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In experimentally infected insects, the sex ratio of first generation nematodes of five species of Steinernema
was female-biased (male proportion 0.35-0.47). There was a similar female bias when the worms devel-
oped in vitro (0.37-0.44), indicating that the bias in these species is not due to a lower rate of infection by
male infective juveniles (IJs). Experimental conditions influenced the proportion of males establishing in
insects, indicating that male and female IJs differ in their behaviour. However, there was no evidence that
males are the colonising sex in any species, contrary to what has previously been proposed. Time of emer-
gence from the host in which the nematodes had developed influenced sex ratios in experimental infec-
tions. In three species (Steinernema longicaudum, Steinernema glaseri and Steinernema kraussei), early
emerged nematodes had a higher proportion of males than those that emerged later, with the reverse
trend for Steinernema carpocapsae and Steinernema feltiae. In a more detailed in vitro study of S. longicau-
dum, the proportion of males was similar whether or not the nematodes passed through the developmen-
tally arrested IJ stage, indicating that the female bias is not due to failure of males to exit this stage. The sex
ratio in vitro was independent of survival rate from juvenile to adult, and was female-biased even when all
juveniles developed, indicating that the bias is not explained by failure of males to develop to adults. The
female-biased sex ratio characteristic of Steinernema populations appears to be present from at least the
early juvenile stage. We hypothesise that the observed female bias is the population optimal sex ratio, a
response to cycles of local mate competition experienced by nematodes reproducing within insect hosts
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interspersed with periods of outbreeding with less closely related worms following dispersal.
© 2008 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The sex ratio of acanthocephalan and nematode parasites is fre-
quently biased towards females in both natural and experimental
infections (Poulin, 1997), while that of schistosomes is typically
male-biased (Mone and Boissier, 2004). The primary sex ratio of
animals is expected to be balanced (Fisher, 1930) but later events
such as differential survival and infection rates may result in
biased sex ratios of parasites within hosts. Early mortality of males
contributes to the female-biased sex ratio seen in many helminth
parasites of vertebrates (Roche and Patrzek, 1966; Stien et al.,
2005) while differential invasion rates of cercariae destined to be
male or female contributes to the male-biased sex ratio of schisto-
somes (Boissier and Mone, 2000). Different behaviour of male and
female infective stages has received little attention in parasitic
nematodes, apart from the entomopathogenic nematodes Steiner-
nema spp. Several studies have explicitly addressed the possibility
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that Steinernema infective juveniles (IJs) that are destined to be
male and female differ with respect to dispersal and/or infection
behaviour, affecting the within host sex ratio (Grewal et al,
1993; Lewis and Gaugler, 1994; Bohan and Hominick, 1997; Stuart
et al., 1998; Fujimoto et al., 2007).

Steinernema spp. (Rhabditida: Steinernematidae) are parasites
of a broad range of insects. Unlike most parasites they kill their
host, with the aid of their associated symbiotic bacteria, Xenorhab-
dus spp. (Kaya and Gaugler, 1993). The life cycle is direct: IJs ac-
tively invade living insects and release their bacteria in the
haemocoel, resulting in death of the host, often within 48 h. Sex
is chromosomally determined (Poinar, 1967). IJs develop to amphi-
mictic adults which reproduce within the host cadaver. There can
be up to three generations within a host, depending on resources
(Wang and Bedding, 1996). The Steinernema life cycle includes
two developmental pathways: juveniles develop directly to adults
within a host cadaver as long as conditions are favourable, but in
less favourable conditions (generally believed to be due to crowd-
ing and resource depletion (san-Blas et al., 2008)), developmentally
arrested IJs are formed which leave the cadaver to search for an-
other host. [Js may develop from eggs laid by generations under
poor conditions such as a crowded cadaver, but may also develop
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in each generation from eggs which hatch within the mother i.e., in
response to locally crowded conditions (Baliadi et al., 2004). The
short life cycle, ready availability of naive hosts and diversity of
species make Steinernema an attractive model for addressing many
biological questions (Stock, 2005).

Grewal et al. (1993) reported that male IJs of four species of Ste-
inernema (Steinernema glaseri, Steinernema carpocapsae, Steiner-
nema scapterisci and Steinernema anomali, but not Steinernema
feltiae) disperse, locate and establish in distant live hosts before
females, and proposed that males of these species are colonisers,
invading the host before females and making the infected host
more attractive to female IJs. This male colonisation hypothesis
was not supported by a later study on S. glaseri (Stuart et al.,
1998) and has remained controversial (Lewis et al., 2006). In con-
trast, Bohan and Hominick (1997) reported that female S. feltiae IJs
invaded insect hosts before males, leading to a markedly female-
biased sex ratio during the initial phase of the infection, but the
sex ratio became balanced as the infection progressed. Earlier arri-
val at the breeding area by one sex or the other is common across
animal taxa, and protandry, where males arrive at the breeding site
earlier than females, is the more common form of sex-biased
arrival timing (Morbey and Ydenberg, 2001). Although its adaptive
significance is not well understood, protandry is common in
arthropods, birds and other taxa (Morbey and Ydenberg, 2001).
Protandry may result if males either develop to adults earlier or
disperse to the breeding site earlier, on average, than females. Both
forms of protandry have been reported for species of Steinernema;
early dispersal of males from a given cohort of IJs (Grewal et al.,
1993) and early emergence of male IJs from the host (Lewis and
Gaugler, 1994; Fujimoto et al., 2007). Lewis and Gaugler (1994)
reported that in S. glaseri (but not S. carpocapsae) 1Js that will
develop into adult males emerge from their natal cadavers before
those that develop into females. They proposed that protandrous
emergence is more likely to be adaptive in species such as S. glaseri
which employ “cruising” as a strategy to seek their hosts, rather
than “ambush” foragers as is the case with S. carpocapsae. Since
ambush foragers rely on host movement it is unlikely that either
sex would find a host before the other. However, Fujimoto et al.
(2007) reported earlier emergence of male IJs in S. carpocapsae also.
There are thus two behavioural traits that may lead to a biased sex
ratio in experimental infections of Steinernema: a greater tendency
of one or the other sex within a population of infective juveniles to
infect (Grewal et al., 1993; Bohan and Hominick, 1997), and a
skewed population made up of unequal numbers of males and
females due to differential time of emergence from a host.

We report here a systematic study of Steinernema sex ratios
in vivo in experimentally infected hosts and in vitro. The first
objective was to look for evidence of differential dispersal or infec-
tion behaviour of male and female Steinernema juveniles as a con-
tributory factor to skewed sex ratios of first generation adults. For
this, we used the approach of Grewal et al. (1993), comparing the
sex ratio of nematodes established in near and distant hosts (using
filter paper and sand assays, respectively), based on the assump-
tion that distant hosts should contain a higher proportion of the
dispersing sex. We also include a sequence of exposure times in
the sand assay, based on the assumption that if one sex invades be-
fore the other, the sex ratio should initially be skewed, but should
then stabilise (Bohan and Hominick, 1997; Stuart et al., 1998).
Experiments were repeated using two cohorts of IJs, early and la-
ter-emerging ones, as time of emergence from the natal cadaver
is reported to influence sex-biased infection patterns (Lewis and
Gaugler, 1994; Rolston et al., 2006; Fujimoto et al., 2007). For com-
parison, IJs were also reared in vitro to eliminate the effects of
infection and dispersal behaviour on sex ratio. The second objec-
tive was to examine the role of factors other than IJ behaviour in
influencing adult sex ratio, such as differential recovery rates of

Table 1
Species and strains of Steinernema used in the experiments together with their
foraging strategies and their phylogenetic relationships.

Species and strain Foraging strategy?® Clade®
Steinernema carpocapsae All Ambush 11
Steinernema glaseri NC1 Cruise \%
Steinernema longicaudum CB2B Cruise \%
Steinernema kraussei L137 Cruise 111

Steinernema feltiae 4ACFMO Intermediate 111

4 Campbell et al. (2003).
b Spiridonov et al. (2004) and Nadler et al. (2006).

males and females from the developmentally arrested IJ stage, or
their survival to adult. This more detailed study was done on Ste-
inernema longicaudum reared in vitro. All determinations of sex
were made on adult worms, since IJs cannot easily be sexed. We in-
clude five species of Steinernema representing varied phylogenetic
clades and foraging modes (Table 1).

2. Materials and methods
2.1. Source and cultivation of nematodes

Nematodes were cultured in larvae of Galleria mellonella (Lepi-
doptera: Pyralidae; the greater wax moth) using standard proce-
dures (Woodring and Kaya, 1988). Culturing was at 20 °C with
the exception of Steinernema kraussei which was cultured at
15 °C. Cadavers were placed in White traps (10 insects per trap)
from which the emerging IJs were harvested. Modified White traps,
in which juveniles must climb up the side of a Petri dish before
reaching the surrounding water (Woodring and Kaya, 1988) were
used for S. glaseri and S. longicaudum. Modified traps suit species
in which the nematodes emerge as pre-IJs. [Js that were harvested
on the 1st day of emergence (“early emergers”) and on the 10th
day after emergence began (“late emergers”) were used in experi-
ments. Infective juveniles that emerged in the intervening period
were discarded. For both standard and modified White traps, the
day on which IJs entered the water of the trap was counted as
the day of emergence, and in both cases reflects the departure of
newly formed IJs from the vicinity of the source cadavers. Har-
vested [Js were washed three times by sedimentation, the concen-
tration was adjusted to 2000 IJs/ml, and the suspension was stored
in tap water for 2 days at 9 °C except for the tropical species S. lon-
gicaudum which was stored at 20 °C.

2.2. Experimental infections

The experimental assay of Stuart et al. (1998) was adopted for
this study. Nematodes were applied to the top of sand columns
containing a wax moth larva at the bottom. For most species
80 ml vials, forming sand columns 4 cm high and 2.5 cm diameter,
were used. Since S. carpocapsae did not migrate through the 4 cm
sand column, cells of a 24 multi-well plate, forming sand columns
of 8 mm height and 5 mm diameter, were used for this species.
Fine and coarse sand particles were removed by sieving over 150
and 450 pm sieves, respectively. The sand was then sterilized at
120 °C for 24 h. The moisture content of the sand was adjusted
to 8% w/w using tap water. Early or late emerging IJs of one of
the five Steinernema spp. at a concentration of 100 IJs in 100 pl
tap water were added to a depression in the top of the sand surface
and the columns were capped. Columns were incubated at 20 °C
except for S. kraussei which was incubated at 15 °C. The nematodes
were allowed to migrate through the sand column for periods
ranging from 4 to 48 h, after which the insects were removed from
the column, washed to remove adhering IJs and incubated at the
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assay temperature. Mortality was recorded daily. There were
normally 10 replicate columns (vials or wells) per treatment but
in some instances where low numbers were expected, 20 columns
were used. Invasion of distant hosts (sand column) was compared
with invasion into a host in close contact, on filter paper as in
Grewal et al. (1993). Using the same nematode suspension as for
the sand column assay, 10 insects were exposed to 1000 IJs (hence
approximately 100 nematodes per insect) of each nematode
species on filter paper lining a 9 cm diameter Petri dish and incu-
bated at the assay temperature (Woodring and Kaya, 1988). In each
experiment, early and late emerging nematodes were from the
same group of 10 insect cadavers. A complete time course assay
was run 2-4 times for each species using a different, freshly
harvested, batch of nematodes in each assay (minimum: two full
time course assays using, respectively, an early and late emergence
cohort in each assay; see Table 2). Insect cadavers from both sand
column and filter paper experiments were dissected 4-5 days after
first exposure to nematodes. The number of male and female nem-
atodes in each insect was counted, and taken to represent the
number of [Js that had invaded and established in the insect during
the exposure period, since 4-5 days is too short a time for produc-
tion of second generation worms. Numbers of insects and nema-
todes used in the analyses are given in Table 2.

2.3. Population sex ratio

Since differential invasion rates of males and females into an
insect may result in biased sex ratios, we reared nematodes from
IJ in vitro in hanging drops of insect haemolymph. IJs were surface
sterilised with hyamine and transferred to a hanging drop of
G. mellonella haemolymph (Kaya and Stock, 1997), one nematode
per drop. In response to the food signal provided by the haemo-
lymph, IJs are expected to recover from the developmentally
arrested stage and release their symbiotic bacteria into the med-
ium. Within 2-4 days, the IJs had either recovered from the IJ
stage and developed to first generation males and females, or
failed to recover. Thus, 3-4 days after inoculation of the drops,
the worms were scored as male, female or IJ that failed to develop.
For S. longicaudum only, the number of males and females devel-
oping to adult without passage through the IJ stage was also
recorded. In Steinernema spp., worms of the second and subse-
quent generations that begin development when conditions are
favourable do not pass through the IJ stage and instead develop
to adults within the natal host (Nguyen and Smart, 1992). To ob-
tain the second generation, adults that had developed from IJs
were paired and allowed to reproduce in the hanging drop. The

Table 2

resulting juveniles were then individually transferred to a fresh
hanging drop of haemolymph that had been previously inoculated
with bacteria-rich haemolymph from the parental drop. These
second generation developmental (non-IJ) nematodes were
allowed to develop and their sex was determined as for the first
generation.

2.4. Data analysis

Data of experiments repeated over time were checked for vari-
ance homogeneity using the HOVTEST = LEVENE option of SAS 9.1
(SAS Institute, 2004) and pooled only when variance homogeneity
could be assumed. To stabilise variance, data on number of nema-
todes (x) and male proportion (p, as number of males divided by
total number of nematodes) per larva were transformed using
VX +0.0001and arcsine (1/p + 0.0001), respectively. Since vari-
ances were not homogenous across different treatment combina-
tions, a heterogeneous variance structure was used in the PROC
MIXED model in SAS (Littell et al., 1996). Thus, single and interac-
tion effects of factors on number of nematodes and male propor-
tion were analysed using the MIXED model procedure. Whenever
two factors interacted significantly, levels of a given factor were
compared at each level of the second factor; otherwise, data were
pooled in case of non-significant interaction between factors. Since
normal distribution of the data could not be assumed across every
treatment combination, change in male proportion over time was
assessed using a 2 x k contingency table. Male proportion differ-
ence between arenas (sand versus filter paper) was assessed using
a non-parametric Wilcoxon test. The number of nematodes invad-
ing hosts at different times was compared using a non-parametric
Holm procedure (Holm, 1979) by modelling the procedure in SAS.
For sex ratio in the total population of nematodes under different
conditions, a 2 x 2 y? test was used. To determine sex ratio devia-
tion from 1:1 male to female, total numbers of male and female
nematodes under a give treatment were tested using a 50:50 good-
ness-of-fit test in 2 Association between the proportion of juve-
niles developing to adult and the proportion of adults that were
male was explored using correlation analysis in SAS. Similarly, cor-
relation analysis was used to report any association between male
proportion and the total number of nematodes that invaded the
host. For multiple comparisons in overall male proportion among
different treatments, total number of males and females were sub-
jected to x? test and alphas corresponding to the comparisons
were adjusted according to the Bonferroni-Holm step down test
(Zar, 1999). For all analyses o =0.05 was used and non-trans-
formed means (+SEM) are reported.

Total number of Galleria mellonella (G.m) larvae individually exposed to different Steinernema species for different exposure times in a sand column assay. The number of larvae
infected by the nematodes and hence providing data points for analyses are indicated in parentheses. Also shown is the total number of nematodes (male and female; N*) counted
from all successfully infected larvae under a given treatment to generate sex ratio at the corresponding treatment.

Time (h) Steinernema carpocapsae Steinernema feltiae Steinernema glaseri Steinernema kraussei Steinernema longicaudum
G.m N G.m N G.m N G.m N G.m N

4 60 (54) 262 20 (8) 15 30(0) - 20 (0) - 40 (2) 7

6 60 (52) 374 20 (17) 81 30 (0) - 20 (0) - 40 (9) 46

8 60 (55) 566 20(19) 164 30(2) 2 20 (10) 11 40 (16) 143

10 20 (19) 424 20 (20) 282 30 (4) 16 90 (37) 77 40 (27) 288

20 40 (36) 1060 40 (39) 1490 30(15) 450 40 (40) 452 120 (115) 2249

24 20 (19) 861 20 (20) 906 30(18) 548 40 (39) 742 40 (39) 1658

48 20(17) 834 20(17) 752 30(19) 1029 40 (38) 798 40 (34) 1310

N1 2 2 3 2 4

N2 1 0 0 1

N1, number of full time courses using either early or late-emerged nematodes and 10 insects per treatment. For each full time course in sand, there was in addition a filter

paper assay with 10 insects per treatment.
N2, partial time course.
2 N, number of nematodes that entered the insects.
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3. Results
3.1. Sex ratio

3.1.1. Effect of exposure time on sex ratio in experimentally infected
hosts (sand column assay)

If IJs of one sex disperse and enter insects before those of the
other, then the sex ratio in the sand assay should be initially
skewed, but should tend towards the fundamental sex ratio with
longer exposure time as more of the slower sex arrive (Bohan
and Hominick, 1997; Stuart et al., 1998). To assess the effect of
exposure time on change in sex ratio, we carried out a separate
contingency table analysis for each time course assay. Within a
time course assay, the sex ratio (proportion of males) tended to re-
main constant irrespective of exposure time. Of the 13 full time
course assays, the only significant difference in male proportion
with exposure time was for S. kraussei early emergers (y°=
4271, df =4, P=0.037). The proportion of males was higher at
10 h than at other times, but the number of nematodes was rela-
tively low at that time period (n=39 at 10 h). When the assay
was repeated two more times (omitting the early exposure times
of 4-8 h at which there was no or little invasion), there was no dif-
ference in sex ratio between times in either assay (P > 0.05). In one
of the three full assays conducted for S. glaseri late emerging nem-
atodes, the effect of time on male proportion approached signifi-
cance (y?=7.748, df=3, P=0.052); here the trend was for the
proportion of male nematodes to increase with time (Fig. 1).

3.1.2. Effect of dispersal distance on sex ratio in experimentally
infected hosts: sand assay versus filter paper assay

If male IJs are more likely to disperse, then there should be a
higher proportion of males within insects in the sand column as-
say, where dispersal is required, than in the filter paper assay
where nematodes and insects are in close contact (Grewal et al.,
1993). This was not found for any species; instead, the reverse
was found for four of the five species tested (Fig. 2A and B). To
compare sex ratio differences between assays (filter paper and
sand), data from all exposure times for a given species in the sand
assay were pooled. The nature of the assay (sand or filter paper)
had a highly significant effect on the male proportion (Assay:
F1.1023 = 34.97, P=<0.0001, Table 3), but the effect was dependent
on species and harvest (significant three-way interaction, Table 3).
The male proportion was significantly higher in the filter paper
than in the sand column assay only for the early harvest of S. kraus-
sei (P=0.0002) and S. longicaudum (P =0.0013) and late harvest of
S. glaseri (P=0.0075) and S. longicaudum (P =0.0039). The same
trend was also observed for both early (P=0.0648) and late
(P =0.0658) harvests of S. feltiae. On the other hand, the male pro-
portion of S. carpocapsae did not differ between arenas for either
harvests. The trend for higher male proportion in the filter paper
assay than in the sand assay for all species except S. carpocapsae
is also evident from the contingency table analysis on pooled data
in Table 4.

3.1.3. Effect of emergence time from natal cadaver on sex ratio in
target insect

Emergence time had a significant effect on sex ratio in the tar-
get insect (emergence: Fi 1023 = 5.57, P=0.0185, Table 3), but the
effect depended on species and assay type (significant three-way
interaction, Table 3). For S. carpocapsae and S. feltiae, the male pro-
portion in target cadavers tended to be higher for later emerged
than for early emerged nematodes, while for the other three spe-
cies the male proportion was higher for the early emerged cohort
(Fig. 2A and B). Trends in sex ratio between early and late emerging
nematodes were similar whether the experimental infection was

in sand or filter paper (emergence x assay term not significant, Ta-
ble 3) but for each species the difference was significant in only
one of the two assay types (sand for S. feltiae, S. glaseri and S. lon-
gicaudum; filter paper for S. carpocapsae and S. kraussei) (Fig. 2A
and B).

3.1.4. Population sex ratio: hanging drop

Similar to infection experiments, the sex ratio of nematodes
developing from IJ in hanging drops was female-biased for each
of the five species: the male proportion ranged from 0.37 (S. kraus-
sei) to 0.44 (S. glaseri).

A more detailed examination of sex ratio was performed for S.
longicaudum only. As for worms that developed from IJ, the sex ra-
tio of second generation worms was also female-biased (0.47;
n=891) and deviated from the expected 1:1 (n=891; ¥ =4.18,
P=0.0410). The male proportion did not differ between the adults
that developed from IJs (first generation) and those that developed
without passage through the IJ stage (second generation juveniles)
(x?=2.95, P=0.0857). Assessments of sex ratio were carried out
on several occasions on different batches of nematodes (27 batches
of first generation and 14 of second generation worms). The pro-
portion of S. longicaudum IJs and second generation juveniles that
developed to adult in vitro varied considerably across batches,
ranging from 10% to 100% (Fig. 3). However, the male proportion
did not significantly correlate (r=—0.015, P=0.9184, Fig. 3) with
the percentage of juveniles developing to adulthood. The average
male proportions of the nematodes in the hanging drops across
batches were 0.42 (+0.02) and 0.46 (+0.03) in first and second gen-
eration, respectively.

For S. longicaudum developing from IJ in hanging drops, nema-
todes that had emerged from the natal cadaver at different times
did not differ significantly in their sex ratio (t=0.23, P=0.8158).
Male proportions of adults developing from early emerged (n=7)
versus late-emerged (n=30) IJs were 0.43 (SE=0.044) and 0.42
(SE =0.023), respectively.

3.1.5. Overall sex ratio

Whether assessed in insects or following development from IJ
in hanging drops, the proportion of males in the population was
always less than 50% (Table 4). Using a goodness-of-fit y° test,
the sex ratio in the population that developed from IJs in hanging
drops deviated significantly from 1:1 (? test, P<0.05) for each
species except S. glaseri: S. longicaudum (n=2392; x?=43.89,
P <0.0001), S. carpocapsae (n =383; y°=6.79, P=0.0092), S. felti-
ae (n=327; x?=6.76, P=0.0093) and S. kraussei (n=298;
%% =21.48, P<0.0001), S. glaseri (n=180; x*=2.69, P=0.1011)
(Table 4).

For nematodes developing in insects, the deviation from the
1:1 was tested separately for early and late-emerged cohorts. Ex-
cept for early emerged S. glaseri (n=458; x°=0.43, P=0.5130)
and S. kraussei (n=1,208; x?=0.27, P=0.6045) in filter paper
infection, sex ratios of all species and emergence cohorts in both
sand column and filter paper assays deviated significantly from
1:1.

There was no marked difference in sex ratio between IJs devel-
oping in vitro or in insect hosts. For S. carpocapsae there was no sig-
nificant difference in the male proportion assessed in the three
ways (in vitro, in sand, or filter paper assays) (Table 4). For each
of the other species there was a higher male proportion in the filter
paper assay than in the sand assay, but in each species the in vitro
male proportion was statistically indistinguishable from one or
other of the insect assays (filter paper for S. feltiae and S. glaseri,
sand assay for S. longicaudum and S. kraussei).

The male proportion was independent of the total number of
nematodes found in experimentally infected hosts, except for a



M.AM. Alsaiyah et al./International Journal for Parasitology 39 (2009) 725-734 729

80 06

o
S
Male proportion

@
c
a
g 604 . L 02
g i
T 1T 1 - 00
T 40 | | Sk
£
o) c
= c
© ¢ R
T 20 - |
E b b
=1 ab
0 ; . ; ; ; : : . — =L ; ;
4 6 8 nm 20 24 48 4 6 8 10 20 24 48
80 0.6 S
b=
g W] F r 04 8_
S o
© 60 - Fo 02 2
® d T
[0} d F c r00 =
2 ¢ T L T ¢
g 40 Sf T 1 S| _T_
3]
f
ks b
) c ‘
g 20
£ be a a
ol e AT IT AT I i 5
4 6 8 10 20 24 48 4 6 8 10 20 24 48
80 06 c© .
L Exposure time (h)
@ 5
rat r04 8
° o
g 60 | i -2 &
» b 0.0 ©
X - 0 =
5] b b
@ 40 1
: 9
| =
S
g 20
5
=4 a a
0 = ﬁ

T T T

n
lo)]

8 10 20 24 48
Exposure time (h)

Fig. 1. Number (+SEM) of nematodes per larva (bar chart) and male proportion (line chart) after exposure of a wax moth larva to 100 infective juveniles of Steinernema
carpocapsae (Sc), Steinernema glaseri (Sg), Steinernema longicaudum (Sl), Steinernema kraussei (Sk) or Steinernema feltiae (Sf) for different times in a sand column. Since
exposure time and time of emergence of the nematodes from cadavers in the in vivo culturing did not interact significantly for both number of nematodes (Fs 799 = 0.90,
P =0.4975) and male proportions (Fs 799 = 1.14, P = 0.3380), data from both emerging times were pooled for a given exposure time. For a given species, values accompanied by
the same letter do not differ significantly (Holm test).

positive correlation in late emerging S. carpocapsae in both sand In each of the infection assays, S. feltiae was one of the two spe-
column (r=0.20, P=0.0332) and filter paper assays (r=0.69, cies with the lowest male proportion (together with S. kraussei in
P=0.0015) and in late emerging S. glaseri in sand column assay the sand assay and with S. carpocapsae in the filter paper assay),
(r=0.40, P=0.0206). but this pattern was not repeated in vitro (Table 4).
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Table 3

Main and interaction effects of nematode species, emergence cohort (Emergence) and
assay type (in sand column or filter paper arena) on the number of nematodes
infecting Galleria mellonella larvae and on sex ratio of nematodes established in the
larvae.

Source of variation df Number of nematodes  Sex ratio

F p F P
Assay 1 415.01 <0.0001 3497 <0.0001
Emergence 1 5.96 0.0148 5.57 0.0185
Species 4 16.43 <0.0001 221 0.0657
Assay x species 4 0.48 0.7510 1.97 0.0974
Emergence x species 4 20.51 <0.0001 5.92 0.0001
Emergence x assay 1 0.15 0.7018 0.12 0.7255
Emergence x assay x species 4 3.32 0.0103 2.61 0.0342
Error 1023
Table 4

Overall proportion of males (total number of adults examined) of Steinernema spp. in
Galleria mellonella infected in sand column or filter paper assays, or that developed
in vitro in insect haemolymph. Male proportions followed by the same letter do not
differ significantly; lower case letters, within column; upper case letters, within row.
For treatment comparisons, P-values from % test were adjusted using Bonferroni-
Holm step down approach.

Species Sand Filter paper Haemolymph
Steinernema carpocapsae  0.42 (4136)bA 043 (1887)aA 043 (383)ab A
Steinernema feltiae 0.35(3482)aA 040(1135)aB 043 (327)abB
Steinernema longicaudum  0.42 (5435)b A 0.47 (3979)bB  0.43 (2392) ab A
Steinernema glaseri 0.35(1992)a A 047 (1132)bB 044 (180)b B
Steinernema kraussei 0.40 (2066) b A 0.46 (1575)bB 037 (298)a A

3.2. Infection rate

In the filter paper assay, virtually all (>99%) of the exposed in-
sects were killed by nematodes. In the sand assay, insect mortality
increased with time of exposure, reaching close to 90% after 20 h
exposure time. The proportion of nematodes established in the in-
sects was used as a measure of infectivity.

In the sand column assay, the number of nematodes per insect
increased with increasing exposure time, reaching 20 S. kraussei
and 40-60 nematodes for other species after 48 h exposure time
(Fig. 1). The number of nematodes per insect in this assay differed
significantly (P < 0.0001) depending on nematode species, length of
exposure, and time of emergence, with significant interactions be-
tween species and emergence (F4 799 = 21.46, P < 0.0001) and spe-
cies and exposure time (Fyg, 799 =3.266, P<0.0001) but not for
emergence and time (Fg 790 =0.9, P=0.495) and the three-way
(F15,790 = 1.45, P=0.1183). For all exposure times, infection by S.
kraussei was lower than all the other species (except for S. glaseri
at shorter exposure times) (Fig. 1).

To compare infection rates across the two assays, data from all
time points in the sand assay were pooled. Assay type, emergence
cohort and species all significantly affected infection rates, and
there was a significant three-way interaction between the three
factors (Table 3). Infection rates tended to be higher in filter paper
than in sand (Fig. 2C and D). For S. carpocapsae and S. glaseri, the
number of late-emerged nematodes colonising hosts was higher
than the number of early emerged nematodes, and the difference
was significant in both assays (Fig. 2C and D). For S. feltiae and S.
longicaudum more early-emerging than later-emerging nematodes
infected (significant in filter paper or sand assay, respectively)
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Fig. 3. Correlation of male proportion and success in development of juveniles to adults in first and second generations of Steinernema longicaudum in hanging drops of
haemolymph. First generation adults developed from infective juveniles while second generation adults were offspring of the first generation of nematodes and did not pass
through the infective juvenile stage. Each point represents a batch of nematodes (24-245 nematodes per batch) in which juveniles of the same batch were individually
inoculated into separate haemolymph drops on the same day. The two generations did not differ in male proportion (t=1.14, df =49, P=0.2615) and success of juvenile
development (t =1.62, df =49, P=0.1110) and hence data from both generations were pooled to run the correlation analysis.

while for S. kraussei there was no difference in infection rate be-
tween emergence cohorts (Fig. 2C and D).

4. Discussion

The most striking finding of our study is the overall female bias
in experimentally infected hosts for all five species of Steinernema
and under all test conditions. The male proportion never reached
50% (except with S. glaseri for early emergers on filter paper where
it was 50.2%), and in most cases there was a significant deviation
from equality of the sexes. The sex ratios of nematode parasites
tend to be female-biased (Poulin, 1997). With the notable excep-
tion of Steinernema hermaphroditum where males comprise less
than 6% of the population (Griffin et al., 2001), a similarly slight
female bias (typically 60% female) has frequently been recorded
in experimental infections of Steinernema spp. (Danilov, 1976;
Nguyen and Smart, 1992; Selvan et al., 1993; Campbell and Kaya,
2002; Cabanillas, 2003; Mitani et al., 2004) (Table 5), including
the close contact assay of Grewal et al. (1993). The preponderance
of females found in experimentally infected hosts was seen also
when Steinernema spp. infective juveniles were reared in vitro,
showing that the female bias within hosts cannot be explained
by a higher infection rate of females. However, there was some
variation in sex ratio depending on the experimental infection con-
ditions, indicating that the behaviour of IJs destined to become
male and female may differ.

The results of our experiments provide little support for protan-
dry in any species of Steinernema. The main hypothesis under test
was that, within a given cohort of IJs, those that are destined to be-
come male disperse and invade insect hosts before females. Grewal
et al. (1993) reported that in S. carpocapsae, S. anomali, S. scapterisci,
and S. glaseri, 58-100% of nematodes that invaded hosts located
10 cm away from the point of nematode application were male,
while the sex ratio in hosts in close contact was female-biased.
They proposed that this difference reflected a greater dispersal ten-
dency of males than of females, and this was supported by finding
that IJs that were first to reach hosts on agar plates containing a

high proportion of males. They proposed that in those four species,
males are risk takers. Using a similar infection protocol to Grewal
et al. (1993) (sand column versus filter paper assays), we found a
lower proportion of males in hosts that were invaded following
migration in the sand assay, which is the reverse of what is pre-
dicted if males have a higher dispersal tendency than females.

Stuart et al. (1998) proposed that conclusions about differences
in the speed with which males and females invade insects require
that the duration of exposure is varied and changes in the sex ratio
in hosts exposed for different times are monitored. Using this ap-
proach, they found no change in the sex ratio of S. glaseri with
exposure time in a sand column assay, and we similarly found no
change in the male proportion for this species over time. All three
studies used the same (NC1) strain of S. glaseri. Stuart et al. (1998)
varied the experimental conditions including age and numbers of
nematodes, length of sand column and assay temperature, and in
no case was there a change in sex ratio. We kept these experimen-
tal conditions constant, but included emergence time from the na-
tal cadaver as a factor. Our results strengthen the conclusion of
Stuart et al. (1998) that for S. glaseri strain NC1 at least, male col-
onisation is not a robust trait that is expressed under a wide vari-
ety of conditions. The particular circumstances under which it is
expressed remain to be defined.

Similarly, we found no evidence of male colonisation by any of
the other four species that we tested, including S. carpocapsae
which was found by Grewal et al. (1993) to display male colonisa-
tion behaviour. However, as S. carpocapsae did not infect insects in
our standard 4 cm sand column we instead used a 1 cm column for
this species, which may have been too short to allow discrimina-
tion between male and female infection strategies. Steinernema
feltiae was the only species that did not show male colonisation
in the study by Grewal et al. (1993). On the contrary, Bohan and
Hominick (1997) reported female-first colonisation by this species
in timed dissections of hosts exposed on filter paper, and evidence
for a female-first strategy was also reported by Renn (1998) who
found very few males in housefly larvae exposed for a short period,
but a much higher male proportion (0.45) with a longer exposure
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Table 5

Reported sex ratios of Steinernema spp. in experimentally infected insects.

Species Male proportion Source

Steinernema carpocapsae 0.27-0.41 Danilov (1976)

Steinernema scapterisci 0.46 (0.40-0.53) Nguyen and Smart (1992)

Steinernema anomali, S. carpocapsae, Steinernema feltiae, 0.58-1.0 Grewal et al. (1993) (Distance assay)
Steinernema glaseri, S. scapterisci

S. anomali, S. carpocapsae, S. feltiae, S. glaseri, S. scapterisci 0.38-0.42 Grewal et al. (1993) (Close contact)

S. carpocapsae 0.47 Selvan et al. (1993)

S. glaseri 0.40, 0.48, 0.49, 0.49 and 0.54 Stuart et al. (1998)

Steinernema riobrave 0.38 Cabanillas (2003)

S. carpocapsae 0.33 Mitani et al. (2004)

period. Rolston et al. (2006) found weak evidence for protandry in
S. feltiae, but as both source (natal) and target hosts were included
in the same arena it was not possible to distinguish between earlier
emergence or a greater dispersal tendency of males. In our study, S.
feltiae had one of the lowest within host male proportions of any of
the test species, and extreme female bias (<20% males) was re-
ported for S. feltiae in phorid flies (Scheepmaker et al., 1998). Thus,
it seems that S. feltiae may differ to other species in having females
that infect more readily than males. However, since the sex ratio is
also female-biased in vitro, differential infection rates of male and
female IJs cannot be the cause of a deviation from the balanced 1:1
but may accentuate it.

In our experimental infections, we recorded significant differ-
ences in sex ratio between nematodes that had emerged early
and late from the groups of host cadavers in which they had devel-
oped. Sex ratios were recorded within hosts experimentally in-
fected with early and late emergers. We found a similar trend in
in-host sex ratio for S. glaseri as Lewis and Gaugler (1994): the pro-
portion of males in experimentally infected hosts was higher in
nematodes emerging on day 1 than on either day 10 (our experi-
ments) or days 4 and 8 (Lewis and Gaugler, 1994). Interestingly,
our experiments show the same trend in sex ratio (higher male
proportion in early than in later emergers) in each of the three
cruise foragers but not in the ambush (S. carpocapsae) or interme-
diate (S. feltiae) forager species, supporting the contention (Lewis
and Gaugler, 1994) that the relationship between emergence time
and in-host sex ratio is related to foraging strategy. On the con-
trary, Fujimoto et al. (2007) also reported a higher male proportion
in early emerged IJs of the ambush species S. carpocapsae: 51% and
45% males in worms that emerged on days 1-2 and day 7, respec-
tively. However, we do not see the results of any of these studies as
conclusive evidence for early emergence of males from the natal
host. Such results may either indicate that the sex ratio of IJs
emerging from the natal host changes with time, as assumed by Le-
wis and Gaugler (1994), or that the infection behaviour of one sex
is more strongly influenced by emergence time than that of the
other sex. When S. longicaudum was reared in vitro there was no
difference between early and late emerging IJs in the proportion
of males that developed, indicating that the higher male proportion
of early emerged S. longicaudum in the sand column infection may
represent a greater dispersal tendency or invasiveness of early ver-
sus later emerged males rather than a higher proportion of males
in the early emerged cohort.

Overall infectivity of IJs (number of nematodes established per
host) was also influenced by their time of emergence from the na-
tal cadaver. Significant differences in infection rate between early
and late emergers in one or both of the assay types were recorded
for all species except S. kraussei. For S. carpocapsae and S. glaseri,
nematodes harvested on day 10 invaded at a higher rate than those
harvested on day 1, while the reverse was found in S. feltiae and S.
longicaudum. 1Js that emerge early and late in the emergence time
are likely to be the progeny of different parental generations. Early

emerging IJs of entomopathogenic nematodes are larger than those
that emerge later (Nguyen and Smart, 1995) and may differ
behaviourally (Lewis and Gaugler, 1994; O’Leary et al., 1998; Ryder
and Griffin, 2003; Rolston et al., 2006). There is a consistency
across studies in the effect of emergence time on the infectivity
of S. carpocapsae: Lewis and Gaugler (1994), Fujimoto et al.
(2007) and our own study all found that nematodes emerging later
(on days 4, 7 and 10, respectively, in these studies) are more highly
infective than those that emerge earlier.

More female than male Steinernema spp. developed from infec-
tive juveniles in vitro as well as in experimentally infected hosts.
Reports of Steinernema sex ratios when reared in vitro are rare,
but Grewal et al. (1993) found a female-biased sex ratio in each
of five Steinernema spp. reared en masse on lipid agar plates.
Assuming that equal numbers of male and female IJs are produced,
a female-biased adult sex ratio might arise from a higher failure
rate of male IJs to recover (resume development) from the arrested
I] stage, or a higher death rate of males during development from IJ
to adult. There was no difference in sex ratio between S. longicau-
dum that had or had not passed through the I stage, indicating that
differential recovery rates of male and female IJs is not a factor in
skewing the adult sex ratio. The success rate of S. longicaudum in
developing from either type of juvenile to adult varied widely be-
tween batches (repetitions) for unknown reasons, possibly related
to variation in the quality of the haemolymph which was derived
from commercially produced insects. If males were less successful
than females in developing to adult we would expect to find a
higher proportion of males in batches with a higher success rate.
However, there was no relationship between the proportion of
juveniles developing to adult and the male proportion, and a fe-
male bias was seen even in batches where close to 100% of juve-
niles developed to adulthood. This indicates that the female bias
is already present in the IJ or early developmental juvenile popula-
tion. Either there is sex-biased mortality during early development
(embryogenesis or early juvenile), or the primary sex ratio is fe-
male-biased.

Whatever the proximate mechanism, we propose that the fe-
male-biased sex ratio in Steinernema spp. is an evolutionary re-
sponse to inbreeding within hosts. Although under most
conditions it is expected that parents should invest equally in sons
and daughters, resulting in a 1:1 sex ratio, as proposed by Fisher
(1930), a different outcome is expected when brothers compete
with each other for mates (Hamilton, 1967). Under these inbreed-
ing conditions, termed “local mate competition”, mothers should
produce a higher proportion of daughters. The degree of bias de-
pends on the degree of local mate competition, with higher
inbreeding resulting in lower production of males, and this has
been demonstrated in several taxa (West et al., 2005) including
parasitic protozoa, where the sex ratio accurately reflects the de-
gree of inbreeding in a population (Read et al., 1995; Nee et al.,
2002). Natural selection may produce an equilibrium sex ratio for
the habitat, or individuals may be able to facultatively alter prog-
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eny sex ratios in response to particular environmental conditions
(Charnov, 1982). Sex determination in Steinernema is chromosomal
with males being the heterogametic sex (XX female, XO male)
(Poinar, 1967). Chromosomal sex determination constrains the fea-
sible range of sex allocation strategies compared with, for example,
the haplodiploidy of hymenopteran parasitoids, but does not pre-
clude it (Godfray and Werren, 1996; West and Sheldon, 2002).
Biased primary sex ratios are known in other invertebrates with
chromosomal sex determination and male heterogamety, includ-
ing spiders (Gunnarsson and Andersson, 1992) and crickets (Rein-
hold, 1996).

In Steinernema spp. there is potential for local mate competition,
especially where an insect is invaded by a few IJs. In the Galleria
model, an insect can readily be colonised by a single pair of nema-
todes. The progeny of these founders will be restricted to sib-sib
mating, and males will continue to compete with close relatives
for mating as long as they develop and mate within the same host.
Under such conditions, we expect selection for the production of
fewer males. However, worms produced from the alternate cycle,
involving development to I, disperse and may mix with less closely
related worms when they establish in a new host. Under these con-
ditions, the more usual 1:1 sex ratio should be favoured (Fisher,
1930). A given female may produce some offspring for each devel-
opmental pathway (Poinar, 1990; Baliadi et al., 2004). If females
could facultatively adjust the sex ratio of their progeny (West
et al., 2005), we predict that the sex ratio should be less female-
biased in worms that pass through the IJ pathway (which are more
likely to out-breed) than in those which do not develop to IJ but re-
main in the host and compete with their brothers. We did not at-
tempt to assess the sex ratio of nematodes developing within the
host beyond the first generation, due to the very large numbers
and the potential for members of succeeding generations to overlap
in time. As the sex ratio in S. longicaudum developing in vitro was
similar whether or not they went through the IJ stage, we have no
evidence that females facultatively adjust their offspring sex ratio
depending on conditions. However, our experiments were not spe-
cifically designed to test facultative sex ratio adjustment.

Assuming that females do not facultatively adjust their off-
spring sex ratio, we suggest that the observed slight female bias
in Steinernema represents the population optimal sex ratio, the
result of a trade-off between fitness gains within the natal cadaver,
where local mate competition favours the production of daughters,
and in the dispersing generation, where outbreeding favours more
equal production of sons and daughters.
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