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Abstract The large pine weevil Hylobius abietis is a

serious pest of reforestation in northern Europe.

Development takes place in the stumps of felled

conifer trees and emerging adults feed on and kill

newly planted trees. Application of entomopathogenic

nematodes around tree stumps has been shown to

reduce the emergence of adult weevils. In order to

target application at the most susceptible stage, the

susceptibility of larvae and pupae to Heterorhabditis

downesi and Steinernema carpocapsae was compared

in a close-contact assay on filter paper. An average of

95.8 % of larvae were killed by H. downesi and

82.1 % by S. carpocapsae while only 16.3 and 15.0 %

of pupae were killed by these two species, respective-

ly. However, many of the H. abietis that were exposed

as pupae died after metamorphosis to callow adult,

with mortality of pupae and callow adults combined

reaching 62.5 % for H. downesi and 69.9 % for S.

carpocapsae. For both nematode species significantly

more insects died as larvae than as either pupae or

pupae/callow adults. When pupae were exposed to

infective juveniles (IJs) for 2 days and were then

washed while still pupae to remove surface IJs, adults

were later found to be infected indicating that IJs can

infect pupae, survive metamorphosis and subsequent-

ly kill adults.

Keywords Pine weevil � Entomopathogenic

nematodes � Differential susceptibility � Forest pests �
Biocontrol

Introduction

The large pine weevil, Hylobius abietis (L.) (Coleop-

tera: Curculionidae), is the most serious pest of

reforestation in Europe, costing the forestry sector

millions of euro per annum e.g. €2.57 million ($3.36

million) a year in the UK and up to €30million ($38.84

million) annually in Sweden (Weslien 1998; Leather

et al. 1999; Långström and Day 2004). If no chemical

control measures were used against the pine weevil,

the most recent estimate for the economic damage that

would result across Europe was €140 million ($181.26

million) per annum (Långström and Day 2004). Adult

weevils are attracted to volatile chemical cues which

are emitted when coniferous trees are felled. Females

oviposit in the stump and larvae and pupae develop in

or under the bark (Leather et al. 1999) often below soil

level at depths in excess of 20 cm. On emergence,
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adults feed on the bark of young trees planted on the

clearfelled site, which can result in death through ‘ring

barking’. Without control measures, weevils can

destroy up to 100 % of newly planted trees, with a

UK national average estimate of 50 % mortality

within the first few years at untreated sites (Heritage

and Moore 2001).

Current control measures include the synthetic

chemicals alpha cypermethrin or cypermethrin, which

are administered in nursery pre-treatment either via

electrodyne application or dipping of saplings prior to

planting and/or through on-site post-planting spray.

However, with concerns over potential environmental

impacts, cypermethrin is being phased out across

Europe (EC 2012). Also, under Forest Stewardship

Council (FSC) guidelines, alpha cypermethrin and

cypermethrin are considered ‘‘highly hazardous che-

micals’’ applied only under derogation, so there is an

obligation on FSC certified companies to find alterna-

tives to chemical control. Furthermore, current pesti-

cides have a repellent effect on the pine weevil and,

while this protects young plants, it does little to impact

on the local populations of the pest (Torr et al. 2005;

Leather et al. 1999).

Entomopathogenic nematodes (EPN) have been

used as a sustainable method of controlling pine

weevils (Torr et al. 2005; Dillon and Griffin 2008).

Nematodes are applied as inundative biological con-

trol agents (biopesticides) targeted against pine weevil

larvae, pupae and callow adults developing within the

stumps. We have previously shown that Heterorhab-

ditis downesi (Stock, Griffin and Burnell) was best at

controlling this subterranean cryptic pest, but Stein-

ernema carpocapsae (Weiser) was also effective

(Dillon et al. 2006). At operational level, S. carpocap-

sae is applied by pressure hose, from a tank mixer

mounted on a modified forwarder, at an average rate of

3.5 million nematodes per stump (Torr et al. 2005).

These operations are conducted by growers in the UK

and Ireland, mainly the Forestry Commission and

Coillte, respectively.

In field trials the various life stages of H. abietis

differed in susceptibility to EPN infection. Dillon et al.

(2006) found that 45 % of larvae, 32 % of pupae and

30 % of adults in stumps were infected by EPN when

assessed 4 weeks after nematode application. How-

ever, uninfected larvae and pupae may have gone on to

develop into pupae and adults, respectively. Brixey

et al. (2006) adjusted for this and estimated that 14 %

of larvae, 13 % of pupae and 44 % of callow adults

were infected by S. carpocapsae after application to

stumps. In laboratory trials on a cotton substrate Pye

and Burman (1978) found that larvae were more

susceptible—between 80 and 95 % were killed by S.

carpocapsae with no pupae and only 5 % of adults

killed. In contrast, Brixey (2000) reported that pupae

were more susceptible than late instar (4–5th instar)

larvae, and Torr et al. (2005) recommended targeting

pupae.

The aim of the present study is to assess the

susceptibility of various life stages of H. abietis to

EPN infection; larvae and pupae of H. abietis were

indefinitely exposed to various concentrations of S.

carpocapsae and H. downesi in a close contact assay

on filter paper. A second aim of the present paper is to

determine whether infective juveniles (IJs) may infect

pupae, survive metamorphosis and subsequently kill

newly eclosed adults.

Materials and methods

Source of weevils and nematodes; culturing

of nematodes

Pine weevil larvae and pupae were collected from

clear-felled forest sites by removing the bark of

lodgepole pine (Pinus contorta Douglas) with a chisel

and collecting immature weevils from their galleries.

The following nematode isolates were used: S.

carpocapsae (US-S-25 fromKoppert), S. carpocapsae

(All strain) and H. downesi (K122).

Stocks of nematodes were cultured in the laboratory

using Galleria mellonella (L.) larvae which were

placed on White traps (White 1927) and harvested IJs

were washed by sedimentation in tap water (Kaya and

Stock 1997). Nematodes were stored at 9 �C and were

used within 2 weeks.

Susceptibility ofHylobius abietis larvae and pupae

to infection by S. carpocapsae and H. downesi

on filter paper

Late instar larvae and pupae of H. abietis were placed

in 1.5 cm diameter wells of 24-well tissue culture

plates that had been lined with one 1 cm diameter disc

of filter paper. Each insect was then treated with either

S. carpocapsae (US-S-25 Koppert strain) or H.
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downesi (K122 strain) applied to the filter paper in

50 ll of water. Control treatments for both larvae and

pupae had 50 ll of water applied to the filter paper.

The insects were then incubated at 20 �C and, at

intervals checked for mortality and the life stage at

time of death was noted. There were four experiments:

• In experiment 1, the concentrations used were 25,

50, 100, or 200 IJs for larvae and for pupae. There

were 24 insects in each treatment. Mortality and

life stage were checked daily for 2 weeks.

• In experiment 2, there were just two concentrations

of each nematode species, 50 and 250 IJs for both

larvae and pupae. Each treatment was replicated

three times with 24 insects in each replicate (total

72 insects). Mortality and life stage was recorded

on days 5, 8, 13 and 19.

• Experiment 3 tested pupae only, and included

higher nematode concentrations: 250, 1,000 and

2,000 IJs. There were 24 insects per treatment.

Mortality and life stage were recorded daily for

18 days. The aim was to test whether a higher

concentration of nematodes would result in higher

mortality of pupae as pupae rather than as callow

adults.

• For experiment 4, a small number of insects (12

per treatment) that had pupated within the previous

24 h were exposed to a single concentration of

2,000 IJs.

Washing experiment to determine whether IJs

infecting pupae can cause death following

metamorphosis

As we observed that some of the insects exposed to

nematodes as pupae died as adults we tested the

hypothesis that IJs might enter weevil larvae in the

pupal stage, survive metamorphosis and then kill the

weevil in the adult stage. To do this we performed a

washing experiment.Weevil pupaewere exposed to IJs

of either H. downesi (K122 strain) or S. carpocapsae

(All strain) (250 IJs) on filter paper inmulti-well plates,

as above. After 2 days’ exposure, weevils were either

washed clean of IJs by dipping them in tap water, or

were left in contact with the nematode-contaminated

filter paper. Washed insects were examined under a

dissectingmicroscope to confirm the absence of visible

IJs, and each was then placed in a clean multiwell with

moist filter paper. The experiment was repeated four

times, with 10–12 insects per treatment in each

experiment. Weevil mortality and stage were recorded

daily. Weevils were observed for 1 month following

washing. Dead weevils were dissected to confirm

infection by nematodes.

Statistical analysis

T tests, Mann–Whitney U tests, v2 tests and Probit

analysis were all performed on the statistical package

Minitab version 16.

Results

Susceptibility of Hylobius larvae and pupae to S.

carpocapsae and H. downesi on filter paper

Larvae

The lowest mortality of pine weevil larvae was 62.5 %

(50 S. carpocapsae IJS per insect in experiment 2); all

other treatments 25–250 S. carpocapsae orH. downesi

IJS per insect killed at least 80 % of the exposed larvae

(Table 1). Thus, the LC50 for each species is\25 IJS

per insect. Overall, more larvae were killed by H.

downesi than by S. carpocapsae (Paired t test,

t = 2.71, df = 5, P = 0.042) (Table 1).

As regards the speed of kill, in experiment 1, larvae

exposed to H. downesi showed high mortality by day

5, but larvae exposed to S. carpocapsae continued to

die up to day 13. For the highest concentration (200

IJS per insect) the LT50 (with fiducial limits) for H.

downesiwas 3.4 (3.0–3.6) days and for S. carpocapsae

was 4.4 (3.6–5.0) days (data not shown); a marginally

significant difference (based on the fact that the

fiducial limits just overlap), with H. downesi killing

more quickly than S. carpocapsae. Similarly in

experiment 2, larvae continued to die up to day 13 in

all treatments, with death in the lower concentrations

of those larvae treated with S. carpocapsae continuing

for longer—up to day 19 when the experiment was

terminated (Fig. 1a).

Pupae

In experiment 1, mortality for insects exposed as

pupae ranged from 45.8 to 100 % but there was no

consistent concentration response over the range of

Differential susceptibility of H. abietis
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concentrations tested (25–200 IJs per insect)

(Table 1). Most of the insects exposed as pupae died

as callow adults (Table 1). Insects exposed as pupae

continued to die until the experiment was terminated

on day 13. LT50s were not calculated for pupae, since

most of the deaths occurred as adults.

Experiment 2 showed broadly similar results with

most of the insects that died following exposure of

pupae to nematodes dying as callow adults (Table 1).

The death of these newly eclosed adults explains the

steep increase in mortality in Fig. 1b. The total

mortality (pupae and callow adults) was similar for

both nematode species (Table 1).

In experiment 3, the maximum mortality of pupae

was 75 % (exposed to 2,000 H. downesi per insect)

(Table 2). In experiment 4, when newly developed

pupae (within 24 h of pupation) were exposed to 2,000

nematodes, more than 80 % were killed (H. downesi

10/12 = 83.3 %; S. carpocapsae, 11/12 = 91.7 %), a

significant difference to the older pupae of experiment

3 exposed to the same concentration of S. carpocapsae

(v2 = 6.02, df = 1, P = 0.014), but not H. downesi

(v2 = 0.321, df = 1, P = 0.571).

Larvae versus pupae

Considerably more larvae than pupae were killed at all

concentrations of both nematode species in each of the

two experiments, and the difference was highly

significant (e.g. v2 = 14.187 df = 1, P\ 0.001) in

Larvae
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Fig. 1 Experiment 2.

Mortality (number of insects

dead/24, mean of three

replicates) of Hylobius

abietis exposed to EPN as

larvae (a) and as pupae (b).
Hd = Heterorhabditis

downesi, Sc = Steinernema

carpocapsae, numbers in

legend represent number of

infective juveniles applied.

Error bars represent ± SE
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each case (Table 1). On average, 16.9 and 21.8 % of

pupae died as pupae when exposed to H. downesi and

S. carpocapsae, respectively, compared to 95.8 and

82.1 % of larvae. However, additional insects died

following metamorphosis to callow adult, with mor-

tality reaching 62.5 and 69.9 % of insects exposed as

pupae/callow adults to H. downesi and S. carpocap-

sae, respectively. There was no significant difference

between those infected with H. downesi and those

infected with S. carpocapsae (paired t test, t = -0.61,

df = 5, P = 0.570). The difference between mortality

of larvae and that of pupae plus callow adults

combined was still significant in most cases (Table 1).

Washing experiment

In the washing experiment 11.3–27.5 % of the weevils

died as pupae, but also an additional 15.0–32.5 % died

as adults (Table 3). Some weevils that died as adults

were callow adults and others were fully sclerotized.

In cases where adults died following washing

(Table 3), this indicates that IJs can survive metamor-

phosis within weevil pupae and can subsequently kill

adults. This may take place anytime between 4 and

13 days from exposure of weevils to nematodes. There

was no significant difference in percentage infectivity

between ‘‘washed’’ and ‘‘unwashed’’ treatments for

pupae or adults of either species (P[ 0.05 for all four

Mann–Whitney U tests—see Table 3). Furthermore,

washing had no effect on the proportion of infected

insects that died as adults for either species (H.

downesi: v2 = 0.776, df = 1, P = 0.379; S. car-

pocapsae: v2 = 1.802, df = 1, P = 0.179). Overall,

adults accounted for 70.0 % of the ‘‘washed’’ insects

killed and infected by H. downesi and 35.3 % of the

insects killed and infected by S. carpocapsae. All

dissected adults infected with nematodes had second

generation adult nematodes present. For those infected

with S. carpocapsae this means at least two IJs entered

each pupa. Since H. downesi are hermaphrodite in the

first generation only a single IJ had to enter each pupa.

For those insects that died as adults, the time from

washing (2 days after initial exposure) to death of

adults ranged from 2 to 11 days. This is divided into

two periods—the time from washing to eclosion,

which gives a measure of the age of the pupae, and the

time from eclosion to death, which gives an indication

of the speed at which nematodes killed adults,

assuming that the process began at eclosion. The time

between washing and eclosion of adults had a median

(range given in parentheses) of 1 (1–4) days and 4

(1–9) days forH. downesi and S. carpocapsae infected

individuals, respectively and the time between eclo-

sion of adults and death had a median of 2 (1–5) days

and 4 (2–5) days for H. downesi and S. carpocapsae

infected individuals, respectively. The time between

eclosion and death of adults was significantly longer in

those insects infected with S. carpocapsae compared

to those infected with H. downesi (Mann–Whitney U

test: W = 78, P = 0.034).

Discussion

The susceptibility of insects, including beetles, to EPN

often changes with life stage. The susceptibility of

Chrysomelidae is sometimes higher in the larval stage

(Saleh et al. 2009), sometimes in the pupal stage (Xu

et al. 2010) and which stage is more susceptible is

sometimes dependent on temperature (Yang et al.

Table 2 Mortality of H. abietis exposed to a range of concentrations of S. carpocapsae and H. downesi on filter paper

Expt Concentration

IJS per insect

n % (and no.) dead

H. downesi S. carpocapsae

As pupae and adult As pupae As adult As pupae and adult As pupae As adult

3 250 24 87.5 (21) 29.2 (7) 58.3 (14) 100 (24) 50.0 (12) 50.0 (12)

1,000 24 100 (24) 12.5 (3) 87.5 (21) 79.2 (19) 45.8 (11) 33.3 (8)

2,000 24 100 (24) 75.0 (18) 25.0 (6) 95.8 (23) 50.0 (12) 45.8 (11)

4 2,000 12 100 (12) 83.3 (10) 16.7 (2) 100 (12) 91.7 (11) 8.3 (1)

Total 84 96.4 (81) 45.2 (38) 51.2 (43) 92.9 (78) 54.8 (46) 38.1 (32)

Pupae in experiment 4 had been prepupae at most 24 h while those in experiment 3 were older

C. D. Williams et al.
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2003). For the Scarabaeidae both Lacey et al. (2001)

and Khatri-Chhetri et al. (2011) found that pupae were

more susceptible than larvae to EPN. Ramos-Ro-

drı́guez et al. (2006) found EPN were less efficacious

against pupae and adults than larvae of Tribolium

castaneum.

Among the weevils (Curculionidae), however,

Loya and Hower (2003), Jansson et al. (1990), Abbas

et al. (2001) and Mannion and Jansson (1992)

demonstrated a higher susceptibility of larvae com-

pared to pupae. Thus, whereas it may be difficult to

draw general conclusions as to the susceptibility of

different beetle stages to nematodes, the Curculion-

idae, at least, all appear to have more resistant pupal

than larval stages. Our data show that pine weevil

larvae are more susceptible than pupae to both S.

carpocapsae and H. downesi. Furthermore, for H.

downesi, we show that most deaths that occur

following exposure of pupae do so following meta-

morphosis. As they were continually exposed in the

initial set of experiments we do not know whether they

were infected as pupae, as callow adults or both. Most

studies, however, do not report whether deaths of

insects exposed in the pupal stage occur before or after

metamorphosis, and it may be that such a phenomenon

is common among the Curculionidae. We conclude

that applying nematodes to stumps earlier after felling

to target Hylobius larvae, in contrast to Brixey et al.

(2006) and Torr et al. (2005) recommendations, may

be more efficacious in controlling pine weevil. Brixey

(2000) found that pupae were about twice as suscep-

tible as late instar larvae. It is unclear why Brixey

produced different results to us.

The results of our washing experiment indicate that

IJs may infect pupae and then survive metamorphosis

and subsequently kill adults (either callow adults or

fully sclerotized adults) following eclosion from the

pupa. The fact that washing had no effect on the

proportion of infected insects that died as adults, for

either species, is exactly the result one would predict if

nematodes were invading pupae and surviving meta-

morphosis within the weevil. Other parasites have

been known to survive metamorphosis in amphibians

such as the intestinal nematode Oswaldocruzia

filiformis in Rana temporaria temporaria (Griffin

unpublished), but this is, to our knowledge, the first

report of such a phenomenon in entomopathogenic

nematodes and insects. It is possible that IJs entering

pupae are first encapsulated, but during metamorpho-

sis in which tissues are extensively destroyed and

remodelled (Richards and Davies 1977) they are

subsequently freed from encapsulation and are at

liberty to kill adult weevils. Encapsulation is a

common immune response among insects, and encap-

sulation of EPN has been reported in H. abietis larvae

and adults (Pye and Burman 1977; Girling et al. 2010).

However, nematodes may escape encapsulation (Li

et al. (2007). Girling et al. (2010) found that live adult

H. abietis harboured encapsulated or dead nematodes

and these weevils may have successfully defended

themselves against the nematodes and might have

survived had they not been sacrificed. Other live

weevils sacrificed at the time (5 days post exposure)

harboured live nematodes instead (Girling et al.

(2010), which may either have escaped from encap-

sulation or evaded it in the first place but had not yet

killed the insect. Another possible explanation for the

results of our washing experiment is that IJs wait in the

intestine or tracheal system of pupae free from

encapsulation. Further research is required to decide

between these two hypotheses. Either of these scenar-

ios (surviving for days as IJ without killing the host)

may reflect the evolutionary origins of EPN as

necromenics (where dauer juveniles wait for a host

to die naturally before commencing feeding) (Sudhaus

2008).

Table 3 Percentage (mean ± SE) of Hylobius abietis dead and infected by entomopathogenic nematodes as either pupae or adults

Species Treatment As pupae As adults

Heterorhabditis downesi Unwashed 15.8 ± 7.11 19.2 ± 10.83

Washed 11.3 ± 6.57 26.3 ± 4.73

Steinernema carpocapsae Unwashed 27.5 ± 11.81 32.5 ± 16.52

Washed 27.5 ± 13.77 15.0 ± 5.00

Pupae were exposed to 250 nematode infective juveniles for two days and were then either washed free of surface nematodes or were

left unwashed. Infection was confirmed by dissection. There were no significant differences between washed and unwashed

treatments (Mann–Whitney U test P[ 0.05 for all four tests). N = 4 experiments
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In our experiments the time between washing and

eclosion of adults was generally low (median values of

1 and 4 days) showing that most weevils were fairly

well advanced as pupae prior to infection with

nematodes. However, the range of values was quite

high (up to 9 days) showing that pupae can be infected

when they are much younger, and can be subsequently

killed as adults. The pupal stage of H. abietis should

last for 17.2 days at 20 �C, based on the thermal

constants provided by Inward et al. (2012). The fact

that the time to death after eclosion was significantly

longer for S. carpocapse compared to H. downesi

reflects the situation in the larval experiments, where

H. downesi also killed somewhat faster than S.

carpocapsae.

Girling et al. (2010) showed that mortality of adult

pine weevil at relatively high concentrations of IJs

(500 and 4,000) of S. carpocapsae andH. downesiwas

lower than the mortality of larvae and pupae caused by

the same EPN species reported here, even at lower

concentrations. As we show that the larvae are the

most susceptible stage, field application of nematodes

earlier in the season when a high proportion of pine

weevil are in this stage is likely to be more efficacious

than later in the season when the proportion of pupae

and callow adults is higher. It should be noted that IJs

applied to target larvae may persist or may recycle

through hosts and also kill pupae and callow adults

even when they are applied earlier in the season.

With other EPN species and/or hosts there may be

an EPN-host stage interaction as Ramos-Rodriguez

et al. (2006) found for T. castaneum. However, when

testing nematode efficacy against pine weevil under

field conditions, Dillon et al. (2006) found no such

interaction of weevil stage 9 nematode species, and

this is supported by the laboratory experiments

reported here as both H. downesi and S. carpocapsae

were more effective against larvae than against later

stages. There are many possible reasons for the

different susceptibilities between life stages. Activity

and attraction of nematode IJs to active, feeding larvae

(Lewis et al. 1992) may be higher than to the inactive

pupae, there may be greater possibilities of IJ entry

into larvae compared to pupae, or the stages may differ

in their immune response.

LT50 values and times to death have been widely

reported for S. carpocapsae. Grewal et al. (1993)

report the species killing the wax moth (G. mellonella)

within 24 h and Feng et al. (2006) report slightly

longer LT50s of between 26 and 27.25 h depending on

long-term storage conditions. Saleh et al. (2009)

reported LT50s of around 37 h for larvae of the sugar

beet beetle (Cassida vittata) exposed to S. carpocap-

sae and Schroer et al. (2005) reported an LT50 of

\25 h for the diamondback moth (Plutella xylostella)

when exposed to S. carpocapsae and adjuvants. Other

insects are more resistant, with cockroaches taking a

particularly long time to kill (Appel et al. 1993;

Koehler et al. 1992). Our LT50s for late larval instars

ofH. abietis (*4 days) are close to the upper range of

those reported in the literature.

Our close-contact bioassay results show a similar

pathogenicity for bothH. downesi and S. carpocapsae.

However, Dillon et al. (2006, 2007) andWilliams et al.

(2013a, b) showed conclusively that H. downesi is

more efficacious than S. carpocapsae against pine

weevil in the field as assessed by both emergence of

adult weevils and by infection data gleaned from

destructive sampling of stumps. We suggest that the

difference between our close-contact bioassay results

and the previously reported field results are due to the

different foraging strategies, which are thought to be

employed by the two species (Lewis et al. 1992;

Grewal et al. 1994). Heterorhabditis downesi is

described as a ‘‘cruise’’ forager whereas S. carpocap-

sae is described as a typical ‘‘ambush’’ forager, though

there is some evidence that S. carpocapsae can cruise

forage in organic substrates (Kruitbos et al. 2010).

Such differences in foraging strategies are probably

not important in close-contact bioassays, but would be

important under field conditions where weevil hosts

must first be located prior to infection.
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