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Transgenerational effects of parental experience
on offspring immunity are well documented in
the vertebrate literature (where antibodies play
an obligatory role), but have only recently been
described in invertebrates. We have assessed the
impact of parental rearing density upon offspring
disease resistance by challenging day-old locust
hatchlings (Schistocerca gregaria) from either
crowd- or solitary-reared parents with the fungal
pathogen Metarhizium anisopliae var. acridum.
When immersed in standardized conidia
suspensions, hatchlings from gregarious parents
suffered greater pathogen-induced mortality
than hatchlings from solitary-reared parents.
This observation contradicts the basic theory of
positive density-dependent prophylaxis and
demonstrates that crowding has a transgenerational
influence upon locust disease resistance.
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1. INTRODUCTION
Although vertebrate offspring can inherit parental
immune function through antibodies (Grindstaff
et al. 2003), mechanisms of disease resistance in invert-
ebrates have been thought to depend less upon prior
experience (e.g. Roitt 1997). However, recent studies
have found that invertebrate parents exposed to patho-
gens may produce offspring with increased resistance;
this phenomenon is termed ‘transgenerational
immune priming’ (Little et al. 2003; Sadd et al.
2005; Moret 2006; Sadd & Schmid-Hempel 2007).
The ways in which invertebrate offspring resistance
may relate to aspects of parental experience indepen-
dent of pathogen pre-exposure, such as population
density or rearing conditions, have not been systematically
investigated.

Because the probability of encountering disease
agents may increase with population density
(McCallum et al. 2001), increased investment in
immune defence is sometimes observed when hosts
are crowded. This is known as density-dependent pro-
phylaxis (DDP) (Wilson & Reeson 1998). In insect
species exhibiting DDP, resistance to pathogen attack
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correlates positively with host population density
(Wilson & Cotter 2008).

In accordance with the prediction of DDP, adult
desert locusts (Schistocerca gregaria Forskål) from a gre-
garious culture were found to be more resistant to fungal
challenge than solitary-reared equivalents (Wilson et al.
2002). Locusts exhibit density-dependent phase
polyphenism, having the potential to exist in either the
‘solitarious’ or ‘gregarious’ phase depending on popu-
lation density and experience of crowding, and it was
proposed that these different immune responses are
part of the suite of adaptive traits accompanying phase
differentiation. However, because standard gregarious
culture conditions are highly conducive to pathogen
growth (Charnley et al. 1985), differential immune
defence may be explained by the death of low-resistance
gregarious individuals prior to testing, or induction of
enhanced resistance through exposure to pathogens,
rather than by phase-specific effects per se. Thus, the
relative contributions of ontogeny and maternal effects
to locust disease resistance remain unclear.

Locust phase state changes within an individual’s
lifetime in response to crowding. Behaviour and other
physical and physiological traits also change as a func-
tion of parental rearing density due to chemically
mediated maternal effects (Miller et al. 2008; Pener &
Simpson 2009). Hatchlings of gregarious parents are
more likely be in densely populated environments than
those from solitarious parents (e.g. Bouaichi & Simpson
2003), and gregarious-parent hatchlings of S. gregaria
are larger than solitarious-parent hatchlings and survive
longer when starved (Uvarov 1966). The role, if any, of
these or other transgenerational effects upon hatchling
disease resistance has not been explored. Infection of
parents with a fungal pathogen can affect offspring
behaviour and coloration (Elliot et al. 2003), but there
have been no assessments of locust hatchling immunity
as a function of parental rearing density.

The aim of this study was to determine whether
there is a transgenerational effect of parental rearing
density upon offspring pathogen resistance in the
desert locust (S. gregaria). Locust hatchlings (on
the day of eclosion) were challenged by immersion
into known concentrations of viable conidia of the
acridid-specific fungal pathogen Metarhizium anisopliae
var. acridum (a species used effectively as a locust
biocontrol agent in the field; Lomer et al. 1997). To
avoid any potentially confounding effects of hatchling
culture conditions, solitarious and gregarious eggs
were removed from their respective cultures and
group-hatched in identical circumstances.
2. MATERIAL AND METHODS
(a) Insects

Locusts (S. gregaria) from solitarious and gregarious cultures (from
the same genetic background) were reared using standard techniques
as detailed in Roessingh et al. (1993) at the Department of Zoology,
University of Oxford, United Kingdom.

(b) Pathogen handling

M. anisopliae var. acridum (IMI 330189) conidia were obtained as a
technical powder from CABI Bioscience and uniform aqueous sus-
pensions were produced in a sonicator (stock solution: 50 mg conidia
powder in 5 ml HPLC-grade water, sonicated for 10 min). Conidia
concentration in suspension was quantified using a Neubauer
haemocytometer and viability was determined by quantifying coni-
dium germination on Sabouraud dextrose agar plates (Oxoid) after
incubation at 258C for 20 h (Goettel & Inglis 1997).
This journal is q 2009 The Royal Society
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Figure 1. (a,b) Pathogen challenge affects survivorship of hatchlings from both (a) solitarious and (b) gregarious parents. Solid
black lines indicate control treatments and dashed red lines indicate pathogen treatments. Thin, flanking lines show standard

errors. Fungal pathogens increase mortality in both groups, but the impact upon gregarious-parent insects is significantly
greater (see table 1). (n ¼ 51 gregarious; n ¼ 228 solitarious; **p , 0.01; ***p , 0.001.)

Table 1. Cox survivorship analysis of fungus-treated locust
hatchlings from solitarious and gregarious parents.
(*p,0.05; ***p,0.001.)

Wald
statistic d.f. p

odds
ratio

pathogen 13.120 1 ,0.001*** 3.388
phase of hatchling

parent (solitarious or
gregarious)

2.440 1 0.118 0.364

pathogen�phase 4.793 1 0.029* 5.288
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(c) Pathogen challenge of hatchlings from gregarious and

solitarious parents

Freshly enclosed (.24 h old) hatchlings originating from gregarious
(n ¼ 51) and solitarious (n ¼ 228) cultures were dipped individually
(using fine forceps) into either distilled water or freshly sonicated
aqueous suspensions of M. anisopliae var. acridum containing 5 �
103 conidia ml21. Hatchlings were then housed in groups of 7–21
insects at 258C (+0.58C) in a total of 22 plastic containers
(11 cm � 17 cm � 5 cm) into which fresh wheatgrass was placed
daily. Treated and control insects were placed in different containers
to prevent horizontal pathogen transmission, and insects from given
solitarious mothers were placed in the same containers to assess
parental effects on resistance. Survivorship was assessed daily for
14 days. Dead insects were removed immediately from group
environments and random samples of these (n ¼ 50 inoculated;
n ¼ 30 control, split equally between solitarious and gregarious
colonies) were placed into humidity chambers to check for
sporulation.

(d) Statistical analysis

Data were analysed in SPSS 14 (SPSS Inc.). Death rates were mod-
elled using Cox regression survivorship analysis where pathogen
presence was cast as a simple time-dependent covariate equal to
(log(time) � (pathogen concentration)).
3. RESULTS
Pathogen exposure significantly reduced survivorship
in populations of hatchlings from both solitarious
and gregarious parents (Wald ¼ 12.739, d.f. ¼ 1, p ,

0.001; Wald ¼ 7.381, d.f. ¼ 1, p ¼ 0.007, respectively;
figure 1). Fewer solitarious-parent hatchlings died
owing to pathogen challenge than hatchlings from gre-
garious parents (61 and 38% survival at day 14,
respectively; figure 1, table 1). The survivorship
curves of control hatchlings from solitarious and gre-
garious parents were not significantly different
(Wald ¼ 0.221, d.f. ¼ 1, p ¼ 0.638; black lines,
figure 1), and control mortality did not differ as a func-
tion of particular housing container (Wald ¼ 7.56,
d.f. ¼ 10, p ¼ 0.672). Furthermore, hatchlings from
solitarious parents did not react differently to the
pathogen challenge depending upon the identity of
their solitarious mother (Wald ¼ 9.10, d.f. ¼ 7, p ¼
0.246). Sporulation, indicating mycosis, was observed
in 94 per cent of inoculated individuals who died prior
to trial termination and in none of the tested control
(water-immersed) insects.
Biol. Lett. (2009)
4. DISCUSSION
Hatchlings from crowded parents were more vulner-
able to fungal attack than hatchlings from isolated
(solitarious) parents (figure 1, table 1). Although
previous studies have examined insect immunity in off-
spring of pathogen-challenged parents (Moret 2006;
Sadd & Schmid-Hempel 2007), parental population
density has not previously been shown to affect
hatchling pathogen resistance.

Fungal inoculation by immersion provides dosages
proportional to insect surface area: larger insects
receive smaller dosages per unit weight because surface
area scales more slowly than volume with increasing
size. Considering the significantly larger size of
S. gregaria hatchlings from gregarious relative to soli-
tarious parents (Uvarov 1966; Injeyan & Tobe 1981;
Tanaka & Maeno 2008; Pener & Simpson 2009),
their comparatively poor pathogen resistance runs
counter to expectation based upon dosage, and is
particularly striking.

Despite the increased likelihood of hatching
into high-density populations, gregarious-mother
hatchlings were less resistant to pathogen challenge;
this is contrary to the result predicted by DDP
(Wilson & Reeson 1998; Wilson et al. 2002). The
high relative resistance of solitarious hatchlings is
nevertheless in accord with data from Wilson et al.
(2003), in which five of six solitarious lepidopteran
species showed increased correlates of immune
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function (haemocyte count and phenoloxidase
activity) relative to phylogenetically matched gregar-
ious species. Futhermore, Pie et al. (2005) found that
termites at high and low population densities had
comparable resistance to a fungal challenge, suggesting
that eusocial insects may not conform to the DDP
hypothesis.

The present results support the contention that
DDP is best understood in a broader context of both
within- and between-group infection rates; the risk of
pathogen exposure may be minimal for group mem-
bers whose between-group infection risk is low
enough to compensate for potentially high trans-
mission within the group (Wilson et al. 2003).
Indeed, the recent application of ‘percolation theory’
to disease spread demonstrates that the spatial cluster-
ing of host individuals (as in gregarious locust
populations) can reduce the ability of natural enemies
to move between resources on a larger scale (Reynolds
et al. 2008; Wilson 2009).

In addition to variation in exposure to disease agents,
distinct life-history and survival strategies may also
underlie the observed reduction in the pathogen resist-
ance of hatchlings from crowded parents. Because
solitarious nymphs take longer to reach their reproduc-
tive potential (Pener & Yerushalmi 1998), they are
subject to greater time-dependent mortality risks
(including pathogen exposure), which may justify
parental investment in offspring immune function.
Meanwhile, gregarious locusts are adapted for
migration—for example through their larger size,
longer wings, increased activity levels, greater fat storage
and other phase differences (Pener & Simpson 2009)—
and, therefore, may have fewer energetic or nutritional
resources available for immune defence. Accordingly,
resource allocation trade-offs at the maternal and/or
offspring levels may contribute to limited pathogen
resistance in insects from gregarious parents. Future
studies may investigate how other aspects of the parental
environment affect offspring immunity and whether
parents trade off their own resistance against that of
their progeny.
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