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Approximately 800 million people worldwide are infected with
one or more species of skin-penetrating nematodes. These para-
sites persist in the environment as developmentally arrested third-
stage infective larvae (iL3s) that navigate toward host-emitted
cues, contact host skin, and penetrate the skin. iL3s then reinitiate
development inside the host in response to sensory cues, a process
called activation. Here, we investigate how chemosensation drives
host seeking and activation in skin-penetrating nematodes. We
show that the olfactory preferences of iL3s are categorically dif-
ferent from those of free-living adults, which may restrict host
seeking to iL3s. The human-parasitic threadworm Strongyloides
stercoralis and hookworm Ancylostoma ceylanicum have highly
dissimilar olfactory preferences, suggesting that these two species
may use distinct strategies to target humans. CRISPR/Cas9-medi-
ated mutagenesis of the S. stercoralis tax-4 gene abolishes iL3
attraction to a host-emitted odorant and prevents activation.
Our results suggest an important role for chemosensation in iL3
host seeking and infectivity and provide insight into the molecular
mechanisms that underlie these processes.
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kin-penetrating nematodes, including threadworms of the
Strongyloides genus and hookworms of the Ancylostoma and
Necator genera, are gastrointestinal parasites found primarily in
tropical and subtropical regions around the world (1-3). Ap-
proximately 370 million people worldwide are infected with the
threadworm S. stercoralis while ~500 million people harbor
hookworm infections from Ancylostoma duodenale, Necator
americanus, or A. ceylanicum (4-7). These infections can lead to
chronic intestinal distress, anemia, stunted growth and cognitive
impairment in children, and in the case of S. stercoralis, death in
immunosuppressed individuals (8, 9). Skin-penetrating nema-
todes exit an infected host as eggs or young larvae in host feces,
and then develop in the environment on feces until they reach a
developmentally arrested nonfeeding iL.3 stage. The iL.3 stage is
developmentally similar to the dauer stage of free-living nema-
todes (10-12). iL3s navigate through the soil to find a host, a
process called host seeking, and then breach the host’s skin
barrier. Inside the host, arrested iL3s undergo activation, an
initial developmental progression whereby iL.3s molt and resume
feeding as they migrate toward the host’s intestinal tract (13, 14).
Host seeking and activation represent critical steps toward suc-
cessful host infection, but the mechanisms underlying these be-
haviors and developmental processes are poorly understood.
Different skin-penetrating species only infect a narrow range
of mammalian hosts (5, 15-18). For example, S. stercoralis nat-
urally infects humans, primates, and dogs, while the closely re-
lated species Strongyloides ratti infects rats (Fig. 14) (16, 17). It
has long been hypothesized that iL.3s find and infect hosts using
host-emitted cues (19). Supporting this hypothesis, the iL3s of
many parasitic nematode species engage in host-seeking behaviors
in the presence of host-emitted olfactory, thermosensory, and
gustatory cues, suggesting important roles for different sensory
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pathways in directing iL.3s toward hosts in the environment
(20-22). After finding and entering a host, iL3s also rely on the
presence of host cues to trigger activation and resume develop-
ment (13, 14, 23-31).

Host-emitted chemosensory cues are generally species specific
and, thus, are likely to be important for the ability of iL.3s to
distinguish hosts from nonhosts. However, the chemosensory
behaviors of mammalian-parasitic nematodes remain poorly
understood. In particular, remarkably little is known about the
chemosensory behaviors of hookworms, despite their worldwide
prevalence. How the chemosensory preferences of iL3s differ
from those of the noninfective environmental life stages, which
have very different ethological requirements, also remains poorly
understood. Furthermore, the molecular mechanisms underlying
sensory-driven host-seeking and host-infection behaviors have
been largely unexplored due to the long-standing genetic in-
tractability of these parasites (32).

The human-infective nematode S. stercoralis is uniquely suited
for mechanistic studies of human-parasitic behaviors. S. stercor-
alis and closely related species are exceptional among parasitic
nematodes because they can develop through a complete free-
living generation outside the host (Fig. 1B) (16). Adults isolated
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Fig. 1. Skin-penetrating nematodes display life-stage-specific olfactory preferences. (4) Summary of nematodes, their natural host ranges, and life stages
tested. In A-F, the life stages tested are color coded: blue: free-living adults and red: iL3s. (B) The life cycle and ecology of Strongyloides and Para-
strongyloides. Parasitic adults live in the host's intestinal tract and excrete eggs or young larvae in host feces. The larvae develop on host feces into free-living
adult males and females. Progeny from free-living adults become iL3s that must infect a host to continue the life cycle. S. stercoralis and S. ratti can only
undergo one free-living generation in the environment; all progeny from free-living adults become iL3s. P. trichosuri can cycle through multiple free-living
generations in the environment while intermittently producing iL3s. (C) Responses of skin-penetrating nematodes to mammalian skin, sweat, and fecal
odorants, as well as to host and nonhost fecal odors, across life stages. Sources of host and nonhost feces, respectively, for each species: S. stercoralis: dogs and
rats; S. ratti: rats and dogs; P. trichosuri: brushtail possums and rats. Response magnitudes in the heatmap are color coded according to the scale shown below
the heatmap. Odorants are ordered based on hierarchical cluster analysis. n = 6-20 trials for each odorant, species, and life stage combination. Each species
and life stage responded differently to the odorant panel (****P < 0.0001, two-way ANOVA with Tukey's posttest). A subset of the data for S. ratti and
S. stercoralis is from Castelletto et al. (37). (D) Olfactory preferences of skin-penetrating nematodes reflect life stage rather than phylogeny. The behavioral
dendrogram was constructed based on the odorant response profiles in C. Hierarchical clustering was performed using the unweighted pair group method
with arithmetic mean. Euclidean distance was used as a similarity measure (cophenetic correlation coefficient = 0.88). (E and F) Responses of S. stercoralis free-
living adults (E) and iL3s (F) to selected odorants and feces. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. n = 6-16 trials for each odorant.
Significance was calculated relative to the paraffin oil (PO) control using the full panel shown in C, Kruskal-Wallis test with Dunn’s posttest. All odorant
responses from the odorant panel that were significantly different from the PO control for either S. stercoralis adults or S. stercoralis iL3s are shown. Each dot
represents an individual chemotaxis assay. Lines indicate medians and interquartile ranges. Odorants primarily considered human skin and sweat odorants are
shaded green; odorants primarily considered human fecal odorants are shaded orange (S/ Appendix, Table S1).
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from this free-living generation are amenable to transgenesis and
CRISPR/Cas9-mediated mutagenesis using techniques adapted
from the model nonparasitic nematode Caenorhabditis elegans
(33-35). Other parasitic nematodes, such as hookworms, are not
yet amenable to CRISPR/Cas-mediated genetic engineering.
Furthermore, S. stercoralis iL3s engage in robust sensory-driven
behaviors, including chemotaxis toward host-emitted olfactory
and gustatory cues, thermotaxis toward mammalian body temper-
atures, and activation in the presence of host cues (14, 36-42).
Thus, S. stercoralis represents a powerful genetically tractable model
to investigate the sensory-driven behaviors of skin-penetrating
nematodes.

Here, we investigated the chemosensory mechanisms involved
in host seeking and activation. We first conducted an in-depth
analysis of olfactory preferences across life stages by examining
how S. stercoralis iL3s and free-living adults respond to a large
panel of mammalian-emitted odorants. The behaviors of
S. stercoralis iL.3s and adults were compared to those of iL.3s and
adults from two other closely related nematode species with
similar life cycles but different host ranges, S. ratti and Para-
strongyloides trichosuri. We found that the adults and iL3s of all
three species exhibit both species-specific and life-stage-specific
olfactory preferences. Specifically, the olfactory preferences of
S. stercoralis iL3s more closely resembled those of S. ratfi and
P. trichosuri iL.3s than S. stercoralis adults. This suggests that life
stage is a major determinant of olfactory preferences and that
olfaction may be an important contributor to life-stage-specific
behaviors. We then asked how the olfactory preferences of
S. stercoralis iL3s compare to those of the human-parasitic skin-
penetrating hookworm A. ceylanicum. We found that S. stercoralis
and A. ceylanicum iL.3s show dramatic differences in odor-driven
host seeking and environmental dispersal, raising the possibility
that human-parasitic threadworms and hookworms use distinct
strategies for finding and infecting hosts. We next investigated the
molecular mechanisms that drive host seeking. We found that iL.3s
with CRISPR/Cas9-mediated disruption of the cGMP-gated cat-
ion channel subunit gene fax-4 were unable to chemotax toward a
host odorant, suggesting that host-seeking behavior involves
c¢GMP signaling. Finally, we investigated the host-emitted sensory
cues required for activation in S. stercoralis. We found that both
CO, and 37 °C are critical cues for S. stercoralis activation. Moreover,
S. stercoralis tax-4 iL.3s were unable to activate, indicating that cGMP
signaling is required for activation. Our results provide molecular
insights into the chemosensory pathways used by skin-penetrating
iL.3s for finding and infecting hosts.

Results

Olfactory Preferences Reflect Life-Stage-Specific Ecological Requirements.
The odorant blends emitted by mammals are highly species specific
(43, 44). Therefore, sensing host-emitted odorants could be an im-
portant way for iL3s to differentiate host from nonhost mammals
(19). All skin-penetrating species have both infective and non-
infective life stages present in the environment (20). This raises the
question of which odorant cues might be specifically important for
iL.3s to locate hosts, and by contrast, which odorant cues might be
beneficial for noninfective life stages to survive in the environment.
To address this question, we examined the olfactory preferences of
S. stercoralis free-living adults and ilL.3s. We then compared their
odorant-driven behaviors to those of two additional species: the rat-
parasitic nematode S. ratti and the nematode parasite of Australian
brushtail possums P. trichosuri (Fig. 14) (17, 45). We focused on
S. ratti and P. trichosuri because, like human-infective S. stercoralis,
they can undergo complete free-living generations in the environ-
ment before becoming iL.3s that must infect a host (Fig. 1B). For
S. stercoralis and S. ratti, the free-living cycle is restricted to one
generation before all progeny become iL3s (16). In contrast, under
favorable conditions, P. #richosuri can undergo many generations
in the environment while ‘intermittently producing iL.3s and may
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represent an evolutionary intermediate between facultative and
obligate parasitism (45-47). Together, the distinctive life cycles
represented in the Strongyloides and Parastrongyloides genera offered
an opportunity to investigate how olfactory preferences change be-
tween infective and noninfective life stages and across closely related
species with different host ranges.

To assess olfactory preferences across different life stages, we
asked how free-living adults and iL3s of each skin-penetrating
species respond to a large panel of mammalian-associated
odorants that includes odorants found in human skin, sweat,
and feces (SI Appendix, Table S1). We also examined responses
to mammalian fecal odor. Odorant preferences for each species
and life stage were assessed using a chemotaxis assay (SI Ap-
pendix, Fig. S1) (37, 48). We found that each species and life
stage tested against the mammalian-odorant panel exhibited a
unique response profile (Fig. 1C). We then quantitatively com-
pared the odor response profiles of S. stercoralis, S. ratti, and
P. trichosuri iL3s and adults and found that the iL.3s of each
species had more similar odorant responses than any did to their
respective free-living adult life stages (Fig. 1D). Our results in-
dicate that, irrespective of species, host, or obligate versus fac-
ultative parasitic lifestyle, the transition to the ilL3 stage
represents a dramatic shift in olfactory preferences.

What accounts for the life-stage-specific olfactory preferences
we observed in skin-penetrating nematodes? S. stercoralis adults
were broadly attracted to individual odorants commonly found in
human skin, sweat, and feces (Fig. 1E). They were also attracted
to the odor of host feces (Fig. 1E). In contrast, S. stercoralis iL3s
were neutral to many of the odorants that are abundant in feces,
such as 3-carene, 2-phenylethanol, and a-pinene (Fig. 1F). They
were also neutral to fecal odor (Fig. 1F). Attraction for S. ster-
coralis iL.3s was limited to a subset of host-emitted skin and sweat
odorants, although some of these odorants are also emitted from
feces at low concentrations (Fig. 1F and SI Appendix, Fig. S2 and
Table S1). Similar shifts from attraction to fecal odor and
odorants at the free-living adult stage to reduced or no attraction
at the iL3 stage were also observed in S. ratti and P. trichosuri (SI
Appendix, Figs. S3 and S4). We note that, initially, iL3 chemo-
taxis was tested using undiluted point sources of odorant, while
free-living adult chemotaxis was tested using 1:10 odorant dilu-
tions since some undiluted odorants were toxic to free-living
adults. To confirm that life-stage-specific changes in olfactory
preferences were a result of the life-stage transition and not an
odorant concentration effect, we tested S. stercoralis iL.3s at 1:10
dilutions for selected odorants and observed similar differences
in behavior between adults and iL.3s (SI Appendix, Fig. S5). Thus,
the shift from odorant attraction at the adult stage to neutrality
at the iL3 stage represents a change in olfactory preferences, not
a concentration effect.

Together our results raise the possibility that the free-living
life stages may be retained on host feces at least in part by their
robust attraction to host fecal odor, despite their attraction to
skin and sweat odorants. Feces represent a bacteria-rich food
source where the nematodes can grow, reproduce, and generate
large populations of iL3 progeny. At the nonfeeding de-
velopmentally arrested il.3 stage, attraction to fecal odor is
down-regulated, which may promote the dispersal of iL3s into
the environment in search of hosts. Our observations are con-
sistent with a previous study that tested a small panel of host-
emitted odorants across life stages (37). We hypothesize that the
odorants that remain attractive at the iL3 stage may be those that
are important for host seeking.

Human-Infective S. stercoralis and A. ceylanicum Have Distinct
Olfactory Preferences. Both threadworms and hookworms infect
by skin penetration and target some of the same host species.
However, they are evolutionarily distant and are phylogenetically
grouped into distinct clades (47, 49). To date, there has been
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little direct investigation of the similarities or differences by
which threadworms and hookworms target human hosts. Fur-
thermore, even though human-infective hookworms are a major
source of neglected tropical disease, remarkably little is known
about their olfactory behaviors.

To evaluate the odor-driven behaviors of threadworms and
hookworms in detail, we directly compared the olfactory pref-
erences of A. ceylanicum, a common parasite of carnivores in
Southeast Asia that can also infect humans, and S. stercoralis
(Fig. 24) (5). Unlike S. stercoralis, hookworm species, such as A4.
ceylanicum, lack a free-living generation; instead, eggs excreted
from the host develop through two larval stages in the environ-
ment before developing into iL3s (Fig. 2B). We assessed how A.
ceylanicum iL.3s respond to the panel of host-emitted odorants
and compared their responses to those of S. stercoralis iL3s.
Surprisingly, we found that A. ceylanicum iL3s had dramatically
different olfactory preferences compared to S. stercoralis iL3s
(Fig. 2C). A. ceylanicum iL3s were attracted to feces, the fecal-
odorant 2-phenylethanol, and the sebum-enriched odorant farne-
sol (Fig. 2D and SI Appendix, Fig. S6). By contrast, S. stercoralis iL.3s
were neutral to these odorants and, instead, preferred odorants
more prevalently emitted from skin and sweat (Figs. 1F and 2E).

The divergent olfactory preferences of hookworms and
threadworms raise the possibility that these two human-parasitic
species employ very different strategies for host seeking. In-
triguingly, A. ceylanicum iL3s infect by both oral and skin pen-
etration routes, while S. stercoralis is thought to infect mainly by
skin penetration (5, 16, 50). Therefore, it is possible that in-
fection mode shapes the odor-driven behaviors of parasitic
nematodes. For S. stercoralis, favoring skin and sweat odorants
may be important for iL.3 fitness since locating host skin is critical
for successful infection. In contrast, A. ceylanicum il.3s may be
less dependent on attraction to host skin because it is not the
only route for host invasion.

S. stercoralis and A. ceylanicum iL3s Have Different Dispersal
Behaviors. The contrasting chemotactic responses of S. stercor-
alis and A. ceylanicum iL3s to host fecal odor and individual
odorants prevalent in host feces raised the question of whether
these species have different environmental dispersal strategies.
To investigate this question, we examined the tendency of
S. stercoralis and A. ceylanicum iL.3s to disperse from host feces
using fecal dispersal assays (51). We placed iL.3s on uninfected
feces from permissive laboratory hosts (referred to hereafter as
“host feces”) for each species (52, 53) and monitored the fre-
quency with which iL3s migrated away from the fecal pellet
(Fig. 34). We found that, on average, ~60% of S. stercoralis iL3s
but only 30% of A. ceylanicum iL3s migrated off of the fecal
pellet (Fig. 3 B, Left). Furthermore, for A. ceylanicum, of the
30% of iL3s that left the fecal pellet, the majority of those in-
dividuals stayed near the feces; only ~10% of the il.3s migrated
to the outermost zone of the assay plate (Fig. 3 B, Right). By
contrast, over 50% of all S. stercoralis iL3s migrated to the outer
zone (Fig. 3 B, Right). The basal crawling speeds of S. stercoralis
and A. ceylanicum are similar (40), suggesting that these differ-
ences reflect differences in dispersal strategy rather than crawl-
ing speed. However, to further ensure that our dispersal results
are independent of crawling speed, we repeated the dispersal
assay using a 3-h assay instead of a 1-h assay. We found that the
results from a 3-h assay were similar to those from a 1-h assay:
S. stercoralis iL3s dispersed from feces more than A. ceylanicum
iL3s (SI Appendix, Fig. S7A). Together, these results suggest that
S. stercoralis iL.3s may disperse from feces and into the sur-
rounding environment to a greater extent than A. ceylanicum iL3s.

To test whether dispersal behavior is regulated by host-
species-specific factors in the feces, we then examined the
dispersal of both nematodes from feces of the same nonhost
species, the rat. Similar to our results with host feces, S. stercoralis
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iL3s dispersed more from rat feces than A. ceylanicum iL3s (SI
Appendix, Fig. STB). These results suggest that species-specific
factors in feces are not major determinants of dispersal behavior.
Instead, the different dispersal tendencies of S. stercoralis versus
A. ceylanicum iL.3s appear to be due to factors intrinsic to the
nematodes.

To further compare the dispersal behaviors of S. stercoralis and
A. ceylanicum, we examined their nictation behaviors. Nictation
is a strategy employed by many parasitic nematode species
whereby the infective larva elevates its body and waves itself
above a surface in an attempt to facilitate attachment to a
passing host (20, 37). We previously found that S. stercoralis iL3s
exhibit low nictation frequencies and, instead, prefer to crawl
(37). Here, we tested S. stercoralis and A. ceylanicum iL.3 nicta-
tion in parallel using an “artificial dirt” agar chip (51, 54). The
chip consisted of an evenly spaced array of near-microscopic agar
posts arranged such that the iL3s could crawl between the posts
on the agar surface or could crawl up the agar posts to nictate
(Fig. 3C). We quantified nictation frequencies for both species
and found that A. ceylanicum iL3s nictated at higher rates than
S. stercoralis iL3s. Approximately 50% of A. ceylanicum il3s
nictated during a 2-min observation period, while only 13% of
S. stercoralis iL3s nictated under the same conditions (Fig. 3D).
This difference in nictation frequency is not the result of dif-
ferences in iL3 length since a comparison of nictation frequen-
cies across multiple nematode species revealed no significant
correlation between nictation frequency and iL3 length (S Ap-
pendix, Fig. S8). Together, the observations that A. ceylanicum
iL3s are attracted to fecal odorants, tend to stay on or near host
feces, and frequently nictate suggest that many of the iL3s may
wait for potential hosts to pass by fecal deposits before engaging
in host-seeking behaviors. In contrast, S. stercoralis iL3s may be
more likely to migrate off feces and actively search for hosts
to infect.

S. stercoralis tax-4 Is Required for Odor-Driven Host Seeking. To
date, remarkably little is known about the molecular basis for
chemosensation in parasitic nematodes. However, the molecular
mechanisms underlying chemosensation in C. elegans are well
characterized (55). In C. elegans, the cyclic-nucleotide-gated
heterodimeric channel TAX-4/TAX-2 is required for sensory
transduction in many sensory neurons, including the AWB and
AWC olfactory neurons (55-57). Moreover, in the plant-parasitic
nematode Meloidogyne incognita, knockdown of Mi-tax-2 and
Mi-tax-4 by RNAI results in chemotaxis defects (58). We pre-
viously identified the S. stercoralis homolog of the C. elegans tax-4
gene, disrupted its function with CRISPR/Cas9-mediated mutagene-
sis, and demonstrated that Ss-fax-4 is required for temperature-driven
host seeking in S. stercoralis iL3s (34, 40). To test whether Ss-tax-4
also plays a role in odor-driven host seeking, we first examined
how S. stercoralis iL3s respond to the skin and sweat odorant
3-methyl-1-butanol (hereafter 3mlb, also referred to as isoamyl
alcohol) using a single iL.3 chemotaxis assay (48). The odorant
3mlb was selected because it is one of the most attractive host-emitted
odorants identified for S. stercoralis iL.3s (Fig. 1 C and F) (37).

We collected S. stercoralis wild-type iL3s and imaged the real-
time migration of individual animals in a modified chemotaxis
assay where the iL3 was given a choice between 3m1b and the
paraffin oil (PO) diluent (SI Appendix, Fig. S94). Wild-type iL3s
preferred to navigate toward 3mlb over the PO control (S/
Appendix, Fig. S9B and Movie S1). In contrast, the PO alone did
not elicit a directional behavioral response (SI Appendix, Fig. S9C
and Movie S2). Thus, individual wild-type iL3s were significantly
more likely to navigate toward 3mlb than toward PO (SI Ap-
pendix, Fig. SOD) and spent more time dwelling near 3m1b than
near PO (SI Appendix, Fig. SOE).

We next asked if Ss-fax-4-mediated signal transduction contributes
to this behavior by disrupting Ss-tax-4 using CRISPR/Cas9-mediated
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Fig. 2. The human-infective species A. ceylanicum and S. stercoralis have distinct olfactory preferences. (A) Summary of natural host ranges, infection modes,
and life stages tested for the hookworm A. ceylanicum and the threadworm S. stercoralis. In A-E, the species are color coded: pink: A. ceylanicum iL3s and red:
S. stercoralis iL3s. (B) The life cycle and ecology of A. ceylanicum. Parasitic adults excrete eggs in host feces. A. ceylanicum larvae can only develop into iL3s
that must infect a new host each generation. (C) Responses of A. ceylanicum iL3s and S. stercoralis iL3s to mammalian skin, sweat, and fecal odorants, as well
as to host and nonhost fecal odors. Sources of host and nonhost feces, respectively, for each species: A. ceylanicum: hamsters and gerbils; S. stercoralis: dogs
and rats. Response magnitudes are color coded according to the scale shown below the heatmap. Odorants are shown in the same order as in Fig. 1. n =6-16
trials for each odorant and species combination. A. ceylanicum and S. stercoralis responded differently to the odorant panel (****P < 0.0001, two-way
ANOVA with Tukey’s posttest). (D and E) Responses of A. ceylanicum iL3s (D) and S. stercoralis iL3s (E) to selected odorants and fecal odor. *P < 0.05, **P <
0.01, ***P < 0.001, and ****P < 0.0001. n = 6-16 trials for each odorant for both A. ceylanicum and S. stercoralis iL3s. Significance was calculated relative to
the PO control using the full panel shown in C, Kruskal-Wallis test with Dunn'’s posttest. All odorant responses from the odorant panel that were significantly
different from the PO control for either A. ceylanicum iL3s or S. stercoralis iL3s are shown. Each dot represents an individual chemotaxis assay. Lines indicate
sidered human skin and sweat odorants are shaded green; odorants primarily considered human
). Data for S. stercoralis iL3s are reproduced from Fig. 1.
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Fig. 3. A. ceylanicum and S. stercoralis have distinct dispersal behaviors. (A) Diagram of the fecal dispersal assay for iL3s. iL3s were placed on fresh host feces
(hamster feces for A. ceylanicum and gerbil feces for S. stercoralis) and were allowed to migrate for 1 h. The number of iL3s on feces, in zone 1, or in zone 2
was then quantified. The diagram was modified from Ruiz et al. (51). (B, Left) Percentage of iL3s remaining on feces at the end of the 1-h fecal dispersal assay
for A. ceylanicum and S. stercoralis. S. stercoralis iL3s disperse off feces to a greater extent than A. ceylanicum iL3s. ****P < 0.0001, Mann-Whitney test. n =18
trials for S. stercoralis and 24 trials for A. ceylanicum. Each dot represents an individual fecal dispersal assay. Lines indicate medians and interquartile ranges.
(Right) Percentage of iL3s in each zone at the end of the 1-h fecal dispersal assay. The overall distribution of iL3s differed between species. ****P < 0.0001, x*
test. Moreover, the distribution of iL3s on feces, in zone 1, and in zone 2 all significantly differed between A. ceylanicum and S. stercoralis iL3s (P < 0.001,
Fisher’s exact test with Bonferroni correction). n = 367 iL3s for S. stercoralis and 605 iL3s for A. ceylanicum. (C) Diagram of the nictation assay for iL3s. iL3s
were placed on near-microscopic agar posts where they could crawl between posts or nictate on the posts. Individual iL3s were monitored for a 2-min period.
Any iL3 that raised at least half its body off the plate for >5 s was scored as nictating. The diagram was modified from Ruiz et al. (51). Post heights and the iL3
size shown are not to scale. (D) A. ceylanicum iL3s nictated more frequently than S. stercoralis iL3s. ****P < 0.0001, Fisher's exact test. n = 62 iL3s for S.
stercoralis and 71 iL3s for A. ceylanicum.

targeted mutagenesis. We generated S. stercoralis iL3s with  the soil to inside a host represents a dramatic change in envi-
homology-directed insertion of an mRFPmars reporter gene ronment for il.3s, and ilL3s are thought to use chemosensory
encoding a red fluorescent protein at the Ss-fax-4 target locus (S  mechanisms to detect host factors and initiate activation upon
Appendix, Fig. S10 A and B) (34, 40). Candidate transgenic an-  host entry. Studies in a number of species have identified mul-
imals were tested in the single iL3 chemotaxis assay and then tiple host-associated cues that contribute to iL3 activation, in-
genotyped post hoc for homozygous disruption of Ss-fax-4 cluding elevated temperature, high CO, levels, host serum,
(Fig. 44 and SI Appendix, Fig. S10 B-D and Tables S2-S4). Asa  carbonic acid, and reduced glutathione (13, 14, 23-31). However,
control, we performed our CRISPR/Cas9 approach but omitted  the specific requirement for each of these cues varies across
the Cas9 construct to generate “no-Cas9-control” il3s that species (13, 14, 23-31). In the case of S. stercoralis, iL3s were
expressed mRFPmars but lacked disruption of the Ss-fax-4 gene  previously shown to efficiently activate in a 37 °C and 5% CO,
(34, 40). No-Cas9-control worms were tested in the single iL3  environment in the presence of Dulbecco’s modified Eagle me-
chemotaxis assay and genotyped post hoc to confirm that dium (DMEM) tissue culture media, canine serum, and gluta-
homology-directed repair did not occur at the Ss-fax-4 locus. As  thione (14). Replacement of DMEM with buffered saline
observed with wild-type iL3s, individual no-Cas9-control iL3s solution (BU) eliminated activation, suggesting an important
tested in the 3m1b versus PO chemotaxis assay consistently mi-  role for inorganic salts, amino acids, pyruvate, glucose, or other
grated toward 3m1b (Fig. 4B and Movie S3). In contrast, Ss-tax-4  host factors in iL3 activation (30, 31). However, the requirement
iL3s showed no preference for 3m1b over PO. They were sig-  for heat and CO, in S. stercoralis iL.3 activation was not tested.
nificantly less likely to migrate toward 3m1b or dwell near the To directly test the requirement for heat and CO; in S. ster-
3mlb than no-Cas9-control iL3s (Fig. 4 C-E and Movie S4). coralis activation, we used an in vitro activation assay (Fig. 5 4
Thus, functional signal transduction through Ss-tax-4-dependent ~ and B) (14). We found that ~50% of S. stercoralis iL3s activated
pathways appears to be critical for the migration of S. stercoralis ~ after 24 h in hostlike culture conditions including DMEM tissue
iL3s toward a host-emitted odorant. culture media, 37 °C, and 5% CO, (Fig. 5C). We next asked if

removal of either the elevated temperature or the 5% CO, from
Heat and CO, Are Required for Activation of S. stercoralis iL3s. Lo-  the culture conditions would change activation rates. We found
cating a host in the environment is only the first step for skin-  that independently decreasing the temperature to 25 °C or
penetrating nematodes to successfully establish an infection. providing a near-0% CO, environment (atmospheric CO, is
Following skin penetration, iL3s activate: They resume feeding ~0.04% , ref. 59) dramatically reduced activation rates (Fig. 5C).
and reinitiate development inside the host. The transition from  These results were similar to those previously observed for

17918 | www.phas.org/cgi/doi/10.1073/pnas. 1909710117 Gang et al.
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Fig. 4. Ss-tax-4 is required for the attraction of S. stercoralis iL3s to a host odorant. (A) Strategy for CRISPR/Cas9-mediated targeted mutagenesis of the S.
stercoralis tax-4 gene. Plasmid vectors encoding Cas9, the single guide RNA for Ss-tax-4, and a repair template for homology-directed repair encoding an
mRFPmars reporter gene were introduced into S. stercoralis free-living adult females by gonadal microinjection. The iL3 progeny from microinjected females
were screened for mRFPmars expression, indicative of possible disruption of Ss-tax-4. Individual mRFPmars-expressing iL3s were then live tracked in a che-
motaxis assay where the iL3 could crawl freely on an agar surface in an odorant gradient. Black dot: placement area of a 5-uL drop of a 1:10 dilution of the
attractive odorant 3m1b in PO; gray dot: placement area of a 5-uL drop of PO; black circles around the dots: the experimental or control zones surrounding
the 3m1b or PO, respectively. Gray line: hypothetical reconstruction of the migratory path of an mRFPmars-expressing iL3 in the chemotaxis assay; the plus
sign indicates the starting position of the iL3. iL3s were then PCR genotyped post hoc for homozygous disruption of Ss-tax-4 (SI Appendix, Fig. S10) as
previously described (34, 40). (B) Tracks of no-Cas9-control iL3s migrating for ~6 min or until the iL3 left the 5-cm assay arena in an odorant gradient. Each

colored line indicates the migration of an independently tested iL3; the plus
the Left. An enlarged view of the scoring regions around the odorant and

signs indicate the starting positions of the iL3s. The full assay arena is shown on
control are shown on the Right. Black dots, gray dots, and black circles are as

defined above. (C) Tracks of Ss-tax-4 iL3s migrating for ~6 min or until the iL3 left the 5-cm assay arena in an odorant gradient, shown as described in B. (D)
The percentage of no-Cas9-control and Ss-tax-4 iL3s entering the 3m1b experimental zone; a larger percentage of no-Cas9-control iL3s enter the experimental

zone than Ss-tax-4 knockout iL3s. ***P < 0.001, Fisher’s exact test. n = 22-25

iL3s for each assay condition. (E) The time spent by each iL3 in the experimental

zone containing 3m1b for either no-Cas9-control iL3s or Ss-tax-4 iL3s. No-Cas9-control iL3s spend more time in the experimental zone than Ss-tax-4 iL3s. **P <

0.01, Mann-Whitney test. n = 22-25 iL3s for each assay condition.

in vitro activation of the canine hookworm Ancylostoma caninum
(13), but the importance of a high-CO, environment on il.3
activation was more pronounced for S. stercoralis.

For these assays, activated versus nonactivated il.3s were
identified based on their feeding status since resumption of
feeding is an early indicator of activation. However, to control
for the possibility that feeding but not activation might be spe-
cifically disrupted at lower temperatures, we repeated the assay
using dispersal as a different measure of activation. Specifically,
we compared the dispersal of unstimulated iL.3s crawling on a
plate at room temperature for two different iL3 populations:
iL3s incubated for 24 h in DMEM at 37 °C with 5% CO, (the
activation condition) and il.3s incubated in BU saline (26) at
room temperature for 24'h in the absence of CO, (the control

Gang et al.

condition). If iL3s in the control condition had, in fact, activated,
but their feeding behavior was specifically disrupted, we would
expect no difference in the tendency of both populations to
disperse. However, we found that iL3s subjected to the activation
condition dispersed significantly less than iL.3s exposed to the
control condition (SI Appendix, Fig. S11). These results confirm
that iL.3s subjected to the control condition do not activate, and,
therefore, that heat and CO, are required for activation.

Hostlike 37 °C and 5% CO, culture conditions were also re-
quired for in vitro activation of both S. ratti and P. trichosuri iL.3s
(SI Appendix, Fig. S12). Together our results demonstrate that
elevated CO; in combination with 37 °C and gustatory cues from
tissue culture media appear to be essential for activation in both
Strongyloides species and Parastrongyloides.
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Fig. 5. Ss-tax-4 is required for S. stercoralis iL3 activation. (A) Schematic of an in vitro assay for iL3 activation. Developmentally arrested iL3s are incubated in
hostlike conditions in DMEM culture medium at 37 °C with 5% CO,. After 21 h of incubation, fluorescein isothiocyanate (FITC) is added to the medium.
Following a 3-h incubation with FITC, the iL3s are washed, anesthetized, plated, and screened for FITC in their pharynx. iL3s with FITC in their pharynx are
scored as activated since ingestion of FITC is indicative of the resumption of feeding that occurs during activation. (B, Top) Representative DIC + epifluor-
escence overlay of an activated iL3 with FITC in the pharynx (closed yellow arrow) and an iL3 that failed to activate following 24 h of incubation (open white
arrow). (Scale bar: 100 um.) (Bottom) Magnified DIC + epifluorescence overlay of an activated iL3 with FITC in the pharynx. (Scale bar: 10 um.) (C) Heat and
CO, are required for activation of S. stercoralis iL3s. **P < 0.01, ****P < 0.0001, Kruskal-Wallis test with Dunn’s posttest. n = 9-18 trials per condition.
Percentage of iL3s activated = number of FITC-positive activated iL3s/total number of iL3s scored. Green dots: % activation for each trial, ~100 iL3s scored per
trial. Lines indicate medians and interquartile ranges. (D) Whereas wild-type and no-Cas9-control iL3s activate in hostlike conditions, CRISPR/Cas9-edited
Ss-tax-4 iL3s do not. ****P < 0.0001, Xz test with Bonferroni correction. n = 49 wild-type iL3s, 36 no-Cas9-control iL3s, and 30 Ss-tax-4 iL3s.

S. stercoralis tax-4 Is Required for Activation. In C. elegans, the tax-4
gene plays a role in regulating both entry into and exit from the
dauer larval state (60, 61). To gain insight into the molecular
mechanisms that mediate activation, we therefore asked if
CRISPR/Cas9-mediated disruption of Ss-tax-4 would alter acti-
vation rates. We found that, while individual wild-type iL3s and
no-Cas9-control iL3s consistently activated in the presence of
DMEM, 37 °C, and 5% CO,, we never observed activation for
any Ss-tax-4 iL3s tested (Fig. 5D). Thus, Ss-fax-4-dependent
pathways, which appear to be important for host seeking, also
appear to be critical for iL3 activation. Our results identify a
genetic pathway that may be required for skin-penetrating
nematodes to initiate development following host entry.

Discussion

We conducted a large-scale quantitative analysis of the olfactory
preferences of skin-penetrating nematodes, including two
human-parasitic species, and identified life-stage-specific olfac-
tory preferences that fit the distinct environmental needs of the
different life stages. S. stercoralis, S. ratti, and P. trichosuri free-
living adults were attracted to mammalian-emitted odorants
prevalent in feces as well as fecal odor (Fig. 1 C and E and S/
Appendix, Figs. S2-S4). Free-living adults and larvae feed on
fecal bacteria (16). While skin-penetrating nematodes are ca-
pable of developing on Escherichia coli, their reproductive out-
put when cultured on E. coli is greatly diminished relative to
their reproductive output when cultured on the complex bacte-
rial populations represented in mammalian feces (34, 35, 62).
Therefore, attraction to host fecal odorants may contribute to
the tendency of free-living life stages to stay on or near feces,
which is maximally suited for their growth and reproduction. In
contrast to free-living adults, iL.3s have less incentive to remain
on or near fecal deposits'since they are nonfeeding. Strongyloides

17920 | www.phas.org/cgi/doi/10.1073/pnas. 1909710117

and Parastrongyloides appear to share a mechanism whereby at-
traction to fecal odorants is down-regulated in il.3s, which may
contribute to the tendency of these iL3s to disperse into the
environment (Fig. 1 C and F and SI Appendix, Figs. S2-S4) (37).
These iL.3s favor odorants that are likely to facilitate finding host
skin, which is essential for their continued development.

The iL3s of the hookworm A. ceylanicum have olfactory
preferences that are distinct from those of S. stercoralis iL3s,
despite the fact that both species target humans (Fig. 2). Unlike
S. stercoralis iL.3s, A. ceylanicum iL3s displayed strong attraction
to host feces and fecal odorants (Fig. 2). In addition, A. ceyla-
nicum iL3s tended to disperse less from feces and had a higher
propensity to nictate than S. stercoralis iL3s (Fig. 3). Our char-
acterization of A. ceylanicum dispersal and nictation behaviors
fits with previous observations that some hookworm species of-
ten wait in a motionless state and only begin locomotion when
certain host-derived cues are in close proximity (63, 64). Taken
together, the respective responses of hookworm and threadworm
iL3s to feces and fecal odorants suggest there may be important
differences in the host-seeking strategies used by these two species.

Like A. ceylanicum iL.3s, iL3s of the passively ingested murine
parasite Heligmosomoides polygyrus are also attracted to host
feces (51). Fecal attraction is thought to retain some H. polygyrus
iL3s on feces, where they are swallowed during coprophagy (51).
Oral infection has been documented in many hookworm species,
including A. ceylanicum, A. duodenale, and N. americanus; in
some cases, it is thought to be a major infection route (5, 65, 66).
In contrast, oral infection is thought to be less common in the
case of S. stercoralis (50). Our results with A. ceylanicum raise the
possibility that attraction to feces may be a general strategy
employed by parasitic nematodes that infect orally, even if they
rely on indirect fecal-oral transmission rather than coprophagy.

Gang et al.
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In contrast to their distinct olfactory behaviors, 4. ceylanicum
and S. stercoralis iL.3s both show robust positive thermotaxis and
engage in thermosensory-driven host seeking (40). Thus, it is
possible that as an alternative to oral infection, A. ceylanicum
iL3s may elect to stay near fecal deposits, wait for mammalian
hosts to arrive nearby, and then engage in thermosensory-driven
host seeking to infect by skin penetration. This type of strategy,
combined with the observation that A. ceylanicum iL3s were
neutral to many of the skin and sweat odorants tested (Fig. 2 C
and D), suggests that A. ceylanicum might achieve host specificity
by detecting host-specific cues that have yet to be identified.

We note that the concentrations of many of the tested odor-
ants in human sweat and feces are not known and likely vary
significantly across individuals. The concentrations experienced
by iL3s in a soil environment will depend on both distance from
the host and local environmental conditions. In addition, under
natural conditions, iL3s encounter these odorants as complex
odor mixtures rather than individual odorants and in combination
with many other sensory cues. Further studies will be necessary to
determine how the iL3s respond to odor mixtures with varying
concentrations of individual odorants, and, more generally, how
the behaviors observed here contribute to host seeking in nature.

To identify molecular mechanisms that may be required for
odor-driven host seeking in human-parasitic nematodes, we used
CRISPR/Cas9-mediated targeted mutagenesis to generate
S. stercoralis iL.3s with homozygous disruptions of the Ss-tax-4
gene (34, 40). We used S. stercoralis for these experiments be-
cause it is the only human-parasitic nematode that is currently
amenable to genome editing. Ss-fax-4 iL3s were unable to
navigate toward the attractive host odorant 3mlb, suggesting
that odor-driven host seeking in S. stercoralis involves a cGMP
signaling pathway that includes Ss-tax-4. Ss-tax-4 is also re-
quired for positive thermotaxis toward host body temperatures
in S. stercoralis (40). Thus, Ss-tax-4 appears to contribute to
multiple aspects of sensory-driven host seeking. Ce-tax-4 is
similarly required for multiple sensory-driven behaviors in C.
elegans (55), indicating that host seeking in parasitic nematodes
and environmental navigation in free-living nematodes use
signaling pathways that are at least partly conserved.

In C. elegans, tax-4 is required for only a subset of olfactory
responses; some olfactory responses instead require the TRPV
channel osm-9 (55). The S. stercoralis genome encodes an osm-9
homolog (67), raising the possibility that some olfactory responses
in S. stercoralis may not require Ss-tax-4 and may, instead, require
Ss-osm-9. Future experiments examining the responses of both
Ss-tax-4 and Ss-osm-9 iL3s to a large panel of host-associated
odorants and ethologically relevant complex odor mixtures will
be necessary to address this possibility. In addition, C. elegans detects
odorants primarily using three pairs of olfactory neurons: AWA,
AWB, and AWC (55). The sensory neurons that mediate odor-
driven host seeking in parasitic nematodes remain to be identified.

We found that Ss-tax-4 is required not only for chemotaxis to a
host odorant, but also for activation, suggesting that a cGMP-
mediated sensory detection pathway involving Ss-tax-4 is likely
required for in-host development. These results are consistent
with a previous study showing that the cGMP analog 8-bromo-cGMP
stimulates activation (31). In the C. elegans dauer larva, a de-
velopmentally arrested life stage similar to the iL3, ASJ sensory
neurons are critical for sensing environmental change and trig-
gering resumption of development (11, 55, 68). Laser ablation
studies in S. stercoralis iL.3s showed that ASJ ablation reduced
activation rates. However, approximately half of the ASJ-ablated
iL.3s still activated normally (14). Simultaneous ablation of the ASJ
neurons and the ALD neurons, which appear to be thermosensory
(39), did not further reduce activation rates (14). In contrast, Ss-tax-4
knockout iL.3s are completely unable to activate (Fig. 5D). Together
with the fact that activation in S. stercoralis requires heat (37 °C), CO,,
and one or more gustatory cues present in DMEM (Fig. 5C), our
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Ss-tax-4 results suggest that activation requires the detection of mul-
tiple sensory inputs across several sensory neuron pairs as previously
proposed (14, 30, 31). Multisensory integration is presumably critical
for activation to ensure that iL.3s do not improperly reinitiate devel-
opment outside the host. Future studies will be necessary to identify
the set of sensory neurons that is required for activation.

Here, we have investigated the host-seeking strategies and
chemosensory mechanisms that enable human-parasitic skin-
penetrating nematodes to find and infect human hosts. Skin-
penetrating nematodes are a major cause of morbidity in low-
resource settings throughout the world, including some parts of the
United States (2, 69). A better understanding of the chemosensory
behaviors and mechanisms that contribute to the interactions of these
parasites with their human hosts may allow for the development of
novel approaches to preventing hookworm and threadworm infections.

Materials and Methods

All nematodes were cultured as previously described (37, 40). Host-odorant-
and fecal-odor-chemotaxis assays, fecal dispersal assays, and nictation assays
were performed as previously described (37, 51, 70) with modifications. The
generation of S. stercoralis iL3s containing CRIPSR/Cas9-mediated targeted
mutations and the genotyping of individual iL3s were performed essentially
as previously described (34, 40). In vitro activation assays were performed as
previously described (14) with modifications. Fluorescence microscopy was
performed using standard methods. Statistical analysis was performed using
standard statistical tests. These methods are described in detail in the S/
Appendix, SI Materials and Methods. Single-iL3-odorant-chemotaxis assays
are described in detail below.

Single-iL3-Odorant-Chemotaxis Assays. Wild-type, no-Cas9-control, or Ss-tax-4
iL3s were stored in BU saline in a small watch glass prior to chemotaxis as-
says. A single iL3 was pipetted in 2 pL of BU saline from the watch glass and
transferred to the center of a 9-cm-chemotaxis plate without odorant. The
iL3 was acclimated to the chemotaxis plate for 5 min prior to the odorant
assay. During the acclimation period, the iL3 was allowed to crawl freely on
the agar surface. To account for any potential damage done to the animal
during Baermann collection, mRFPmars screening, or pipetting, the iL3 had
to crawl out of a 2-cm diameter circle in the center of the acclimation plate;
any iL3 that failed to leave the 2-cm diameter circle during the 5-min accli-
mation period was discarded. iL3s that successfully navigated out of the 2-cm
circle were collected at the end of the acclimation period and transferred
in ~2-uL double-distilled H,O (ddH,0O) to the center of a 5-cm odorant-
chemotaxis arena drawn in the center of a fresh 9-cm-chemotaxis plate.

For the assay, 5 pL of a 1:10 dilution of 3-methyl-1-butanol in PO and 5 uL
of the PO diluent were placed 1 cm away from the iL3 on opposite sides of
the arena as shown in Fig. 4A and S/ Appendix, Fig. S9A. The plate was then
placed on top of two light diffusers arranged orthogonally on a raised
Plexiglas surface. The imaging surface was bottom illuminated with a white
light-emitting diode (LED) box covered with a red-light filter. The entire
imaging setup was placed in an opaque enclosure with the LED box as the
only light source. Imaging was started immediately as the ddH,O drop
containing the iL3 dried. iL3 movements were monitored with a 5-megapixel
complementary metal-oxide semiconductor (CMOS) camera (BTE-B050-U,
Mightex Systems) suspended above the chemotaxis plate. Images were collected
by triggering transistor—transistor logic (TTL) pulses with a USB DAQ device (U3-
LV, LabJack Corp.) using a custom MATLAB script (MathWorks) (40). Images were
collected for 6 min at 0.5 frames/s or until the iL3 left the 5-cm arena. Any re-
cordings where the iL3 did not move continuously within the assay arena for at
least 60 s were discarded. However, iL3s that rapidly crawled out of the assay
arena in <60 s were included. iL3s were then recovered from the assay plate
for single-iL3 genotyping as described below. Tracking was conducted across
multiple days to control for day-to-day variability in assay conditions.

The trajectories of iL3s in the odorant arena and the locations of the
odorant and control placement points were measured in Fiji using the Manual
Tracking plugin (71). Custom MATLAB scripts were used to translate x/y
coordinates into the tracks shown in Fig. 4 and S/ Appendix, Fig. S9. To
calculate odorant responses, each worm track was aligned relative to the x/y
coordinates of the odorant placement point for that recording; tracks were
rotated so that odorant and control placement points were horizontally
aligned. For each assay, the experimental and control zones were defined as
1-cm diameter circles centered around the odorant or control placement
points. Any iL3 that entered the experimental zone was counted as re-
sponsive to that odorant. The amount of time in seconds each iL3 spent
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inside the experimental zone was determined by multiplying the number of
frames in which an iL3 was found inside the experimental zone by 2. To
account for directional bias, the location of the odorant stimulus was al-
ternated between the left and the right zones for each assay. For pre-
sentation purposes, half of the tracks shown in Fig. 4 and S/ Appendix, Fig.
S9 were flipped horizontally to show the odorant in the same orientation.
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