli
near ambient temperatures results in the reduction of cGMP levels through the activity of
unknown proteins, potentially temperature-dependent phosphodiesterases (PDES). Ss-AFD
cGMP levels are transduced into Ca2* flux by a cGMP-gated cation channel that includes
the subunit Ss-TAX-4, which is required for thermotaxis behaviors of iL3s.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains
Escherichia colf. Strain OP50 Caenorhabditis Genetics OP50
Center
Experimental models: Organisms/strains
Caenorhabditis elegans. Strain N2 Caenorhabditis Genetics N2
Center

Caenorhabditis elegans. Strain 1K890 Dr. Ikue Mori
Caenorhabditis elegans. Strain XL115 Dr. Shawn Lockery
Meriones unguiculatus. Mongolian Charles River Laboratories Gerbils
See Table S3 for Caenorhabditis elegans strain generated for this N/A N/A
study.
Chemicals, peptides, and recombinant proteins
Histamine dihydrochloride Sigma-Aldrich H7250-10G
Halocarbon oil 700 Sigma-Aldrich H8898-50ML
Oligonucleotides
GTAACATTTGACTTGATGGGTGG 46 Ss-tax-4 CRISPR target sequence
See Table S4 for primer sequences. N/A N/A
Recombinant DNA
See Table S2 for plasmid descriptions. N/A N/A
Software and algorithms
GraphPad Prism 9 GraphPad http://www.graphpad.com
Zeiss ZEN pro v2.6 Carl Zeiss https://www.zeiss.com/microscopy/us/

products/microscope-software/zen.html
FLI 80 https://fiji.sc/
Geneious Prime 2022.0.1 Biomatters https://www.geneious.com
MATLAB R2019B MathWorks https://www.mathworks.com/products/

matlab.html

ATEC302 TEC controller

Accuthermo Technology

http://www.accuthermo.com/

G*Power 3.1 82 https://www.psychologie.hhu.de/
arbeitsgruppen/allgemeine-psychologie-
und-arbeitspsychologie/gpower

R4.1.2 The R Foundation https://www.r-project.org/

Ggplot v3.3.5 83 ggplot

Other

Annular-style Peltier element Laird Thermal Systems 430533-502

Temperature-controlled recirculating water bath Fisher Scientific 13-874-180

PID controller Accuthermo Technology ATEC302

H-bride amplifier Accuthermo Technology FTX700D

AC/DC power converters TDK-Lambda Americas Inc | LS35-12

10 kQ thermistor Littelfuse USP12837
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REAGENT or RESOURCE SOURCE IDENTIFIER

M9 solution (3 g KH2PO4, 6 g Na2HPO4,5g NaCl, 1mL 1M 65 M9 solution

MgSO4, dH20to 1 L)

BU saline (7.10 g Na2HPO4, 2.99 g KH2PO4, 4.09 g NaCl, & BU saline

dH20to 1 L)

See Table S5 for all thermal stimulus protocols. N/A N/A

Archived GitHub repository containing all data, original code, and | Zenodo DOI: 10.5281/zenod0.6385743

hardware details.
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