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SUMMARY

The parasitic nematode Strongyloides stercoralis, has several alternative developmental pathways. Upon exiting the host

(humans, other primates and dogs) in faeces, 1st-stage larvae (L1) can enter the direct pathway, in which they moult twice

to reach the infective 3rd-stage. Alternatively, if they enter the indirect pathway, theymoult 4 times and become free-living

adults. The choice of route depends, in part, on environmental cues. In this investigation it was shown that at temperatures

below 34 xC the larvae enter the indirect pathway and develop to free-living adulthood. Conversely, at temperatures

approaching body temperature (34 xC and above), that are unfavorable for the survival of free-living stages, larvae develop

directly to infectivity. The time-period within the L1’s development during which temperature influenced the choice of

the pathway depended on the temperature, but, at any given temperature, occurred approximately in the middle of the

time-span spent in the L1 stage, which varied inversely with temperature. This critical period was associated with the time-

interval in which the number of cells in the genital primordium began to increase, thus providing a morphological marker

for the pathway decision in individual worms. Sensing the environment is the function of the amphidial neurons, and

therefore we examined the role of individual amphidial neurons in controlling entry into the direct pathway to infectivity.

The temperature-sensitive developmental switch is controlled by the neuron pair ALD (which also controls thermotaxis),

as seen by the loss of control when these neurons are ablated. Thus, in S. stercoralis a single amphidial neuron pair controls

both developmental and behavioural functions.
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INTRODUCTION

Strongyloides stercoralis, an intestinal nematode

parasite of dogs and primates, including humans, is

virtually unique because it can multiply both within

its host as well as in the external environment by

following alternative developmental pathways. The

1st-stage larvae (L1) entering the environment in

the host’s faeces can develop directly to the infective

3rd-stage larvae (L3i) or, alternatively, to free-living

adult male and female worms. Several environmental

factors, including temperature (Premvati, 1958;

Nwaorgu, 1983; Viney, 1996), food (Moncol &

Triantaphyllou, 1978; Minematsu, Tanaka & Tada,

1989) and immune status of the host (Gemmill, Viney

& Read, 1997) influence the choice of developmental

pathways in other members of the genus Strongy-

loides. The main sensilla by which nematodes rec-

ognize environmental cues are the amphids, paired

cilia-containing sensory organs at the anterior tip of

the worm. The amphidial neurons of S. stercoralis

have been physically mapped from the tips of their

dendritic processes in the amphid per se to their cell

bodies in the more posteriorly positioned paired

lateral ganglia (Ashton et al. 1995). The functions of

several of these amphidial neurons are known from

laser microbeam ablation studies (Ashton et al. 1998;

Lopez et al. 2000a) and others are inferred by

homology with Caenorhabditis elegans (Ashton, Li &

Schad, 1999). For example, in C. elegans the choice

of developmental pathways is controlled by the am-

phidial neuron pairs ADF and ASI. These neurons

sense the species’ population density via dauer

pheromone and respond to control the direction of

worm development (Albert, Brown & Riddle, 1981;

Bargmann & Horvitz, 1991). In S. stercoralis the

homologous neuron pairs (ASF and ASI) also con-

trol the direction of development (Ashton et al. 1998).

Here we report that the free-living L1 of S.

stercoralis can respond to potentially adverse
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environmental temperatures by changing the direc-

tion of its development from the indirect pathway,

involving a generation of free-living adults, to a direct

pathway producing the environmentally resistant,

longer-lived L3i (the infective stage of this parasite).

Furthermore, we show that the neurons that mediate

this decision are the thermosensitive pair, ALD.

Lopez et al. (2000a) have shown that the neurons

of the class ALD (Amphidial neuron: Lamellar

dendrite, cell body ‘‘D ’’) control thermotaxis in S.

stercoralis and, therefore, probably serve as thermo-

receptors, similar to the possibly homologous neuron

pair AFD in C. elegans (Mori & Ohshima, 1995).

MATERIALS AND METHODS

Strongyloides stercoralis

The strain was isolated from, and has been main-

tained in, dogs since 1982 (Schad, Hellman &

Muncey, 1984). The 1st-stage larvae (L1) were ob-

tained from the fresh faeces of an infected dog using

a modified Baermann apparatus. L1 were grown to

adults or 3rd-stage larvae (L3) in organ culture

dishes (60 mmr15 mm, BD, Franklin Lakes, NJ)

containing 1 ml of 1% agarose (Type I-A, Sigma

Chemical Co., St Louis,MO) in the centre well, with

saline in the outer moat. A small amount (about

5 mg) of dog faeces placed at the centre of the agarose

base served as a food source for the larvae (Ashton

et al. 1998).

Effect of temperature on development

Pairs of organ culture plates harboring L1 were

incubated in larger Petri dishes lined with a moist

paper towel to provide high humidity. These were

then placed in environmental chambers (Percival,

Boone, Iowa) maintained at the desired constant

temperature. Normally 10 L1 were placed on each

plate, although in a few experiments 20 to 200 L1

were used. Two to five plates were incubated at each

test temperature each time an experiment was rep-

licated. In each replicate a set of plates was also

incubated at 26 xC to ensure that the particular batch

of worms were developing ‘normally ’. In studies to

determine the critical time during incubation at

which temperature could shift the developmental

pathway, plates were moved between environmental

chambers set at different temperatures. At 24 h after

the worms were placed on culture plates, living

worms were recovered, identified as to stage (L3i,

adult, or undeveloped), and counted. The percentage

survival was calculated by dividing the number of

worms recovered (any stage of development) by the

number of worms originally placed onto the plate

and multiplying by 100. The percentage developing

to adulthood was obtained by dividing the number of

adults recovered from a plate by the total number

of developed worms (L3i and adults) recovered from

that plate multiplied by 100.

Morphological changes in the L1 during development

The morphological changes which take place within

the genital primordium (GR) of the L1 grown at

26 xC were described by Lopez, Nolan & Schad

(2000b). To determine the time-course of the L1’s

GR changes at 37 xC, we placed freshly collected L1

at 37 xC and examined 10 anaesthetized worms at

each of the following times: 0, 0.5, 1, 1.5, 2.5 and

3.5 h. The number of cells in the GR of each worm

was recorded, as was the presence or absence of a

cuticular sheath (i.e. moulting or not moulting).

Laser microbeam ablation of neuronal cell bodies. L1

were anaesthetized and ablations of the amphidial

cell body pairs were performed as described by

Ashton et al. (1998), with the exception that the

uppermost cell body of the laterally positioned worm

was given 20 laser pulses and the lower cell body

was given 30 pulses. Cell bodies were located using

differential interference contrast microscopy and a

previously developed cell map (Ashton et al. 1998).

Either the ALD pair (the thermoreceptor neuron

pair) or the ASK pair (not known to have any

developmental function in C. elegans (Bargmann

& Mori, 1997), and presumed not to have any in

S. stercoralis – used as a control in this study) were

targeted in each worm. The worms in which both of

the target-pair were not clearly visible, were de-

stroyed by using the laser to cut a hole in the cuticle.

Operated L1 were placed on agar plates (10–25 per

plate) with normal gerbil faeces and incubated at

36 xC for 22 to 24 h. Thereafter, worms were re-

covered and the stage of development for each was

determined. Control plates with worms that had not

undergone surgery (10–40 per plate) were also placed

at 36 xC. As in the temperature experiments de-

scribed above, a set of plates with L1 that had not

undergone surgery was incubated at 26 xC (10–40

worms per plate) to confirm normal development for

each batch of L1.

Several ALD-ablated worms that, as predicted,

developed to the adult stage at 36 xC, were examined

using a transmission electron microscope (Ashton

et al. 1995) and their amphidial structure was com-

paredwith normal adults that had developed at 26 xC.

Statistical analysis

Data were analysed using logistic regression and

negative binomial regression. Initially, a reference

situation was identified (e.g. sex, temperature, ab-

lation status), and logistic regression of outcome

(e.g. survival) by treatment groups was preformed.

To confirm the robustness of any statistical differ-

ences thus obtained, the analysis was repeated using
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negative binomial regression, thereby testing and

validating the assumptions of observations indepen-

dence. All statistical analysis was performed using

STATA 8 and, in addition to the above regression

modules, data tabulation, data summarization, and

graphical procedures were used in conjunction with

data screening. Results were considered to be a con-

sequence of experimental control (treatments) when

their probability of having arisen by chance was less

than 0.05.

RESULTS

Developmental response to environmental temperature

When freshly isolated L1 of S. stercoralis were cul-

tured at temperatures ranging from 15 xC to 31 xC,

the majority of worms developed to the free-living

adult stage (range 94.1 to 100% of developed worms,

Fig. 1A).When comparedwith development at 26 xC

(the standard culture temperature), there was no

statistical difference (P>0.05) between any of these

temperatures (15 xC to 31 xC) with respect to the

developmental pathwaychosen.Worms at 15 xCwere

slow to develop and were counted at 3 days, rather

than after 1 day as was the case at other temperatures.

Survival at temperatures between 17 xC and 31 xC

was high (88.9%) and varied very little, however, at

15 xC it was poor, with only 42.5% of the worms still

alive on day 3. At 34 xC and above, the larvae tended

to develop directly to L3i. Thus, the percentage of

adults recovered at 1 day decreased with increasing

temperature (above 31 xC, Fig. 1A). Survival also

decreased with increasing temperature (Fig. 1B).

The percentage of adults recovered at 34 xC to 40 xC

was significantly less than that seen at 26 xC (P<
0.001 in all cases) and significantly fewer worms

survived at these temperatures as compared to 26 xC.

At 40 xC, only 3.8% of the worms survived and all

survivors developed directly to the L3i. Larval

density (from 10 to 400 L1 per culture plate) had no

effect on the choice of developmental pathway at a

given temperature. When 200 to 400 L1 were placed

on plates at 26 xC, 91.3% developed to adults, com-

pared to 94.9% when 10–40 L1 were placed on

identical plates.

While the percentage of L1 developing to adult

females decreased with increasing temperature above

31 xC, the percentage developing to adult males did

not differ significantly over the range of temperatures

examined (26 xC to 39 xC). For example, while 21.6%

of the worms recovered at 26 xC were males and only

9.3% of the worms recovered at 39 xC were males,

these percentages were not significantly different

(P=0.15; 95% confidence interval: 0.10, 1.42). The

percentage of males recovered ranged from 26.6% to

9.3% within this temperature range, with the higher

percentages being found at temperatures of 34 xC

and below.

Period during which environmental temperature

governs the choice of developmental pathways

At 26 xC 2–3 h were required to set the develop-

mental pathway of L1 entering the external en-

vironment in the faeces (Fig. 2A). If they weremoved

to 36 xC at any time before this, they behaved as if

they had never experienced the lower temperature.

For example, L1 kept at 26 xC for 2 h before being

moved to 36 xC had significantly fewer adults

develop compared to L1 kept at 26 xC for the entire

24 h (Odds Ratio=0.0487, P=<0.001, 95% confi-

dence interval=0.0163, 0.145). Conversely, if they

were moved to the higher temperature at 3 h (or

later), the L1 developed as if they had never experi-

enced the higher temperature (L1 moved at 4 h de-

veloped to a similar percentage of adults as L1 kept at

26 xC for the entire 24 h (Odds Ratio=1.95,
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Fig. 1. (A) The developmental pathway of Strongyloides

stercoralis as a function of temperature. Female 1st-stage

larvae having emerged from a host in the faeces, may

develop either to the free-living adult stage or to an

infectious 3rd-stage larva (L3). Male larvae can only

develop to adulthood. The graph shows the mean

percentage of the population that developed to adulthood

at a given temperature, worms not developing by this

pathway developed to the infective L3 stage. (B) Survival

of environmental stages of S. stercoralis as a function of

temperature. The graph shows the mean percentage of

living worms recovered, after 24 h at the given

temperature, from plates seeded with L1.
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P=0.55, 95% confidence interval=0.21, 17.89)).

When the L1 were initially placed at a high tem-

perature (36 xC), they set their developmental path-

way by 1.5 h (Fig. 2B): L1 moved at 1.5 h were not

significantly different from L1 kept at 36 xC for 24 h

(Odds Ratio=2.1, P=0.19, 95% confidence inter-

val=0.69, 6.4), while L1 kept at 36 xC for only 1 h

differed significantly from L1 kept at 36 xC for 24 h

(Odds Ratio=14.6, P=<0.001, 95% confidence

interval=6.9, 30.9).

The number of cells in the genital primordium

(GP) can be used as an indicator of development

when within-stage morphological change is minimal

(Lopez et al. 2000b). At 26 xC there is an initial 3 h

period in which the cell number in the GP of recently

collected L1 does not change. This is followed by

a doubling over the next 2 h (Lopez et al. 2000b).

In sharp contrast, when L1 recently isolated from

faeces were placed at 37 xC, the number of cells in the

GP began increasing after just 1 h (Fig. 3). The cell

number at 0 and 1 h is not significantly different

(P=0.18, two-tailed t-test) while the number at 1 h is

significantly different from that seen at 1.5 h (P=
0.03, two-tailed t-test). The time-points at which the

L1 makes its developmental decision at both 26 xC

and 36 xC, therefore, correspond to the beginning

of morphological development, as indicated by the

increase in the number of cells in the GP.

Ablation of the amphidial thermosensitive neuron

pair (ALD) changes the direction of development

When the neuron pair ALD was ablated in freshly

isolated L1 and the larvae were then incubated at

36 xC, 75.8% developed to adulthood (Fig. 4) rather

than to L3i as would be expected in normal, non-

operated, worms. This differed significantly from the

developmental choice made when control neurons

were killed or when normal control worms were

tested. In these cases larvae developed directly to

infectivity with only 47.1% of ASK ablated worms

developing to adults (Odds Ratio: 0.45, 95% con-

fidence interval : 0.25, 0.80, P=0.007 vs ALD-

ablated). Survival rates of ALD-ablated and ASK-

ablated larvae were no different from the survival

of normal L1 placed at 36 xC. In the case of ALD

ablation, 56 of 85 worms (65.9%) survived 24 h at

36 xC. Similarly, 62 of 80 ASK ablated worms

(77.5%) survived and 90 of 120 normal (no ablation)

larvae (75%) survived 24 h at 36 xC. Normal L1 (no

ablation) from each experiment, placed at 26 xC,

developed as expected (an average of 98%were adults

at 24 h). By 24 h ALD-ablated worms showed a loss

of the lamellae constituting the dendritic processes of

these temperature-sensitive neurons (Fig. 5).

DISCUSSION

Several species of Strongyloides make temperature-

dependent developmental choices. S. fulleborni

grown at 25 xC develops to free-living adulthood

exclusively, but, when grown at either 15 xCor 37 xC,

a small percentage develop to the infective-stage
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Fig. 2. The initial temperature at which L1 are raised

determines the future course of development. (A) The

effect of incubation time at 26 xC on the direction of

development. The graph shows the mean percentage of

worms developing as adults after spending various

amounts of time at 26 xC before being moved to 36 xC.

(B) The effect of incubation time at 36 xC on the

direction of development. The graph shows the mean

percentage of worms developing as adults after spending

various amounts of time at 36 xC before being moved

to 26 xC.
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Fig. 3. The development of the genital primordium

(GR) in the L1 at 37 xC. Freshly isolated L1 were

incubated at 37 xC for various times. Thereafter, the

number of cells in their GR was determined. Each

point represents the mean of 10 larvae. Error bars

indicate 1 standard deviation from the mean.
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(L3i) (Premvati, 1958). Similarly, S. papillosus pro-

duces a greater percentage of L3i at 20 xC than at

either 15 xC or 35 xC (Nwaorgu, 1983), whereas, S.

ratti produces the greatest percentage of L3i at 13 xC

and the least at 30 xC (Viney, 1996). In contrast, S.

stercoralis produces an increasing percentage of L3i

at temperatures above 34 xC than at lower tempera-

tures ranging to 15 xC. This pattern is similar to that

shown by Caenorhabditis elegans. This free-living

nematode produces a greater percentage of dauer L3,

(homologous to parasitic infective larvae, Hotez,

Hawdon & Schad, 1993), at higher than lower

temperatures (Riddle, 1988). Thus both species tend

to develop to environmentally resistant forms at

higher temperatures. Survival of S. stercoralis is

minimal at temperatures of 40 xC and above and at

those below 15 xC.

The percentage of worms developing to adult

males did not change with temperature and was not

expected to. Sex in S. stercoralis is determined by the

number of chromosomes the embryo possesses

(Hammond & Robinson, 1994), and since all L3i

must be female (with 6 chromosomes), only female

L1 can chose between the two developmental op-

tions. Nwaorgu (1983), working with S. papillosus,

and Premvati (1958), working with S. fulleborni,

both showed that the percentage of larvae developing

to adult males was unaffected by temperature.

Although there was no significant difference in the

percentage of worms developing to adult males at any

temperature, the percentage of adult males at 36 xC

and 39 xC was much less than at lower temperatures.

This might indicate that, in general, male larvae do

not survive long enough to develop to adulthood at

these high temperatures.

Nwaorgu (1983), by switching developing cultures

of S. papillosus from 20 xC to 30 xC (and vice versa),

showed that the decision to develop to either L3i or

free-living adulthood was made during the L1 stage.

With S. stercoralis we also demonstrated that the

decision is made during L1 development, and have

narrowed the critical period to the time during which

morphological change in the gonad begins (ap-

proximately the midpoint in the development of the

L1 outside the host). This provides a morphological

marker by which we can reasonably determine if

an L1 has made a developmental choice. Once its

developmental pathway was set, moving a larva to a

different temperature failed to affect the stage into

which the larva would subsequently develop. Tem-

perature regulation of dauer formation in C. elegans

also requires that the exposure to the higher tem-

perature be approximately at the time of theL1moult

(Golden & Riddle, 1984).

Development of S. stercoralis L1 to free-living

adulthood (as seen in worms grown at temperatures

below 34 xC) appears to be the default pathway when

the direction of development is controlled by tem-

perature. Destruction of the thermoreceptive neuron

Fig. 5. Effect of laser micro-beam ablation of the cell

body of the neuron ALD on the ultrastructure of its

dendritic processes. The neuron pair ALD was ablated

in the L1 and the worms were then incubated for 24 h at

36 xC. The resulting adult worms were recovered, fixed

and sectioned for transmission electron microscopy.

Normal adult worms (grown at 26 xC) were also examined.

The section on the right, from an ALD-ablated adult

worm, shows that the terminal lamellae of the complex

dendrite of the ALD neuron are missing although, such

visible damage to the ablated neuron is not always

apparent by 24 h. The section on the left is from a normal

adult worm; the lamellae of ALD are evident.
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Fig. 4. Effect of ablation of the neuron pair ALD on the

direction of development at 36 xC. Neither neuron pair

ALD (known thermosensitive neurons) nor neuron pair

ASK (ablation control) were ablated in freshly isolated L1

with a laser micro-beam. Non-operated L1 from the same

isolation were placed directly at either 36 xC or 26 xC as

normal controls. Compared to the ASK-ablated controls,

significantly fewer larvae developed to the L3i stage when

ALD was ablated (Odds Ratio: 0.45; P=0.007, 95%

confidence interval : 0.25, 0.80). There was no significant

difference in the percentage of larvae developing to L3i

between the ASK ablation controls and 36 xC normal

non-operated controls.
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pair (ALD) prevented S. stercoralis L1 placed at

36 xC from developing via the alternative pathway

to the L3i stage. Several explanations can be offered

for why only 75.8% of the ALD-ablated worms

developed to the adult stage. Because the develop-

mental decision is made during a very brief time-

interval, some L1 undergoing laser surgery near the

end of each experiment may have already made their

decision. Furthermore, successful ablation of each

neuron of the targeted pair could not always be

confirmed at the time of the laser surgery, conse-

quently some of the worms may have had only one

of the two neuronal cell bodies sufficiently damaged

to result in its death. In thermotaxis experiments

(Lopez et al. 2000a), S. stercoralis larvae with only

one of the pair of ALD neurons surviving could still

behave normally. Therefore, we assume that larvae

with one functional ALD neuron could still make

a temperature-influenced developmental decision. In

contrast, however, inC. elegans, mutants defective in

thermotaxis remained responsive to dauer-inducing

pheromone in a temperature-dependent manner

(Golden & Riddle, 1984). Temperature is not the

only factor involved in S. stercoralis’ choice between

developmental pathways; at all temperatures below

34 xC, a small percentage of larvae will develop to the

L3i stage, apparently basing their decision on other

factors.

Based on the results presented here and those of

Ashton et al. (1998) there are two time-points in

the development of the S. stercoralis L1 at which

amphidial neurons control the choice of develop-

mental routes. In young L1, still in the small intes-

tine of the host, if the amphidial neurons ASF and

ASI are intact, and sense a normal environment,

the L1 is prevented from developing to the L3a, the

precocious autoinfective stage. In C. elegans the

analogous neurons (ADF and ASI) are sensitive to

the dauer pheromone that inactivates these neurons,

directing the worms into the dauer pathway. Simi-

larly, the death of these neurons by laser ablation

also directs the L1 into the dauer development

(Bargmann & Horvitz, 1991). Based on these

observations one might speculate that in heavy

S. stercoralis infections a pheromone, increased

corticosteroid levels, or some component of the

immunological status of the host might inactivate

neurons ASF and ASI leading to direct internal de-

velopment of the larvae (autoinfection), a potentially

fatal developmental alternative for the infected host.

The temperature-driven development to the L3i

(mediated by the ALD neurons) that occurs at host-

like temperatures, may also be an important deter-

minant of autoinfection in S. stercoralis. Normally,

L1 that hatch from eggs laid in the small intestine of

the host pass out with the faeces at a very young,

‘undeveloped’ stage. This can be seen in data con-

cerning the cell-number in the genital primordium

(Lopez et al. 2000b) of larvae recently expelled from

the host in faeces. As our donor animals normally

defaecate only twice a day, the larval population in

the faecesmust include diverse ages, with possibly up

to a 12 h difference in age represented. However, the

cell number in the genital primordium of all the L1

recovered from fresh canine faeces remains constant

for about 3 h after the larvae have been recovered. If

the factors that control this ‘stasis’ within the host

deteriorate, the L1 might initiate development in the

intestinal lumen. Since these L1 are still in the host at

a temperature exceeding 34 xC, female larvae would

develop to the autoinfective L3a stage. Male L1

would have no choice and would develop to free-

living adults. This may explain the often questioned

and generally rejected observation of Kreis (1932)

and Faust (1933) of seeing adult male worms with the

morphology of the free-living male in dogs. In rare

cases we have seen adult males, with the morphology

of free-living males, in the colon of gerbils with

autoinfective disease (data not published).

If S. stercoralis L1 emerge from the host and

experience a high external temperature, as sensed

by the neuron pair ALD, they will tend to develop

to L3i. This will increase the population ready for

re-invasion. However, if the temperature is low, a

generation of adult worms will be produced, in-

creasing the worm population’s life in time and space

and creating an opportunity to invade new im-

munologically naive hosts, thus increasing the para-

site’s potential for survival. However, environmental

temperature would not be the only determinate of the

developmental pathway chosen by the L1. Im-

munological factors of the host may have pre-set the

pathway (Gemmill et al. 1997), possibly through the

ASF and ASI neurons, or the availability of food

(Moncol & Triantaphyllou, 1978; Minematsu et al.

1989) during the first hours after emergence from the

host may influence the choice of pathways.
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