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SI Materials and Methods 
 
Ethics Statement 
Gerbils were used as hosts to passage S. stercoralis. Rats were used as hosts to passage 
S. ratti. Hamsters were used as hosts to passage A. ceylanicum. Procedures and protocols 
for animal subjects were approved by the UCLA Office of Animal Research and Oversight 
(protocol #2011-060-23), which follows AAALAC standards and the Guide for the Care and 
Use of Laboratory Animals. 
 
Maintenance of Strongyloides stercoralis 
S. stercoralis strain UPD (originally provided by Dr. James Lok, University of Pennsylvania) 
was serially passaged in male and female Mongolian gerbils obtained from Charles River 
Laboratories. Gerbil infections were carried out by collecting S. stercoralis iL3s from 
fecal-charcoal cultures by Baermann apparatus as described (1). iL3s were cleansed of fecal 
debris by suspension in ~0.5% low-gelling-temperature agarose; iL3s that crawled out of the 
agarose were collected and washed in sterile 1x PBS 5 times. Gerbils were anesthetized with 
isoflurane and inoculated with ~2,000-2,250 iL3s suspended in 200 µL sterile 1x PBS by 
inguinal subcutaneous injection. After a 14-day pre-patency period, feces infested with 
S. stercoralis were collected by placing infected gerbils on wire cage racks overnight with wet 
cardboard lining the cage bottom to prevent the feces from desiccating. Fecal pellets were 
collected the next morning, softened with dH2O, mixed in a 1:1 ratio with autoclaved charcoal 
granules (bone char from Ebonex Corp., Cat # EBO.58BC.04), and stored in 10-cm diameter 
x 20-mm height Petri dishes lined with filter paper moistened with dH2O. S. stercoralis-infested 
feces were collected between days 14-45 after initial infection of gerbils. S. stercoralis free-
living adults were collected by incubating fecal-charcoal cultures at 20°C for 48 hours, or at 
25°C for 24 hours. Free-living adults were isolated using a Baermann apparatus. iL3s were 
collected by incubating fecal-charcoal cultures at 23°C for 6-14 days; iL3s were isolated using 
a Baermann apparatus.  
 
Maintenance of Strongyloides ratti 
S. ratti strain ED321 (originally provided by Dr. James Lok, University of Pennsylvania) was 
serially passaged in Sprague Dawley rats obtained from Envigo as described (2). Rat 
infections were carried out by collecting S. ratti iL3s from fecal-charcoal cultures using a 
Baermann apparatus. iL3s were washed in 1x PBS 5 times and rats were inoculated with ~800 
iL3s in 300 µL sterile 1x PBS by subcutaneous injection. After a 7-day pre-patency period, 
feces infested with S. ratti were collected as described above. S. ratti-infested feces were 
collected between days 7-23 after initial infection. S. ratti free-living adults and iL3s were 
incubated and isolated using a Baermann apparatus as described above.  
 
Maintenance of Parastrongyloides trichosuri 
P. trichosuri (provided by Dr. Warwick Grant, La Trobe University) was a mixed population of 
wild isolates collected from the feces of wild Trichosurus vulpecula brushtail possums near 
Hunterville, New Zealand and urban possums in Kioloa, New South Wales, Australia. In vitro 
cultures of free-living P. trichosuri were maintained as described, with modifications (3, 4). 
Briefly, 6 cm Nematode Growth Media (NGM) plates with E. coli OP50 were prepared using 
standard methods (5). For optimal P. trichosuri growth, 3% agar plates were used to limit 
nematode penetration into the agar and 1/10th the standard peptone was added to the NGM 
media. For each plate, an autoclaved fecal pellet collected from New Zealand white rabbits 



was deposited in the center of the NGM plate on the OP50 lawn. The fecal pellet was 
punctured, saturated with OP50 solution, and allowed to dry overnight. The next day, 
P. trichosuri free-living cultures containing all life stages were pipetted onto the OP50-
saturated feces (~100-200 nematodes per plate). The free-living cultures were maintained at 
room temperature and passaged every 3-4 days by pouring BU saline (6) into the plate and 
floating nematodes off the bacterial lawn and fecal pellet. The nematodes were washed 5 
times in BU saline and pipetted onto fresh NGM + OP50 plates supplemented with OP50-
saturated autoclaved rabbit feces. P. trichosuri free-living adults were collected by transferring 
BU-washed nematodes to a watch glass; after the adults gravity-settled to the bottom of the 
dish, other life stages were removed in the supernatant. P. trichosuri iL3s were collected by 
removing nematode-infested rabbit feces from NGM plates and preparing 6 cm fecal charcoal 
cultures as described above. Fecal-charcoal cultures were incubated at 23°C and iL3s were 
collected 7-21 days later using a Baermann apparatus. 
 
Maintenance of Ancylostoma ceylanicum 
A. ceylanicum Indian strain, US National Parasite Collection Number 102954 (provided by 
Dr. John Hawdon, George Washington University) was serially passaged in male and female 
Syrian golden hamsters from Envigo as described (7). Hamster infections were carried out by 
collecting A. ceylanicum iL3s from fecal-charcoal cultures using a Baermann apparatus. iL3s 
were washed in sterile ddH2O and hamsters were inoculated with ~70-100 iL3s in 100 µL 
sterile water by oral gavage. After a 14-day pre-patency period, feces infested with 
A. ceylanicum were collected as described above. A. ceylanicum-infested feces were 
collected between days 14-44 after initial infection. A. ceylanicum iL3s were collected by 
incubation of fecal-charcoal cultures at 23°C for 14-21 days and isolated using a Baermann 
apparatus.  
 
Maintenance of Caenorhabditis elegans 
C. elegans dauers used to examine the relationship between nictation frequency and body 
length were from the wild isolate CB4856 (“Hawaii”). C. elegans were maintained on NGM 
plates seeded with E. coli OP50 using standard methods (5). Dauer larvae were collected from 
the lids of plates where the nematodes had depleted all of the OP50. Dauers were stored in 
dH2O at room temperature prior to use, and were used within 2 weeks of collection. 
 
Host odorant and fecal odor assays 
Odorant assays were performed on 9 cm chemotaxis plates (8) as described (2). Populations 
of ~100-400 free-living adults or iL3s (~100-200 for S. stercoralis, S. ratti, and P. trichosuri 
adults; ~100-200 for S. stercoralis and P. trichosuri iL3s; ~300-400 for S. ratti iL3s; and ~200-
300 for A. ceylanicum iL3s) were spread vertically along the center of the plate. For odorant 
chemotaxis assays, 5 µL of host odorant or control (paraffin oil, ddH2O, or ethanol), was then 
pipetted on each side of the plate in the center of a 2 cm diameter scoring region. The scoring 
regions were aligned horizontally along the center of the plate with the odorants placed 1 cm 
from the edge of the plate (SI Appendix, Fig. S1). For fecal chemotaxis assays, feces were 
obtained from an overnight fecal collection. Feces were moistened to a paste with ddH2O. 1 
cm radius circles of filter paper were affixed to the lid of a chemotaxis plate above each scoring 
region using double-stick tape. 0.25 g fecal paste was placed onto one of the filter-paper 
circles, and 50 µL ddH2O was pipetted onto the other circle. 
 



For both odorant and fecal chemotaxis assays, the worms were allowed to crawl undisturbed 
in the odorant gradient for 3 hours at room temperature on a vibration-insulating platform. The 
chemotaxis index (CI) was calculated as: CI = (# worms in odorant scoring region - # worms 
in control scoring region) / (# worms in both scoring regions). CI values range from +1 to -1, 
with a positive CI indicating attraction to the tested odorant and a negative CI indicating 
repulsion from the odorant. Adult assays were performed with odorants diluted 1:10 in either 
paraffin oil, ddH2O, or ethanol. iL3 assays were performed with undiluted odorant. For 
S. stercoralis, in instances where significantly different responses to a host odorant were 
observed between free-living adults and iL3s, we also tested iL3s using 1:10 dilutions of 
odorant (SI Appendix, Fig. S5). These assays confirmed that the observed changes in 
chemosensory responses were the result of life-stage-specific changes in olfactory 
preferences and not the result of odorant concentration. To account for directional bias, two 
identical chemotaxis assays were performed simultaneously with the test odorant placed in 
scoring regions on opposite sides. All assays where the absolute difference in CI for the two 
plates was ≥0.9 were discarded. Assays were also discarded if <7 total worms (or <8 total 
worms for A. ceylanicum assays) moved into the scoring regions on one or both of the paired 
plates. Details on preparation of odorants, and diluents for each odorant, are described in SI 
Appendix, Table S1. Chemotaxis assays with odor from animal feces were performed 
essentially as described (2, 7). Gerbil, dog, rat, hamster, and rabbit feces were collected fresh 
the morning of assays from the bottoms of cages housing uninfected animals. Possum feces 
were collected from uninfected T. vulpecula housed at La Trobe University in Melbourne, 
Australia and stored at -20°C until assays were performed, at which point the fecal pellets 
were warmed to room temperature and prepared for assays as described (2, 7). For all 
chemotaxis assays, each trial involved a distinct population of worms; in no instance was the 
same population of worms used for multiple assays. Moreover, all trials were conducted 
across multiple days to control for day-to-day variability during assays. 
 
Fecal dispersal assays  
Fecal dispersal assays were performed essentially as described (7). Fresh fecal pellets were 
collected from the bottoms of cages housing uninfected animals on the morning of assays. 
For fecal dispersal assays using host feces (Fig. 3 and SI Appendix, Fig. S7a), gerbil feces 
were used for S. stercoralis and hamster feces were used for A. ceylanicum. For fecal 
dispersal assays using non-host feces (SI Appendix, Fig. S7b), rat feces were used for both 
S. stercoralis and A. ceylanicum. For all assays, ~0.035 g of feces was placed in the center of 
a chemotaxis plate and 14-35 iL3s were pipetted onto the feces in <5 µL of dH2O. The plates 
were left undisturbed for 1 hour (Fig. 3 and SI Appendix, Fig. S7b) or 3 hours (SI Appendix, 
Fig. S7a) on a vibration-reducing platform. The number of iL3s remaining on feces, off feces 
but in a 4 cm diameter area around the feces (zone 1), or off feces and outside the 4 cm 
diameter area around the feces (zone 2) were counted as shown in Fig. 3a. iL3s that were 
stuck to and therefore trapped on the plate walls and lid were counted as part of zone 2. Since 
iL3s on the feces were not visible, the number of iL3s on feces was counted by subtracting 
the number of iL3s in zones 1 and 2 from the total number of iL3s plated at the beginning of 
the assay. For all dispersal assays, each trial involved a distinct population of worms; in no 
instance was the same population of worms used for multiple assays. Moreover, all trials were 
conducted across multiple days to control for day-to-day variability during assays. 
 
 
 



Nictation assay 
Nictation assays were performed as described with modifications (7, 9). Briefly, PDMS molds 
with near-microscopic pillars that reduce surface tension and allow iL3s to stand were used to 
cast chips made from 4% agar dissolved in ddH2O. Agar poured over the PDMS mold was 
allowed to solidify and the agar chip was then separated from the mold and placed at 37˚C for 
2 hours to dry. The agar chip was then cooled at room temperature for at least 1 hour before 
assays were performed. A 5 µL drop of dH2O containing 10-35 iL3s was pipetted onto the 
center of the agar chip. Once the dH2O dried, the iL3s were left for 10 minutes to acclimate to 
the agar chip. Individual iL3s were then observed for a 2-minute period. If at any point during 
the 2 minutes the iL3 raised at least half of its body from the plate for at least 5 seconds, it 
was counted as nictating (Fig. 3c). The process was then repeated for other iL3s on the same 
agar chip. For A. ceylanicum iL3s, chips were approximately 3 cm x 3.5 cm in size. For 
S. stercoralis iL3s, larger chips of approximately 8 cm x 4 cm were used since these iL3s 
frequently crawled off smaller chips during the 10-minute acclimation period. For C. elegans 
dauers (SI Appendix, Fig. S8), nictation assays were conducted on 5% agar. Nictation assays 
were conducted across multiple days to control for day-to-day variability in assay conditions. 
To examine the correlation between body length and nictation frequency (SI Appendix, Fig. 
S8), S. stercoralis, S. ratti, and A. ceylanicum iL3s were anesthetized with 50 mM levamisole 
and then mounted on a slide with 5% Noble agar dissolved in BU saline. DIC images were 
taken using a Zeiss AxioImager A2 microscope. Body length measurements were obtained 
from the images using ImageJ. 
 
CRISPR/Cas9-mediated targeted mutagenesis of Ss-tax-4 
Targeted mutagenesis of the S. stercoralis tax-4 gene (SSTP_0000981000) was performed 
as previously described using the same CRISPR target site 
(GTAACATTTGACTTGATGGGTGG) (10, 11). Ss-tax-4 was identified based on sequence 
homology with C. elegans tax-4; the Ss-tax-4 gene was also predicted as an ortholog of Ce-
tax-4 on WormBase ParaSite (12). The CRISPR target site and gRNA were selected using 
Geneious 9 software (13). gRNA design parameters used for optimized CRISPR/Cas9 
mutagenesis in C. elegans were similarly used for S. stercoralis (14, 15). The single guide 
RNA (sgRNA) expression construct targeting Ss-tax-4 (pMLC47) was synthesized by 
GENEWIZ (South Plainfield, New Jersey) to include 500 bp of the S. ratti U6 promoter and 
277 bp of the S. ratti U6 3’UTR flanking the Ss-tax-4 sgRNA. For homology-directed repair at 
Ss-tax-4, a construct (pEY11) was made by subcloning 539 bp 5’ and 671 bp 3’ homology 
arms flanking the Ss-tax-4 CRISPR site into the Ss-act-2::mRFPmars vector pAJ50, which 
drives mRFPmars expression in the nematode body wall (SI Appendix, Fig. S10) (10, 16). 
Cas9 endonuclease was expressed from the vector pPV540, in which Strongyloides-
codon-optimized Cas9 expression is driven by the S. ratti eef-1A promoter (10). The pMLC47, 
pEY11, and pPV540 vectors were mixed and microinjected into the syncytial gonad of free-
living adult females. F1 iL3 progeny were screened for potential Ss-tax-4 disruptions as 
described below. Microinjections were done with either 100 ng/µL or 200 ng/µL total DNA 
using the following recipes: 60 ng/µL pMLC47, 20 ng/µL pEY11, and 20 ng/µL pPV540 or 80 
ng/µL pMLC47, 80 ng/µL pEY11, and 40 ng/µL pPV540. No-Cas9-control injections were 
performed using the same recipes but with pPV540 omitted from the mix. A plasmid summary 
is provided in SI Appendix, Table S3. Primers used to amplify the Ss-tax-4 homology arms 
from S. stercoralis gDNA are provided in SI Appendix, Table S4. The gene structure diagrams 



for C. elegans and S. stercoralis tax-4 shown in SI Appendix, Fig. S10 were generated with 
Exon-Intron Graphic Maker (Version 4, www.wormweb.org). 
 
Microinjection of S. stercoralis  
Microinjection of syncytial gonads of S. stercoralis free-living adult females was performed 
using standard methods from C. elegans and Strongyloides species, with modifications (10, 
16, 17). Briefly, microinjected females were recovered from injection slides and transferred to 
6 cm 2% NGM plates seeded with OP50; wild-type free-living males were added to the plate 
for mating. After a minimum recovery time of 30 minutes on NGM, the plate was flooded with 
dH2O and all worms were pipetted onto 6 cm fecal-charcoal plates made with fresh gerbil 
feces from uninfected animals, collected and prepared as described above. Fecal-charcoal 
cultures were maintained at 23°C for 6-14 days to collect F1 iL3s. 
 
Selection of Ss-tax-4 iL3s  
iL3 progeny from microinjected females were recovered using a Baermann apparatus and 
stored in ~2 mL of BU saline in a watch glass. To screen for mRFPmars expression, ~15-20 
µL of iL3s in BU saline (~100 worms) were pipetted onto a 6 cm 2% NGM plate seeded with 
OP50. Freely crawling iL3s were screened for mRFPmars expression under a Leica M165 FC 
fluorescence microscope. mRFPmars-expressing iL3s were picked into a small watch glass 
with ~1 mL of BU saline for storage prior to assays. The fluorescent iL3s collected for 
behavioral experiments and subsequent genotyping were selected based on expression of 
mRFPmars along the full body wall of the iL3 (10). iL3s with patchy or faint mRFPmars 
expression were not collected, as these iL3s were unlikely to have complete CRISPR/Cas9-
mediated HDR at both target alleles, as described in Gang et al., 2017 (10). A summary of 
free-living adult microinjections and iL3 screening for Ss-tax-4 can be found in SI Appendix, 
Table S2.  
 
In vitro activation assays 
In vitro activation assays for skin-penetrating iL3s were performed as described (18), with 
modifications. For the population assays shown in Fig. 5c and SI Appendix, Fig. S11-12, iL3s 
were collected using a Baermann apparatus, washed 3 times in BU saline in 15 mL conical 
tubes, and pelleted by centrifugation. Pelleted iL3s were then resuspended in 10 mL of BU 
saline supplemented with 100 µL of 100x penicillin-streptomycin (10,000 U/mL, Gibco 15140-
122), 100 µL of 100x amphotericin B (250 µg/mL, Gibco 15290-018), and 10 µL of 1000x 
tetracycline hydrochloride dissolved in ddH2O (5 mg/mL, Sigma-Aldrich T7660-5G). iL3s were 
axenized for 3 hours in the antibiotic solution, in the dark, at room temperature. The iL3s were 
then pelleted by centrifugation and the supernatant was removed. 5 µL of the pellet containing 
~100-200 iL3s was then transferred to one well of a 96-well plate containing 110 µL DMEM. 
Typically, iL3s were aliquoted to 6-12 wells containing DMEM, per condition, per assay. The 
96-well plate was then transferred to a tissue culture incubator set to the desired experimental 
conditions: 37°C and 5% CO2, 25°C and 5% CO2, or 37°C and 0% CO2. iL3s were incubated 
for 21 hours, after which 2.5 µL of fluorescein isothiocyanate (FITC, 20mg/mL in N,N-
dimethylformamide, Acros Organics 119252500) was added to each well. The iL3s were then 
returned to the culture conditions for 3 hours. Wells containing iL3s were pipetted into a 15 
mL conical tube filled with BU saline. The iL3s were washed 5 times with BU saline to remove 
excess FITC on the outer cuticle of the worms. They were then transferred to a chemotaxis 
plate and paralyzed by applying a solution of 1% nicotine (Sigma-Aldrich N3876) in ddH2O. 



The iL3s were screened using a Leica M165 FC fluorescence microscope for the presence of 
FITC in the pharynx, which is indicative of the resumption of feeding that occurs during 
activation. The percentage of activated iL3s was calculated as: (# FITC-positive iL3s) / (total 
# iL3s scored). For all activation assays, each trial involved a distinct population of worms; in 
no instance was the same population of worms used for multiple assays. Moreover, all trials 
were conducted across multiple days to control for day-to-day variability during assays. 
 
For the dispersal assay to compare the motility of non-activated vs. activated iL3s in SI 
Appendix, Fig. S11, the non-activated control iL3s were incubated in BU saline in the absence 
of applied CO2 at room temperature, while activated iL3s were incubated in DMEM with 5% 
CO2 and 37°C. After 24 hours, iL3s from each condition were then tested in a 1-hour dispersal 
assay at room temperature, as described above for fecal dispersal assays except in the 
absence of feces. To confirm activated iL3s had indeed activated and control iL3s had not 
activated, a subset of iL3s for each condition were incubated in parallel but stained with FITC 
and scored as described above. 
 
For in vitro activation assays on single wild-type, no-Cas9-control, or Ss-tax-4 iL3s, as shown 
in Fig. 5d, the procedure was modified such that each iL3 was axenized in 110 µL of BU saline 
supplemented with antibiotics in its own well in a 96-well plate. Each iL3 was then pipetted 
into its own well containing 110 µL of DMEM and was incubated as described above. Each 
iL3 recovered from incubation and FITC staining was washed by pipetting up and down in a 
watch glass filled with ~2 mL dH2O. The iL3s were then transferred to a chemotaxis plate, 
paralyzed in 1% nicotine solution, scored for activation, and collected for gDNA isolation as 
described below. Experiments were conducted across multiple days to control for day-to-day 
variability in assay conditions. 
 
Media preparation for in vitro activation assays 
To assess the requirement for 37°C and 5% CO2 for iL3 activation, shown in Fig. 5c and SI 
Appendix, Fig. S12, we prepared DMEM without sodium bicarbonate to ensure that the only 
source of CO2 or HCO3

- was supplied by the tissue culture incubator. To prepare sodium-
bicarbonate-free DMEM, we added 0.4044 g DMEM powder (4.5 g/L glucose, L-glutamine & 
sodium pyruvate without sodium bicarbonate, Corning 50-003-PB) to 30 mL of ddH2O. 300 µL 
of penicillin-streptomycin, 300 µL of amphotericin B, and 30 µL of tetracycline-HCl was added, 
as described above, to inhibit growth of bacterial and fungal spores transferred with iL3s from 
fecal-charcoal plates. As an alternative buffering agent to sodium bicarbonate, 0.1788 g 
HEPES (25 mM final concentration, Fisher BP310-100) was added to the solution. For 37°C 
and 5% CO2, and 25°C and 5% CO2 assay conditions, the room temperature pH was titrated 
to ~7.6-7.7 with 5 M NaOH. For the 37°C and 0% CO2 condition, the room temperature pH 
was titrated to ~7.0 and 2 M sodium gluconate was added to balance the molar ratio of Na+ 
with the 5% CO2 conditions. The DMEM solutions were filter-sterilized through a 0.22 µm 
membrane (Millipore Millex-GV SLGV033RS) connected to a Luer-Lok syringe into a sterile 
50 mL conical tube. 110 µL aliquots were pipetted into individual wells of a 96-well plate, as 
described above. The 96-well plate was incubated in the desired heat and % CO2 for at least 
1 hour. Following 1 hour of incubation, the pH of the media was checked to ensure pH ~7.0 
prior to adding iL3s for overnight incubation. For testing iL3s in the standard 37°C and 5% 
CO2 condition (Fig. 5d and SI Appendix, Fig. S11), standard DMEM media with sodium 
bicarbonate was used (4.5 g/L glucose, L-glutamine & sodium pyruvate, Corning 10-013-CV).  



Single iL3 genotyping 
To extract genomic DNA from individual S. stercoralis iL3s, we followed the previously 
described procedure (10). A single iL3 was transferred to a PCR tube containing 5-6 µL of 
nematode lysis buffer (50 mM KCl, 10 mM Tris pH 8, 2.5 mM MgCl2, 0.45% Nonidet-P40, 
0.45% Tween-20, 0.01% gelatin in dH2O) supplemented with ~0.12 µg/µL Proteinase-K and 
~1.7% 2-mercaptoethanol. Tubes were placed at -80°C for at least 20 min, then transferred 
to a thermocycler for digestion: 65°C (2 h), 95°C (15 min), 10°C (hold). For long-term storage, 
iL3s were left undigested at -80°C and thermocycler digestion was performed the day of PCR-
genotyping. To genotype wild-type iL3s, no-Cas9-control iL3s, or Ss-tax-4 iL3s, PCR reactions 
were performed with GoTaq G2 Flexi DNA Polymerase (Promega, Cat. # M7801) or Herculase 
II Fusion DNA Polymerase (Agilent Cat. # 600675) using the following thermocycler 
conditions: denature 95°C (2 min); PCR 95°C (30 s), 55°C (30 s), 72°C (1 min) x 35 cycles; 
final extension 72°C (5 min); 10°C (hold). The 5-6 µL single iL3 gDNA preparation was split 
evenly across control, wild-type locus, 5’ integration, and 3’ integration reactions, as shown in 
SI Appendix, Fig. S10. Primer sets used for Ss-tax-4 genotyping can be found in SI Appendix, 
Table S4. Quantification of PCR products was performed with a ChemiDoc MP Imaging 
System (Bio-Rad) using the Image Lab Version 5.1 Relative Quantity Tool as previously 
described (10). 
 
Fluorescent microscopy 
Fluorescent microscopy was performed essentially as described (10, 11). Activated, 
nicotine-paralyzed iL3s were collected from chemotaxis plates and were pipetted onto a 5% 
Noble agar pad dissolved in ddH2O. The slide was mounted under a Zeiss AxioImager A2 
microscope and epifluorescence images were taken with a Zeiss Axiocam camera. Images 
were processed using Zeiss AxioVision software. 
 
Statistical analysis 
All standard statistical analysis was performed using GraphPad Prism version 8.3.0, 
GraphPad Software, La Jolla, California, USA (www.graphpad.com). The standard statistical 
tests used for each experiment are described in the figure captions. For all data sets, the 
D’Agostino-Pearson omnibus normality test was used to determine if values came from a 
Gaussian distribution. For data sets that were normally distributed, parametric tests were 
used. For non-normal distributions, non-parametric tests were used. Power analyses, where 
described below, were performed using G*Power version 3.1.9.3 (19). The heatmaps shown 
in Fig. 1c and Fig. 2c were generated using Heatmapper (www.heatmapper.ca) with individual 
chemotaxis index scores as input values. Heatmapper was also used for the hierarchical 
clustering of odorants based on Euclidean distance with average linkage as the clustering 
method (20). The behavioral dendrogram shown in Fig. 1d was constructed using PAST 
version 3.11 with hierarchical clustering using the Unweighted Pair Group Method with 
Arithmetic Mean (UPGMA) (21). For Fig. 1e-f and Fig. 2d-e, significance values are for the 
responses to each odorant for the full odorant panel compared to the paraffin oil control. For 
all species and life stages, ethanol and ddH2O control responses were not significantly 
different from paraffin oil control responses; thus, paraffin oil was used as the control for all 
odorant panels (SI Appendix, Fig. S1). Sample sizes for single-iL3 assays were determined 
using a Z-test for independent proportions (tails = 2, α = 0.05, Power = 0.90). 
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Fig. S1. Nematode chemotaxis assay. a. Each nematode species and life stage (free-living adults or 
iL3s) was assayed using the same format. Nematodes were spread vertically along the center of the 
plate. Odorant and control were placed on each side of the plate (black dots). The nematodes were 
allowed to migrate in the odorant gradient for 3 hours. The number of animals in the scoring regions 
(extended circles around the black dots) was counted. The chemotaxis index was then calculated as 
shown. The chemotaxis index ranges from +1 to -1, with positive values indicating attraction to the host 
odorant and negative values indicating repulsion from the host odorant. Red scale bar = 1 cm. b-h. 
Control chemotaxis assays for each species and life stage, where the indicated control was placed on 
both sides of the plate. For each species and life stage, responses to paraffin oil, ethanol, and ddH2O 
controls were approximately neutral (chemotaxis index of ~0.0) and were not significantly different from 
each other (Kruskal-Wallis test). n = 6-18 trials for each odorant and life stage combination. Each dot 
represents an individual chemotaxis assay. Lines indicate medians and interquartile ranges. 
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Fig. S2. S. stercoralis free-living adults and iL3s respond differently to a subset of odorants from 
the mammalian odorant panel. 1-octanol, 1-heptanol, 3-carene, 2-phenylethanol, p-cresol, non-host 
feces, host feces, α-pinene, and acetic acid were more attractive to free-living adults than iL3s. Sources 
of host and non-host feces, respectively, for S. stercoralis fecal odor assays = dogs, rats. *P<0.05, 
***P<0.001, ****P<0.0001, two-way ANOVA with Sidak’s post-test. n = 6-16 trials for each odorant and life 
stage combination. Each dot represents an individual chemotaxis assay. Lines indicate medians and 
interquartile ranges. These data are also depicted in Fig. 1 and 2.
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Fig. S3. S. ratti free-living adults and iL3s respond differently to a subset of odorants from the 
mammalian odorant panel. 2-phenylethanol, p-cresol, non-host feces, host feces, tetradecane, and 
indole were more attractive to free-living adults than iL3s. Sources of host and non-host feces, 
respectively, for S. ratti fecal odor assays = rats, dogs. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, 
two-way ANOVA with Sidak’s post-test. n = 6-20 trials for each odorant and life stage combination. Each 
dot represents an individual chemotaxis assay. Lines indicate medians and interquartile ranges. These 
data are also depicted in Fig. 1.
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Fig. S4. P. trichosuri free-living adults and iL3s respond differently to a subset of odorants from 
the mammalian odorant panel. 3-methyl-1-butanol, 1-octanol, 1-heptanol, skatole, 2-phenylethanol, 
p-cresol, non-host feces, host feces, α-pinene, isovaleric acid, and α-terpinene were more attractive 
to free-living adults than iL3s. Sources of host and non-host feces, respectively, for P. trichosuri fecal 
odor assays = brushtail possums, rats. **P<0.01, ***P<0.001, ****P<0.0001, two-way ANOVA with 
Sidak’s post-test. n = 6-16 trials for each odorant and life stage combination. Each dot represents an 
individual chemotaxis assay. Lines indicate medians and interquartile ranges. These data are also 
depicted in Fig. 1.
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Fig. S5. Responses of S. stercoralis iL3s to different concentrations of mammalian odorants. 
a. The responses of S. stercoralis iL3s to selected odorants were similar when odorants were 
undiluted or diluted 1:10. P=0.253, two-way ANOVA. n = 6-16 trials for each odorant and 
concentration combination. b. S. stercoralis free-living adults and iL3s respond differently to a subset 
of odorants from the mammalian odorant panel when both life stages are tested with 1:10 dilutions of 
odorants. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, two-way ANOVA with Sidak’s post-test. n = 
6-16 trials for each odorant and life stage combination. Each dot represents an individual chemotaxis 
assay. Lines indicate medians and interquartile ranges. Odorants tested here were selected because 
they yielded significant responses in SI Appendix, Fig. S2. Data for undiluted odorant responses are 
also depicted in Fig. 1 and 2.
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Fig. S6. Responses of A. ceylanicum iL3s to the mammalian odorant panel. 2-phenylethanol, 
non-host feces, host feces, and farnesol were attractive for iL3s. Sources of host and non-host feces, 
respectively, for A. ceylanicum fecal odor assays = hamsters, gerbils. *P<0.05, **P<0.01. n = 6-16 
trials for each odorant. Significant responses were calculated relative to the paraffin oil control, 
Kruskal-Wallis test with Dunn’s post-test. Each dot represents an individual chemotaxis assay. Lines 
indicate medians and interquartile ranges. These data are also depicted in Fig. 2.
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Fig. S7. S. stercoralis shows increased dispersal behavior relative to A. ceylanicum. a. Dispersal 
from host feces in a 3-hour fecal dispersal assay. Left, the percentage of iL3s remaining on host feces 
(hamster feces for A. ceylanicum and gerbil feces for S. stercoralis) at the end of the 3-hour fecal 
dispersal assay for A. ceylanicum and S. stercoralis. S. stercoralis iL3s disperse off host feces more 
than A. ceylanicum iL3s. ****P<0.0001, Mann-Whitney test. n = 20 trials for A. ceylanicum and 29 trials 
for S. stercoralis. Each dot represents an individual fecal dispersal assay. Lines indicate medians and 
interquartile ranges. Right, the percentage of iL3s in each zone at the end of the 3-hour fecal dispersal 
assay. The overall distribution of iL3s differed between species. ****P<0.0001, chi-squared test. In 
addition, the number of iL3s on feces, in zone 1, and in zone 2 all differed significantly between A. 
ceylanicum and S. stercoralis iL3s (P<0.001, Fisher’s exact test with Bonferroni correction). b. 
Dispersal from non-host feces in a 1-hour fecal dispersal assay. Left, the percentage of iL3s remaining 
on non-host feces (rat feces for both A. ceylanicum and S. stercoralis) at the end of the 1-hour fecal 
dispersal assay for A. ceylanicum and S. stercoralis. S. stercoralis iL3s disperse off non-host feces 
more than A. ceylanicum iL3s. ****P<0.0001, Mann-Whitney test. n = 20 trials for A. ceylanicum and 
26 trials for S. stercoralis. Each dot represents an individual fecal dispersal assay. Lines indicate 
medians and interquartile ranges. Right, the percentage of iL3s in each zone at the end of the 1-hour 
fecal dispersal assay. The overall distribution of iL3s differed between species. ****P<0.0001, 
chi-squared test. In addition, the number of iL3s on feces and in zone 2 differed significantly between 
A. ceylanicum and S. stercoralis iL3s (P<0.001, Fisher’s exact test with Bonferroni correction).



Fig. S8. Nictation frequency does not correlate with nematode body length. Graph shows the 
average body lengths and nictation frequencies for 8 nematode species (Caenorhabditis elegans, 
Steinernema carpocapsae, Heterorhabditis bacteriophora, Strongyloides stercoralis, Strongyloides 
ratti, Nippostrongylus brasiliensis, Heligmosomoides polygyrus, and Ancylostoma ceylanicum). No 
significant correlation between body length and nictation frequency was observed (Pearson r2 = 0.342, 
P = 0.128). Body length measurements are for the dauer (Caenorhabditis elegans), infective juvenile 
(Heterorhabditis bacteriophora and Steinernema carpocapsae), or iL3 (all other species) life stage.  
Average body lengths for Strongyloides stercoralis, Strongyloides ratti, and Ancylostoma ceylanicum 
were calculated to be 515, 520, and 603 µm, respectively (n = 11-13 iL3s measured per species). 
Average body length data for the other species are from Adams and Nguyen, 2002; Camberis et al., 
2003; and Cassada and Russell, 1975 (22-24). Nictation frequencies for Strongyloides stercoralis and 
Ancylostoma ceylanicum are from Fig. 3. The nictation frequency for Caenorhabditis elegans dauers 
(Hawaii strain) was calculated to be 50% (n = 22 worms). The nictation frequencies for all other 
species are from Castelletto et al., 2014 and Ruiz et al., 2017 (2, 7). 
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Fig. S9. S. stercoralis wild-type iL3s navigate toward the host odorant 3-methyl-1-butanol. a.  
Schematic for isolating S. stercoralis iL3s for single-iL3 chemotaxis assays. S. stercoralis free-living adults 
were allowed to mate on fecal-charcoal plates and populations of wild-type iL3 progeny were collected 
using a Baermann apparatus. Individual iL3s were then live-tracked in a chemotaxis assay where the iL3 
could crawl freely on an agar surface in an odorant gradient. Black dot = placement area of a 5 µL drop of 
a 1:10 dilution of the attractive odorant 3-methyl-1-butanol (3m1b) in paraffin oil; grey dot = placement 
area of a 5 µL drop of paraffin oil control (PO); black circles around the dots = the experimental or control 
zones surrounding the 3m1b or PO, respectively. Grey line = hypothetical reconstruction of the migratory 
path of an iL3 in the chemotaxis assay; the plus sign indicates the starting position of the iL3. b, c. Tracks 
of wild-type iL3s migrating for approximately 6 minutes, or until the iL3s left the 5 cm assay arena, in a 
3m1b odorant gradient (b) or in a control assay where PO was added to both zones (c). For the PO control 
assays, one of the zones was arbitrarily designated the experimental zone. Each colored line indicates the 
migration of an independently tested iL3; the plus signs indicate the starting positions of the iL3s. Black 
dots, grey dots, and black circles are as defined above. d. The percentage of wild-type iL3s entering the 
experimental zone for either the 3m1b odorant gradient assay or the PO-only control assay. A larger 
percentage of iL3s enter the experimental zone when 3m1b is present. **P<0.01, Fisher’s exact test. e. 
The time spent by each iL3 in the experimental zone for either the 3m1b odorant gradient assay or the 
PO-only control assay. iL3s spend more time in the experimental zone when 3m1b is present.  
***P<0.001, Mann-Whitney test. n = 24-25 iL3s for each assay condition in d-e.
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Fig. S10. Strategy for CRISPR/Cas9-mediated targeted mutagenesis of Ss-tax-4 and genotyping 
for homology-directed repair (HDR). a. The C. elegans and S. stercoralis tax-4 genes. The Ss-tax-4 
CRISPR target site and predicted on-target activity score is indicated (orange line) (10, 11). Scale bars = 
100 bp. b. Homology-directed repair (HDR) strategy for Ss-tax-4. iL3s expressing mRFPmars along the 
full nematode body wall were selected as integration candidates and genotyped using the PCR primer 
sets indicated (10, 11). HA = homology arm. c. Left, representative gel and inferred genotypes of a 
wild-type iL3 and three mRFPmars-expressing F1 iL3s collected from Ss-tax-4 CRISPR-injected adults. 
gDNA from each iL3 was evenly divided into four reactions: ctrl. = reaction amplifying 416 bp of the first 
exon of the Ss-act-2 gene to confirm successful gDNA isolation; wt = reaction amplifying the Ss-tax-4 
wild-type CRISPR locus where primer R1 overlaps the predicted cut site; 5’ = reaction for HDR at the 5’ 
border of the integrated cassette; 3’ = reaction for HDR at the 3’ border of the integrated cassette. 5’ and 
3’ integration primer pairs amplify only following successful integration of Ss-act-2::mRFPmars into the 
Ss-tax-4 target locus. For iL3 genotypes: array expression = mRFPmars-expressing iL3 that showed no 
evidence of repair template integration; +/- or mosaic = mRFPmars-expressing iL3 that showed 
integration but also showed wild-type DNA remaining at the target locus; -/- integrated = iL3s containing 
an Ss-tax-4 homozygous disruption (asterisk) showing 5’ and 3’ integration and no amplicon for the 
wild-type locus. Right, summary of the PCR-genotyping scheme and predicted amplicon sizes. Size 
markers = 3 kb, 2 kb, 1.5 kb, 1 kb, and 500 bp from top to bottom. Primer pairs used for genotyping are 
shown in SI Appendix, Table S4. d. Automated detection of PCR amplicons and relative quantification of 
bands. The relative amount of DNA for each mRFPmars-expressing F1 iL3 was quantified using the 
wild-type control as a reference. Blue “R” = reference band for quantification of the act-2 control 
reactions; green “R” = reference band for quantification of the Ss-tax-4 wild-type locus reactions; nd * = 
no PCR amplicon was detected, thus this iL3 was considered to have an Ss-tax-4 homozygous 
disruption.



Fig. S11. S. stercoralis iL3s that have activated show decreased dispersal behavior relative to 
S. stercoralis iL3s that have not activated. Dispersal from the center zone of a 10-cm plate was 
measured for iL3s subjected to either activation conditions (37°C, DMEM, 5% CO2) or control 
conditions (room temperature, BU saline, no applied CO2). Left, diagram of the dispersal assay. iL3s 
were placed in the center of a 10-cm plate and then allowed to disperse at room temperature for 1 hour. 
The percentage of iL3s that had crawled out of Zone 1 and into Zone 2 was then quantified. Right, the 
iL3s subjected to activation conditions (“activated iL3s”) dispersed less than the iL3s subjected to 
control conditions (“non-activated iL3s”). ****P<0.0001, Welch’s t-test.  n = 32 trials for each condition. 
Each dot represents an individual dispersal assay. Lines show medians and interquartile ranges.
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Fig S12. In vitro activation of S. ratti and P. trichosuri iL3s. a. Heat and CO2 are required for 
activation of S. ratti iL3s. *P<0.05, ****P<0.0001, Kruskal-Wallis test with Dunn’s post-test. n = 7-14 trials 
per condition. b. Heat and CO2 are required for activation of P. trichosuri iL3s. *P<0.05, ****P<0.0001, 
Kruskal-Wallis test with Dunn’s post-test. n = 7-14 trials per condition. For a and b, % of iL3s activated 
= # FITC-positive iL3s / total # iL3s scored. Green dots = % activation for each trial, with approximately 
100 iL3s scored per trial. Lines show medians and interquartile ranges.
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Supplementary Tables 

Table S1. Human-associated odorants tested. Superscripts denote the control used in chemotaxis 
assays and the diluent used to make 1:10 odorant dilutions as described in the methods (p = paraffin 
oil, w = ddH2O, e = ethanol). Odorant sources are not exhaustive. Animal feces were also tested and 
were diluted in ddH2O. 

Odorant Class Human Source CAS # References 
3-methyl-1-butanol(p) alcohol skin, sweat, feces, saliva 

 
123-51-3 (25-29) 

1-heptanol(p) alcohol sweat, feces, hair, scalp 
 

111-70-6 
 

(25, 26, 29, 30) 

1-octanol(p) alcohol sweat, feces, hair, scalp, urine 
 

111-87-5 
 

(25, 26, 28-30) 

1-nonanol(p) alcohol sweat, feces, hair, scalp 
 

143-08-8 
 

(25, 26, 28-30) 

farnesol(p) alcohol sebum 
 

4602-84-0 
 

(31) 

3-heptanol(p) alcohol skin, feces 
 

589-82-2 
 

(29, 32) 

2-phenylethanol(e) alcohol feces, urine 
 

60-12-8 
 

(29, 33) 

isovaleric acid(p) acid skin, sweat, feces, saliva, urine 
 

503-74-2 
 

(25-27, 29, 34-36) 

acetic acid(w) acid skin, sweat, feces, hair, scalp, 
breath, saliva 
 

64-19-7 
 

(25, 28-30, 33-35, 37-40) 

hexanoic acid(p) acid skin, sweat, feces, saliva, urine 
 

142-62-1 
 

(25, 26, 29, 34, 36-38) 

decyl acetate(p) acetate feces 112-17-4 
 

(28) 

3-octanone(p) ketone feces, saliva 
 

106-68-3 
 

(26, 29) 

β-myrcene(p) 

 
hydrocarbon feces 123-35-3 

 
(26) 

tetradecane(p) 

 
hydrocarbon skin, feces, hair, scalp 

 
629-59-4 
 

(26, 29, 30, 37) 
 

pentadecane(p) hydrocarbon skin, feces, hair, scalp 
 

629-62-9 
 

(29, 30, 37) 

p-cresol(p) 

 
aromatic skin, feces, urine 

 
106-44-5 
 

(26, 29, 33, 38, 40, 41) 

α-terpinene(p) 

 
aromatic urine, saliva 99-86-5 

 
(29, 42) 

skatole(e) aromatic 
heterocyclic 

feces, urine 83-34-1 
 

(29, 33, 41, 43) 

indole(e) aromatic 
heterocyclic 

skin, sweat, feces, urine 
 

120-72-9 
 

(25, 26, 28, 29, 33, 37, 41, 
43, 44) 

α-pinene(p) 

 
bicyclic 
monoterpene 

feces, breath 7785-70-8 
 

(26, 29, 45) 

3-carene(p) 

 
bicyclic 
monoterpene 

feces, breath 498-15-7 
 

(26, 29, 45) 

 
 
Table S2. Summary of Ss-tax-4 microinjections, F1 iL3 screening, and genotyping of Ss-tax-4 knockout 
iL3s. Percentages in the last two columns were calculated based on the number of red iL3s genotyped 
by PCR. na = not available; total progeny counts were not recorded for this experiment. The bottom 
row shows the totals from all experiments. 

# free-living 
adults injected 

# iL3s 
screened 

# red iL3s 
collected 

# red iL3s 
genotyped 

# repair-template 
integrated (%) 

# Ss-tax-4 
knockouts (%) 

20 na 40 25 19 (76%) 8 (32%) 
15 333 12 12 6 (50%) 3 (25%) 
17 680 6 6 4 (66%) 3 (50%) 
30 487 18 18 14 (77%) 6 (33%) 
23 160 12 12 9 (75%) 4 (33%) 
25 256 10 10 8 (80%) 5 (50%) 
24 891 12 12 12 (100%) 9 (75%) 

154 2,807 110 95 72 (76%) 38 (40%) 



Table S3. Plasmids used in this study. pPV540 was modified from pPV402, which is described in Shao 
et al., 2012 (46). pEY11 was modified from pAJ50, which is described in Junio et al., 2008 (16). pMLC47 
was generated in Gang et al., 2017 (10). The plasmids were used previously in Bryant et al., 2018 (11). 

Construct Description Backbone 
pPV540 (Sr-eef-1Ap::Cas9::Ss-era-1 3’UTR) 
 

Strongyloides codon-optimized Cas9 pPV402 

pMLC47 (Sr-U6p::Ss-tax-4-sgRNA::Sr-U6 
3’UTR) 
 

sgRNA for Ss-tax-4 pUC57-Kan 

pEY11 (5’HA::Ss-act-2p::mRFPmars::Ss-
era-1 3’UTR::3’HA) 
 

HDR construct for Ss-tax-4 pAJ50 

 
 
Table S4. Oligonucleotides used in this study. F = forward primer; R = reverse primer. 

Oligonucleotide set (5’ to 3’) Description Size (bp) Notes 
 
F: TGGTTATCCTCTGACTTGATAGCTG 

R: TCAATATTTTGTACTGGACCAGGAAC 
 

 
Ss-tax-4 5’ homology 
arm in pEY11 

 
539 bp 

 
 

 
F: TCGATGATTTCCAATATGTCTGCTG 

R: TCCACTGTATTTTGTTCTTCTGGTG 

 

 
Ss-tax-4 3’ homology 
arm in pEY11 

 
671 bp 

 

 
F: GTATTCCCTTCTATTGTTGGAAGACC 

R: CCTTCATAGATTGGTACAGTGTGAG 
 

 
Ss-act-2 exon 1 
gDNA control 

 
416 bp 

 
Control in 

Figure S10 

 
F: TTCTAATTCTTCAAAAATGCCAAAGTCC 

R: TTGTAGCAAAAATTAAAACCCCACC 
 

 
Ss-tax-4  
wild-type locus 

 
965 bp 

 
F1 x R1 in 
Figure S10 

 
F: TTCTAATTCTTCAAAAATGCCAAAGTCC 

R: CGAGGTACCTCTTTTCCACACTT 
 

 
Ss-tax-4 
5’ integration 

 
1,039 bp 

 
F1 x R2 in 
Figure S10 

 
F: AAACAGAAACAGATTGGGTCTCT 

R: AGGTTTGTAAGTCAATGCATCTTGG 

 
Ss-tax-4 
3’ integration 

 
1,119 bp 

 
F2 x R3 in 
Figure S10 

 
 
 
Supplementary Movie Legends 

Movie S1. An S. stercoralis wild-type iL3 emerging from a ~1 µL droplet of ddH2O and crawling toward 
3-methyl-1-butanol (3m1b). Black dot = placement area of a 5 µL drop of a 1:10 dilution of 3m1b; grey 
dot = placement area of a 5 µL drop of paraffin oil control. Inner circles = experimental zones for the 
odorant and control; outer circle = arena for the single-iL3 chemotaxis assay. Scale bar = 1 cm. Movie 
speed is 60x.  

Movie S2. An S. stercoralis wild-type iL3 emerging from a ~1 µL droplet of ddH2O crawling in a paraffin 
oil control assay. Grey dots = placement areas of 5 µL drops of paraffin oil control. Inner circles = 
experimental zones; outer circle = arena for the single-iL3 chemotaxis assay. Scale bar = 1 cm. Movie 
speed is 60x.  



Movie S3. A no-Cas9-control iL3 emerging from a ~1 µL droplet of ddH2O and crawling toward 3-
methyl-1-butanol (3m1b). Black dot = placement area of a 5 µL drop of a 1:10 dilution of 3m1b; grey dot 
= placement area of a 5 µL drop of paraffin oil control. Inner circles = experimental zones for the odorant 
and control; outer circle = arena for the single-iL3 chemotaxis assay. Scale bar = 1 cm. Movie speed is 
60x.  

Movie S4. An Ss-tax-4 iL3 emerging from a ~1 µL droplet of ddH2O that fails to navigate toward 3-
methyl-1-butanol (3m1b). Black dot = placement area of a 5 µL drop of a 1:10 dilution of 3m1b; grey dot 
= placement area of a 5 µL drop of paraffin oil control. Inner circles = experimental zones for the odorant 
and control; outer circle = arena for the single-iL3 chemotaxis assay. Scale bar = 1 cm. Movie speed is 
60x.  
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