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The soil is the most important reservoir of baculovirus occlusion bodies (OBs) in the environment. The
ability of the earthworm Eisenia fetida to transport OBs of Spodoptera frugiperda multiple nucleopolyhe-
drovirus was examined in laboratory terraria filled with an artificial soil. OBs were detected in soil sam-
ples using a soil-diet incorporation bioassay, for which the 50% lethal concentration was estimated at
2.7 � 106 OBs/g soil in S. frugiperda second instars. Incubation of earthworms in soil containing 109

OBs for 7 days did not result in a significant loss of OB virulence compared to soil without earthworms.
The earthworm intestine was found to be slightly acidic, with acid-base indicators applied to lengths of
dissected intestine suggesting a pH of 6.0–6.3. Despite their epigean habits, E. fetida individuals were
observed to form burrows up to 22.5 cm deep in laboratory terraria. Soil-diet bioassays indicated the
presence of OBs at depths of 6–8, 14–16 and 22–24 cm in samples taken at 1, 7 and 14 days following
the application of 109 OBs to the surface of terraria containing earthworms. In contrast, OBs were only
detected in samples from the soil surface in terraria without earthworms. We conclude that earthworms
likely affect the distribution and dynamics of OB populations in soil habitats.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

The baculovirus occlusion body (OB) is the key structure that
allows these viruses to persist in an infective state outside of the
insect host. The OB is also the unit of transmission of baculoviruses,
as susceptible insect larvae must consume at least one, and possi-
bly many OBs to acquire an infection (Harrison and Hoover, 2012).
Once released from the cadaver of an infected insect, OBs contam-
inate plant foliage and ultimately arrive at the soil surface, mainly
by the action of rainfall (D’Amico and Elkinton, 1995; Fuxa and
Richter, 1996). OBs in the environment can be dispersed by abiotic
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factors, particularly rain and wind blown dust (Fuxa and Richter,
2001; Olofsson, 1988; Young and Yearian, 1986). Biotic factors
can also be involved in OB dispersal. Predatory arthropods and
birds that consume infected cadavers can excrete viable OBs in
their feces over considerable distances (Entwistle et al., 1993; Lee
and Fuxa, 2000a). This is because the acidic pH of the gut of these
organisms does not degrade the occlusion matrix of the OB, so that
occlusion derived virions (ODVs) remain viable following passage
through the gut (Entwistle et al., 1978; Lee and Fuxa, 2000b).

Considering that the soil is the most important reservoir of OBs
in the environment, the number and breadth of studies of OB pop-
ulations in the soil are relatively sparse (reviewed by Fuxa, 2004).
Early studies underlined the longevity of OBs in the soil (Fuxa and
Geaghan, 1983; Hukuhara and Namura, 1972; Jaques, 1967;
Thompson et al., 1981), and the importance of factors such as soil
pH (Thomas et al., 1973), whereas later studies were able to quan-
tify the movement of OBs from the soil on to surfaces of field crops
(Fuxa, 2008; Fuxa and Richter, 2001, 2007). However, apart from
some studies on predatory carabids (Capinera and Barbosa, 1975;
Vasconcelos et al., 1996), the role of the soil fauna in the dispersal
of OBs has been largely overlooked.

Given the paucity of studies on the role of soil invertebrates in
baculovirus dispersal, the present study aimed to examine the
potential of earthworms in the dispersal of OBs in the soil ecosys-
tem. Ever since the pioneering studies by Darwin (1881), the role of
earthworms in the breakdown of organic matter, nutrient cycling
and the redistribution of soil particles has been recognized as a
key contribution to defining soil texture, aeration, drainage, micro-
biota and soil fertility (Satchell, 1983). The part of the soil ecosys-
tem that is influenced by earthworm activities is known as the
drilosphere. One of the most studied species of earthworm is Eise-
nia fetida, a European species that is now distributed worldwide
and commonly used for vermicomposting (Edwards et al., 2010).
It is an epigean species that usually lives at the interface between
the soil and the leaf litter or compost. It is readily cultivated in a
diversity of organic wastes and is amenable to laboratory rearing
using established techniques (Edwards and Bohlen, 1996).

To evaluate the ability of earthworms to transport OBs we used
a model system consisting of E. fetida individuals from a vermi-
compost colony that were allowed to inhabit an artificial soil
developed for testing the toxicity of pesticides to earthworm pop-
ulations (OECD, 1984). The use of an artificial soil allowed us to
overcome repeatability issues arising from the enormous variabil-
ity in the composition and physico-chemical characteristics of nat-
ural soils (Edwards and Bohlen, 1992). The soil was contaminated
with Spodoptera frugiperda multiple nucleopolyhedrovirus
(SfMNPV) OBs. The fall armyworm, S. frugiperda (Lepidoptera: Noc-
tuidae), is a major pest of maize from the southern United States to
northern Argentina. SfMNPV OBs can be readily isolated from the
soil of maize fields in the United States and Mexico (Fuxa et al.,
1985; Rios-Velasco et al., 2011), and this virus has attracted the
attention of biocontrol researchers as a potential biological insecti-
cide in this region (Barrera et al., 2011; Williams et al., 1999). Lab-
oratory studies were used to examine the effects of earthworm
activity on the viability and vertical distribution of OBs.
2. Methods

2.1. Insects, earthworms, virus and soil

Larvae of S. frugiperda were obtained from a laboratory colony
reared on a semisynthetic diet based on soya flour, wheat germ,
yeast, agar, and vitamins (adapted from Greene et al., 1976). The
colony was started using insects from a colony reared in the
Universidad Michoacana de San Nicolás de Hidalgo, Michoacán,
Mexico. Our colony was reared in an insectary at 25 ± 2 �C, 70–
90% relative humidity and 16:8 h L:D photoperiod.

Specimens of E. fetida were obtained from a small scale vermi-
composting plant used for processing coffee berry pulp in the Insti-
tuto de Ecología AC, Xalapa, Mexico. Earthworms were maintained
in the insectary in plastic containers with �50% coffee berry pulp
supplemented with �50% cow manure for 3–4 weeks prior to use
in experiments.

A Nicaraguan wild-type isolate of SfMNPV (Simón et al., 2004,
2008) was amplified in S. frugiperda by the diet surface contamina-
tion technique. For this, fourth instar larvae were individually
placed in 15 ml plastic cups and allowed to feed on a 2 g cube of
diet contaminated with 5 � 108 OBs, at 25 ± 2 �C, 70–90% relative
humidity and 16:8 h L:D photoperiod. The diet was replaced with
non-contaminated diet after 4 days and virus-induced mortality
was checked daily for the following 6 days. Virus killed insects
were triturated in 0.1% (vol./vol.) Tween 80, filtered through a
80 lm pore nylon mesh, centrifuged at 2300g for 5 min and
washed three times in sterile distilled water. The resulting OB sus-
pension was counted in triplicate using a Neubauer chamber under
a phase contrast microscope and stored at 4 �C for up to one month
prior to use in experiments, without significant loss of OB activity.

An artificial soil was prepared according to the OECD pesticide
testing protocol (OECD, 1984). Briefly, the dry components (70%
wt/wt washed sand, 20% wt/wt kaolin, 10% wt/wt sphagnum peat)
were mixed thoroughly using a kitchen spatula in a bucket and
passed through a 2 mm pore sieve. The pH was measured and
found to be within recommended limits (pH 7.0 ± 0.5). The soil
was stored dry in the laboratory for up to one month until required
in experiments.

2.2. Calibration of the OB detection technique

The presence of OBs in soil was detected using the soil-diet
incorporation technique in which samples are mixed with insect
diet and fed to early instar larvae that may become infected if
OBs are present (Richards and Christian, 1999). To estimate the
sensitivity of the OB detection technique, 10 g samples of soil were
mixed with 1 ml of one of the following concentrations of SfMNPV
OBs: 1 � 102, 1 � 103, 1 � 104, 1 � 105, 1 � 106, 1 � 107, 1 � 108,
1 � 109 OBs/ml, resulting in a range of concentrations of 101–
108 OBs/g of soil.

Semisynthetic diet was prepared and when cooled to 45 �C each
10 g soil sample was incorporated into a 10 ml volume of diet. Each
mixture was divided among 30 S. frugiperda second instars from
the laboratory colony. After feeding individually on contaminated
diet for 4 days, larvae were transferred to non-contaminated diet,
reared individually and checked daily for virus-induced mortality
until death or pupation. The procedure was performed on six occa-
sions for all concentrations. Polyhedrosis disease deaths were con-
firmed by observation of Giemsa-stained smears using a phase
contrast microscope (Lacey, 1997). The OB concentration-
mortality response was estimated by logit regression in GLIM 4
(Numerical Algorithms Group, 1993).

2.3. Estimation of earthworm intestinal pH

As OBs are sensitive to alkaline conditions, the pH of earthworm
gut was estimated using the following acid-base indicators: 0.1%
methyl orange (pH 2.5–4.4), 0.5% wt/vol Congo red (pH 3.0–5.0),
0.1% bromocresol green (pH 4.5–5.5), 0.1% methyl red (pH 4.8–
6.0), 0.1% bromothymol blue (6.0–7.6), 0.1% indigo carmine (pH
11.4–13.0). Earthworms were incubated in Petri dishes with moist
filter paper discs for 24 h prior to evacuate most of the intestinal
tract. Each earthworm was then sacrificed by immersion for 5 s
in hot water and a section comprising the foregut (posterior to
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the gizzard) and midgut was removed by ventral dissection and
placed in a drop of indicator solution for 5 min. After this period
the gut was examined using a binocular microscope and the color
present in the lumen was determined. A total of 20 clitellate earth-
worms were used to evaluate intestinal pH for each indicator.

2.4. Effect of incubating earthworms with OB-contaminated soil

To determine whether earthworm feeding or mucus secretions
affected the viability of OBs in soil, individual clitelliate earth-
worms (mean live weight ± SE: 193.5 ± 9.1 mg) were each placed
in a 7 cm plastic Petri dish with moist filter paper in darkness for
four days at 25 ± 1 �C to allow earthworms to empty their intestine.
Following this earthworms were assigned to one of two treat-
ments: (i) OBs in soil with an earthworm, (ii) OBs in soil with no
earthworm present, (iii) soil with an earthworm but without OBs
(control). For the first treatment, 10 g of soil was placed in a
20 ml plastic cup, 10 ml potable water was added and 1 ml of a
suspension of 1 � 109 OBs. These substances were mixed thor-
oughly for 2 min using a disposable plastic teaspoon that was sub-
sequently discarded. A clitelliate earthworm was placed in the cup,
which was sealed with a perforated lid for aeration and incubated
in darkness at 25 ± 1 �C for 7 days. The procedure was repeated
using sterile water for the control. After this period, the earthworm
was removed and placed individually in a Petri dish with moist fil-
ter paper for 4 days to collect feces, that were dried for 24 h at
50 �C and weighed using an electronic balance. The soil that had
been inhabited by the earthworm for 7 days was mixed with
50 ml of diet and subjected to the soil incorporation bioassay pro-
cedure using a group of 30 S. frugiperda second-instars that were
reared individually as described in Section 2.1. Virus-induced mor-
tality was recorded and confirmed as described previously. Each
treatment was replicated 15 times in total (5 times on each of three
occasions). The results were used to fit a generalized linear model
in GLIM 4 with a binomial error structure specified. The signifi-
cance of treatment effects was determined by t-test.

2.5. Burrowing behavior of earthworms

To determine the range of depths to which E. fetida might dis-
perse OBs in soil, it was necessary to estimate the depth to which
earthworms would burrow under laboratory conditions. For this,
experimental units (terraria) were constructed using two glass
plates 30 cm height � 15 cm width. A 1 cm thick � 1 cm wide U-
shaped piece of expanded polystyrene was cut using a hot wire.
The polystyrene was sandwiched between the plates of glass to
form the sides and base of the experimental unit, that was held
in place using four large metal binder clips, one at each corner.
The unit was filled with 250 g of dry artificial soil and 250 ml of
non-chlorinated potable water was added to moisten the soil.
The soil level was approximately 2 cm from the top of the terrar-
ium. Groups of 10 clitellate earthworms were placed on the surface
of the soil of each terrarium and allowed to burrow into the soil in
a dark bioclimatic chamber at 25 ± 1 �C. The maximum depth of
earthworm burrows was observed through the sides of each terrar-
ium and recorded at 2, 24, 48 and 72 h after introducing the earth-
worms. The process was replicated using eight terraria.

2.6. Earthworm mediated dispersal of OBs

To evaluate the ability of earthworms to disperse OBs, 45 ter-
raria were constructed as described in the previous section. Each
terrarium was filled with 250 g artificial soil and 250 ml potable
water. Fifteen terraria were each assigned to one of the following
three treatments: (i) OBs in a terrarium without earthworms, (ii)
OBs in terrarium with earthworms, (iii) a terrarium with
earthworms but without OBs (control). In treatments with OBs, a
1 ml suspension of 1 � 109 OBs was applied in drops to the soil sur-
face using a micropipette. In the control treatment 1 ml of sterile
water was applied using the same technique. One hour after hav-
ing applied OB suspension, a group of 30 small earthworms,
approximately 5 cm in length and �300 mg each live weight, was
placed on the soil surface of each terrarium. Terraria were placed
upright in a bioclimatic chamber in darkness at 25 ± 1 �C. The top
of each terrarium was loosely closed with a 1 cm wide strip of
polystyrene to reduce evaporation.

To estimate earthworm-mediated movement of OBs, five ter-
raria were selected at random from each treatment at 1, 7 and
15 days after the start of the experiment. On each sample occasion,
the terrarium was placed flat on the laboratory bench, the binder
clips were removed and the uppermost glass plate was carefully
lifted off the terrarium, from left to right (as if turning the page
of a book), to avoid any risk of soil from the upper OB contami-
nated layer falling onto the lower layers during opening. Three
subsamples of 2 g of soil were then taken at equidistant points at
a depth of 0–2 cm from the soil surface. These subsamples were
pooled to produce one 6 g sample at the indicated depth. This pro-
cedure was also performed at depths of 6–8 cm, 14–16 cm and 22–
24 cm from the soil surface, so that a total of four samples were
obtained from each terrarium. Each subsample was taken with a
disposable plastic teaspoon that was discarded after taking each
subsample. Once sampled, each terrarium was discarded. As such,
the experiment consisted of 3 treatments � 3 sample times that
was replicated on five occasions over time (45 experimental units
in total), and each experimental unit was sampled at 4 soil depths,
resulting in a total of 180 samples. Bioassays were performed on
each sample using the diet incorporation technique. Each soil-
diet mixture was fed to 30 S. frugiperda second instars that fed
on contaminated diet for 4 days before being reared on non-
contaminated diet for a further 6 days. Virus-induced mortality
was recorded daily and confirmed by microscopic examination of
Giemsa-stained smears. The prevalence of virus-induced mortality
in experimental insects was analyzed by fitting a generalized linear
model with a binomial error structure specified in GLIM 4. The sig-
nificance of changes in model deviance resulting from the stepwise
removal of treatment terms during model simplification was esti-
mated by reference to the v2 distribution. The suitability of the
model was determined by examining residuals and the distribu-
tion of fitted and experimental values.
3. Results

3.1. Calibration of the OB detection technique

Virus-induced mortality varied from an average of 1.4–99% in
diet–soil mixtures treated with 104–108 OBs/g soil. Virus-killed
insects were not observed at lower concentrations in soil–diet mix-
tures (101–103 OBs/g). The LC50 of OBs in soil was estimated at
2.7 � 106 OBs/g soil (range of 95% confidence interval: 1.8 � 106–
4.1 � 106). The slope and intercept of the fitted regression were
0.8564 ± 0.0882 and �14.66 ± 1.510, respectively (Fig. 1). The error
distribution was scaled by a factor of 2.07 to account for moderate
overdispersion in the results. No virus mortality was observed in
control insects that fed on diet + soil mixtures without OBs.
3.2. Estimation of earthworm intestinal pH

The earthworm intestine was found to be slightly acidic.
Slightly variable responses were observed following treatment
with Methyl red indicating that the majority of earthworms
(17 out of 20) had a gut pH in the range 6.0–6.3, and 3 out of 20
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analysis.
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earthworms had a pH of slightly over pH 6.3, which was consistent
with the results obtained with Congo red, in which all individuals
tested showed a pH > 5.0.
0

20

40

60

80

100

0-2 cm 6-8 cm 14-16 cm 22-24 cm

M
or

ta
lit

y 
in

 b
io

as
sa

y 
(%

) . No earthworms
With earthworms

A: Day 1

80

100

as
sa

y 
(%

) . No earthworms
With earthworms

B: Day 7
3.3. Effect of incubating earthworms with OB-contaminated soil

The average prevalence of mortality of insects that fed on soil-
diet mixtures was 98% (Fig. 2), and did not differ significantly
between soil in which earthworms had been active for 7 days
and soil without the presence of earthworms (t = 0.12, df = 14,
p = 0.45). No virus-induced mortality was observed in control lar-
vae that fed on the diet-soil mixture without OBs confirming that
the bioassay insects were healthy and no cross-contamination
had occurred during the bioassay procedure. These results indi-
cated that the OBs that had been exposed to earthworm exudates
and/or passage through the earthworm gut did not experience a
reduction in viability. The average dry weight (±SE) of feces
expelled from earthworm intestines was 15.6 ± 1.9 mg/individual,
which was found to be too small a quantity to use in the soil-
diet bioassay procedure.
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3.4. Burrowing behavior of earthworms

The maximum burrow depth (mean ± SE) observed in terraria
was 0 cm at 2 h, 7.3 ± 1.9 cm at 24 h, 18.5 ± 2.4 at 48 h and
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Fig. 2. Mortality of Spodoptera frugiperda second instars in bioassay of occlusion
body contaminated soil inhabited by Eisenia fetida during 7 days compared to
control soil without earthworm. Columns labeled with identical letters did not
differ significantly (generalized linear model analysis, P > 0.05).
22.5 ± 1.7 cm after 72 h. Consequently, the sampling regime in
the following experiment was based on samples taken at depths
of 0–2, 6–8, 14–16 and 22–24 cm, as described in the Methods
section.
3.5. Earthworm mediated dispersal of OBs: laboratory study

Earthworms were capable of vertical redistribution of OBs in
experimental terraria (Fig. 3). Larval mortality due to lethal poly-
hedrosis was significantly affected by the presence/absence of
earthworms (v2 = 4.35, df = 1, p = 0.037), depth of the soil sample
(v2 = 1324, df = 3, p < 0.001), sample time (v2 = 8.85, df = 2,
p = 0.012), and by the interactions of depth � time (v2 = 21.1,
df = 6, p < 0.001) and earthworms � depth (v2 = 47.7, df = 3,
p < 0.001). Virus induced mortality was very high (>90%) in the
uppermost 2 cm of soil at all samples times in the absence of earth-
worms, reflecting the high quantity of OBs used to inoculate ter-
raria (Fig. 3). Accordingly, OBs were detected in the samples
taken at depths of 6–8 and 14–16 cm, and even in samples taken
at 22–24 cm, albeit at a low prevalence, as a result of earthworm
mediated dispersal of OB-contaminated surface soil. The
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Fig. 3. Influence of the presence of earthworms in laboratory terraria surface
contaminated with Spodoptera frugiperda multiple nucleopolyhedrovirus occlusion
bodies.
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prevalence of between 2 and 14% virus mortality in the subsurface
samples taken at depths of 6–24 cm is consistent with OB concen-
trations of approximately 104–105 OBs/g soil, as indicated by the
results of the soil bioassay calibration. No virus deaths were
observed in control larvae that fed on the diet-soil mixture without
OBs confirming that the bioassay insects were healthy and no
cross-contamination had occurred during the bioassay procedure.
4. Discussion

Laboratory studies revealed that the earthworm E. fetida is cap-
able of redistributing nucleopolyhedrovirus OBs in a soil habitat.
To our knowledge this is the first attempt to demonstrate earth-
worm mediated OB dispersal. In this respect, the present study
represents a proof-of-concept study rather than a quantitative esti-
mate of OB dispersal by earthworms.

The findings of our study highlight the likely importance of the
earthworm fauna in modulating the distribution and dynamics of
virus OB populations in the soil. This is because of the combination
of the quantities of OBs arriving at the soil surface and the abun-
dance and activity of earthworm populations in agricultural and
forest ecosystems. The majority of OBs produced in infected phy-
tophagous insects is likely to arrive at the soil surface having been
washed by rainfall or by OB-contaminated leaves that senesce and
fall from the plant onto the soil. Those OBs that have not been pre-
viously inactivated by exposure to ultraviolet solar radiation (Jones
et al., 1993), or chemically inactivated by plant secondary chemi-
cals (Hoover et al., 1998), are likely to persist in the soil for
extended periods (Jaques, 1974; Thompson et al., 1981).

Our findings have a number of implications for soil OB dynam-
ics that require further study. First, earthworms may assist in the
establishment and persistence of soil OB populations by covering
the soil surface with castings, thus protecting surface OBs from
exposure to UV radiation and the extremes of temperature. Second,
the habits of some earthworm species to take surface leaf litter into
their burrow likely further contribute to the dispersal of OBs
within the drilosphere. Moreover, for soil-dwelling insect larvae
such as Tipula spp. or Wiseana cervinata that can experience epi-
zootics of nucleopolyhedrosis disease (Carter et al., 1983;
Fleming et al., 1986), earthworm mediated changes to the vertical
distribution of OBs could have a marked influence on the probabil-
ity of acquiring a lethal infection particularly when the distribution
of OBs and of susceptible insects is vertically stratified in some
types of soil habitat (Kalmakoff and Crawford, 1982).

Earthworms are also likely to interact frequently with soil OB
reservoirs due the abundance of these organisms in agricultural
and forest ecosystems. Earthworm populations are typically pre-
sent at densities of 10–200 individuals/m2 in agricultural and for-
est soils or 100–1000 individuals/m2 in undisturbed soils, such as
those of pastures (Edwards, 2004). Moreover, such populations
can turnover 5–100 tonnes of soil/year in temperate zones and
considerably more in tropical regions, resulting in a 2–5 cm thick
layer of earthworm casts each year (Edwards and Bohlen, 1996).

The use of E. fetida, a composting earthworm with very limited
burrowing habits, as the study species was due mainly to the fact
that this species is easily reared and manipulated in the laboratory.
Despite its limited burrowing habits, earthworms burrowed to
depths of > 22 cm in the laboratory terraria. This species also sur-
vived in the nutritionally poor artificial soil during experiments.
The artificial OECD-defined soil, designed for comparison of the
results of pesticide tests on earthworm fauna between different
laboratories, allowed accurate replication of experimental condi-
tions, albeit with clear limitations regarding the similarity of earth-
worm behavior in the artificial substrate compared with that of a
natural soil. In this respect, the findings of the present study should
be validated using a range of natural soils, given that the composi-
tion and physical and chemical properties of natural soils can have
an important influence on earthworm behavior (Edwards and
Bohlen, 1992) and OB stability (Jaques, 1985).

The soil-diet bioassay technique for detection of SfMNPV OBs
was found to result in 50% mortality of in second instar S. frugi-
perda larvae at a concentration of approximately 3 � 106 OBs/g
soil. This was clearly an approximation as the range of OB concen-
trations used was very large, but allowed us to identify potentially
informative concentrations of OBs for use in the remaining studies.
The soil-diet technique applied to SfMNPV was markedly lower
than that reported with other nucleopolyhedroviruses. The tech-
nique developed by Richards and Christian (1999) for detection
of HearNPV using first instar Helicoverpa armigera larvae reported
an LC50 of 2.1 � 103 OBs/g soil. Similarly, when this technique
was employed for detection of SeMNPV in first instar larvae of
Spodoptera exigua, Murillo et al. (2006) reported an LC50 value of
2.7 � 103 OBs/g in greenhouse soil substrates. The higher LC50

value of the SfMNPV soil-diet bioassay reflects a combination of
two factors: (i) the lower virulence of SfMNPV OBs compared to
that of the other viruses and (ii) the use of second instars rather
than first instars in our bioassay, as the amount of inoculum
required to initiate a lethal nucleopolyhedrovirus infection
increases with instar in SfMNPV and most other nucleopolyhe-
droviruses (Escribano et al., 1999). However, the SfMNPV soil-
diet bioassay provided consistent results and provided clear evi-
dence of earthworm-mediated dispersal of OBs in laboratory
terraria.

The use of acid-base indicators revealed that the E. fetida intes-
tine was slightly acidic. This is compatible with the passage of OBs
that can withstand exposure to the acidic gut conditions of preda-
tory insects (Abbas and Boucias, 1984; Beekman, 1980;
Vasconcelos et al., 1996), and birds (Entwistle et al., 1993). We pre-
viously used a similar range of acid-base indicators to estimate the
gut conditions of earwig and neuropteran predators of S. frugiperda
in southern Mexico (Castillejos et al., 2001). Although it provides
only an approximate estimate of gut pH, this technique has the
advantage of being very straightforward and allows a representa-
tive number of samples to be assessed in a short period of time.

Petri dish tests with OB contaminated soil revealed no signifi-
cant reduction in OB virulence, as determined by the soil-diet
bioassay. This indicates that a combination of exposure to earth-
worm exudates and passage through the gut (for that fraction of
the soil that was consumed by earthworms), was not detrimental
to OB populations during the 7-day experimental period. Exposure
of OBs to earthworm exudates was an issue of interest given that E.
fetida mucus secretions have antimicrobial activity (Wang et al.,
2011), and its coelomic fluid has antiviral activity (Wang et al.,
2007). The activity of OBs in earthworm feces was not determined
directly as the very small quantities of fecal material produced by
each earthworm precluded the use of the diet incorporation bioas-
say, which requires larger quantities of substrate to produce suffi-
cient inoculum to feed to suitable numbers of larvae (�30) for an
informative bioassay of OB activity. In a recent study on dispersal
of the fungal pathogen Beauveria bassiana by Lumbricus terrestris
in a natural soil, earthworm casts were shown to contain viable
conidia using a combination of selective media and insect bioassay
techniques (Shapiro-Ilan and Brown, 2013). Similarly, studies on
the interaction of Bacillus thuringiensis var. kurstaki and common
earthworms in a temperate region revealed the presence of vegeta-
tive bacterial cells in earthworm guts followed by sporulation in
earthworm feces, suggesting a role of earthworm activities in the
environmental persistence of the entomopathogen (Hendriksen
and Hansen, 2002). In contrast, a study on the relationship
between E. fetida and the nematode Steinernema feltiae indicated
that the capacity of infective juveniles to establish infection in
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Spodoptera littoralis larvae was markedly decreased following pas-
sage through the earthworm gut, presumably due to the action of
digestive enzymes (Campos-Herrera et al., 2006). Given these find-
ings it is clear that earthworms have the potential to modulate the
pest control capacity of various entomopathogens, although in all
cases the results of laboratory experiments require validation in
field studies.

In laboratory terraria, OBs were detected at low concentrations
at depths of up to 22–24 cm in samples taken 1, 7 and 15 days after
the beginning of the experiment, although no consistent pattern
was evident in the accumulation of OBs at different depths over
time. This likely reflects the poor burrowing habits of E. fetida that
normally resides on, or close to, the soil surface (Edwards, 2004).
OB contamination was detected at depths greater than observed
in preliminary trials as the density of earthworms used in OB dis-
persal studies was higher than that used in initial observations on
earthworm burrowing activity. The transport of OBs through the
soil likely involved a combination of adhesion to the external sur-
faces or mucus secretions of the earthworm and the release of OB-
contaminated feces at different depths in the soil. Previous studies
on two common earthworm species, demonstrated improved ver-
tical movement of several entomopathogenic nematode species in
soil columns in the laboratory, which was attributed to a phoretic
association between earthworms and infective juvenile nematodes
(Shapiro et al., 1993, 1995). Clear evidence of vertical dispersal of
viable B. bassiana conidia in laboratory soil columns was also
observed in the presence of L. terrestris (Shapiro-Ilan and Brown,
2013).

We conclude that laboratory studies indicate that earthworms
could contribute to the dynamics of baculovirus OB populations
in soils. Future studies in natural soil habitats should focus on
the local earthworm communities present and their capacity to
disperse OBs, particularly in agricultural settings in which
baculovirus-mediated pest mortality can contribute to pest
control.
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