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Abstract

We have isolated a microsporidium from a laboratory colony of the eastern spruce budworm, Choristoneura fumiferana (Clem.)

(Lepidoptera: Tortricidae). Light and electron microscopic investigations showed that gross pathology and ultrastructure of our

isolate are similar to those described for Cystosporogenes legeri from the European grape vine moth, Lobesia botrana. Comparative

phylogenetic analysis of the small subunit rDNA using maximum likelihood, maximum parsimony, and neighbour joining distance

methods revealed perfect homology with the C. legeri sequence. The microsporidian was infectious to other Choristoneura species, as

well as Malacosoma disstria, Lymantria dispar, and Lambdina fiscellaria. Incubation of infected egg masses at 41 �C for 20min

followed by 30min in 33% formaldehyde did not reduce disease incidence in larval offspring. Exposure of one or two generations to

fumagillin at 6000 ppm or higher eliminated infection in adult moths, but also reduced colony fitness. A clean colony was established

by conducting individual matings and selecting disease-free offspring.

Crown Copyright � 2004 Published by Elsevier Inc. All rights reserved.
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1. Introduction

The Insect Production Unit at the Great Lakes For-

estry Centre of the Canadian Forestry Service in Sault

Ste. Marie, Ontario, has been rearing various species of

forest insects to support forest entomology research

across North America for about three decades. The

most important species, and the one that is produced in
the largest quantity (3.5 million larvae annually), is the

eastern spruce budworm, Choristoneura fumiferana

(Clem.), an economically important defoliator of our

spruce-fir forests. A colony of diapausing C. fumiferana
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was established in the mid-1970s and has been in pro-

duction ever since, using the rearing procedures de-

scribed by Grisdale (1984).

A microsporidian infection was detected in the colony

near the end of 2001. Microscopic examination of di-

apausing second-instar larvae (L2s) revealed variable

levels of infection in most production cohorts. About

the same time, rearing personnel reported a drop in
average production from �15,000 L2s per 300 mating

pairs to a few hundred, indicating that the colony was

on the verge of collapse. Because the colony is the only

source of laboratory-reared C. fumiferana in the world,

we initiated a concerted effort to deal with the infection

in early 2002. We report here the results of studies that

were conducted to (1) identify the parasite, (2) determine

its prevalence in the spruce budworm colony and its
ier Inc. All rights reserved.
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cross-infectivity to other species, (3) determine why it
has been able to spread so easily (mode of transmission),

(4) investigate ways to eliminate light infections from

production batches using therapeutic drugs or a com-

bination of surface sterilization and heat treatment, and

(5) establish a microsporidian-free colony. We present

pathological, ultrastructural, and molecular evidence

that the causative agent of the microsporidiosis in our

rearing facility is highly similar, if not identical, to
Cystosporogenes legeri, a species that was recently

isolated and described from laboratory colonies of

the European grape vine moth, Lobesia botrana Den.

et Schiff. (Kleespies et al., 2003).
2. Materials and methods

2.1. Prevalence, intensity of infection, and cross-infectivity

The microsporidian infection was first noticed in C.

fumiferana rearing stock. To evaluate its prevalence,

cohorts of second-instar larvae produced between Feb-

ruary and June 2001 were examined for infection before

termination of the 24-week diapause. About 20–30 lar-

vae from each cohort were smeared on a 30-well mi-
croscope slide, stained with Naphthalene Black 12B

according to Evans and Shapiro (1997), and examined

for presence of spores using either bright-field or phase-

contrast microscope at 400� and 800� magnification.

Infection intensity was scored as light, moderate or

heavy, based on the relative abundance of spores in 20

fields of view.

The small size of the spores and their production in
packets lead us to suspect that the disease was caused by

Endoreticulatus schubergi (Zw€olfer). That parasite had

been isolated previously from our colony (Cali and El
Table 1

Cystosporogenes prevalence (presence of spores) and cross-infectivity (infectio

Lakes Forestry Centre

Species Common name Stage

sampled

Bombyx mori Silkworm Mid insta

Choristoneura pinus Jack pine budworm Pupae

C. occidentalis Western budworm Pupae

C. conflictana Large aspen tortrix Pupae

Dioryctria abietivorella Fir coneworm Pupae

Gilpinia hercyniae European spruce sawfly Late insta

Lambdina fiscellaria Hemlock looper Pupae

Lymantria dispar Gypsy moth pupae

Malacosoma disstria Forest tent caterpillar Pupae

Orgyia leucostigma Whitemarked tussock moth Mid insta

Orgyia pseudotsugata Douglas fir tussock moth Mid insta

Orgyia antiqua Rusty tussock moth Mid insta

Trichoplusia ni Cabbage looper Pupae

nd, species not used in cross-infectivity tests.
a Infection was judged possible (?), light (+), intermediate (++), or heavy
Garhy, 1991) and readily infects C. fumiferana (Wilson,
1982). It produces spores that have the same gross

morphology as spores from the budworm-specific No-

sema fumiferanae (Thomson, 1958) but that are sub-

stantially smaller. Because E. schubergi has a broad host

range (Wilson, 1975) we checked for infection in other

species that are reared in our multi-species rearing fa-

cility. For each species listed in Table 1, a subsample of

15–20 larvae or pupae from randomly selected produc-
tion batches was homogenized. Homogenates were

cleaned as described below (Section 2.3) and the final

pellet was resuspended in 0.5ml and examined for

presence of spores with a phase-contrast microscope.

Infection was confirmed by polymerase chain reaction

(PCR, Section 2.4).

Cross-infectivity was further examined by orally in-

oculating (Van Frankenhuyzen et al., 1997) 30–40 sec-
ond- or third-instar larvae of each of the following

species: large aspen tortrix (Choristoneura conflictana

Walker), western budworm (Choristoneura occidentalis

Freeman), forest tent caterpillar (Malacasoma disstria

Huebner), gypsy moth (Lymantria dispar L.), and

hemlock looper (Lambdina fiscellaria Guen�ee). The

dosage consisted of a 0.125 ll droplet containing

1� 105 spores that were purified from diseased bud-
worm larvae as described in Section 2.3. Larvae were

reared on artificial diet at 22� 1 �C, 60% RH, and 16 h

light/8 h dark for 15–20 days. Infection was confirmed

by microscopy of dissected tissues (Section 2.2).

2.2. Microscopy of infected tissues

Tissue specificity of the parasite was investigated by
dissecting diseased spruce budworm in the final larval

stage (sixth instar) and as female adults. Midgut, fore-

gut, hindgut, silk glands, Malpighian tubules, fat body,
n of midgut and silk glands) in insect colonies maintained at the Great

Presence

of sporesa
Stage

infected

Infection in

Midgut Silk gland

rs — nd

+ nd

— L3 + +

+++ L3 + +

— nd

rs — nd

++ L2 + +

— L2 + +

? L2 + +

rs — nd

rs — nd

rs — nd

— nd

(+++), based on relative abundance of spores.
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ganglia, and gonads were removed and fresh squash
preparations were examined for infection under phase-

contrast objectives. Dissected midguts and silk glands

from C. fumiferana and species used in the host speci-

ficity study were examined for various life stages after

staining tissue smears with Giemsa (Accustain, Sigma

Diagnostics) (V�avra and Maddox, 1976). Fresh spores

were measured using a splitting-image eye piece mi-

crometer. For transmission electron microscopy (TEM),
abdomens from infected C. fumiferana female adults

were fixed in 2.5% glutaraldehyde in cacodylate buffer

and postfixed in OsO4 with uranyl acetate. Fixed tissues

were dehydrated through an ascending ethanol series

and embedded in Araldite. Sections were cut using a

Reichert ultramicrotome and stained with lead citrate.

Sections were observed and photographed using a JEOL

1200EX electron microscope.

2.3. Isolation and purification of spores from infected

insects

Microsporidian spores were purified from infected

larvae or pupae as follows. The insects were ground with

a mortar and pestle in filter-sterilized distilled water and

filtered through multiple layers of cheesecloth to remove
coarse debris. The filtrate was then centrifuged repeat-

edly (3200 rpm, 15min). After each spinning cycle, the

top layer of the pellet was resuspended by careful trit-

uration and decanted. The firmer lower layer was re-

suspended in distilled water. Spore suspensions were

purified according to Undeen and Alger (1971), using a

continuous gradient of silica colloid (Ludox HS-40,

Dupont, Wilmington, DE) in a 50-ml centrifuge tube.
One milliliter of spore suspension was layered on top of

the gradient and spun for 30min at 2500 rpm. The lower

band containing mostly viable (phase-bright) spores was

collected, pelleted three times in distilled water to re-

move the silica, and either used immediately or stored in

50% glycerol in liquid nitrogen. Spore counts were

conducted with a haemocytometer.

2.4. Molecular detection, rDNA sequencing, and phylo-

genetic analysis

For development of the PCR protocol, genomic

DNA was extracted from artificially infected larvae by

homogenization in a tissue grinder followed by phenol/

chloroform extraction and ethanol precipitation. The

small subunit ribosomal DNA (ss-rDNA) gene sequence
in the internal transcribed spacer region from E. schu-

bergi (Zw€olfer) (GenBank Accession No. L39109) was

used to design several primers. The fragment with the

strongest amplification was then purified from agarose

gels and cloned into the pGemT-Easy vector system

(Promega, Madison, WI) and sequenced. When aligned

in BLAST search, the sequence was most similar to
those from species belonging to the genus Cystosporo-

genes. The sequence from Cystosporogenes operophterae

(GenBank Accession No. AJ302320) was used to design

the forward (50-TGG TGT AGC TCC GTC AAT TT-

30) and reverse (50-TGC TGC AGT TAA AAA GTC

CG-30) primers, producing a 352-bp fragment. For

routine PCR, infected larvae were homogenized in the

presence of glass beads (BioSpec Products), and DNA

was extracted by boiling the homogenates for 10min
followed by centrifugation. PCR amplification was

carried out using one cycle at 94 �C (3min) for dena-

turation followed by 40 cycles of 94 �C (30 s), 56 �C
(30 s), and 72 �C (30 s).

For sequencing and analysis of ssrDNA, DNA was

liberated from purified spores by beating for 40 s in a

mini-beadbeater (BioSpec Products) in 150 ll of salt

(0.1M NaCl)/Tris (10mM)/EDTA (0.1mM) buffer (pH
8.0), in a 0.5-ml micro-centrifuge tube. The sample was

heated to 95 �C for 5min and 3 ll of heated homogenate

was used for gene amplification (94 �C for 3min, fol-

lowed by 35 cycles of 94 �C for 45 s, 45 �C for 30 s, and

72 �C for 90 s) using primers 18f and 1492r. PCR

products were purified on Qiaquick PCR purification kit

(Qiagen Company, CA) and sent to the Keck Biotech-

nology facility at Yale University for sequencing, using
primers 18f, 350r, 350r, 580f, 580r, 1061f, 1047r, and

1492r (Baker et al., 1995). A search for similar small

subunit rDNA sequence was accomplished by BLAST

search on GenBank. Sequence alignment was accom-

plished by ClustalX and comparative sequence analyses

were accomplished using PAUP (Swofford, 2003).

2.5. Disease management—therapeutic drugs

Two types of experiments were conducted to evaluate

the effectiveness of therapeutic drugs to reduce infection

in spruce budworm. In the first experiment, we assessed

effectiveness of the routine budworm rearing protocol,

which calls for the inclusion in the larval diet of 200 ppm

benomyl, a fungicide (Benlate, Dupont Canada, Mis-

sissauga, ON) that is known to suppress microsporidian
infection (Brooks et al., 1978). Because benomyl also

interferes with (male) budworm fertility (Harvey and

Gaudet, 1977), larvae are reared on diet containing

Benlate for only the first 10 days (to end of fourth in-

star), and are then allowed to complete their develop-

ment (fifth and sixth instar) on diet without the

fungicide (�regular� diet) (Grisdale, 1984). We postulated

that exposure to benomyl may be effective in suppress-
ing spore production when larvae are reared in its

presence, but that discontinuing the exposure results in a

rapid resurgence of the disease and thus permitted per-

sistence of the disease in the colony despite prophylactic

drug treatment. This was tested by dividing a heavily

infected cohort of L2s (100% infection and high infec-

tion intensity) over two treatments. One group was
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reared on Benlate diet for 10 days and then transferred
to regular diet to complete their development. The sec-

ond group was reared on regular diet for 10 days and

then transferred to fresh regular diet. A subsample of 30

early fifth-instar larvae was squashed to determine %

infection and infection intensity. A pooled sample of an

additional 15 larvae was homogenized and filtered to

determine spore yield. Spore yields were also determined

once larvae had become mid-sixth instars (n ¼ 30) and
at the end of the pupal stage (n ¼ 15).

In the second experiment, we investigated if fum-

agillin (Fumidil-B, Abbott Laboratories), an antibiotic

that is used to manage Nosema disease in honey bees

and Lepidoptera (Lewis and Lynch, 1970) could be used

to cure light infections from contaminated production

cohorts. During 2002, cohorts that had completed dia-

pause were discarded if more than 30% of the L2s were
infected (regardless of infection intensity). Cohorts with

lower prevalence were reared on Benlate diet (standard

treatment, control) or diet containing fumagillin. Vari-

ous parameters were monitored routinely to check for

gross adverse effects on budworm performance, in par-

ticular reproductive success. The effect on infection

prevalence was assessed in adult females after mating.

Previous work (Wilson, 1974) indicated that high levels
of fumagillin (>1000 ppm) were needed to suppress

Nosema infection in budworm, while adverse effects on

budworm development were noted above 7000 ppm.

Infected cohorts were therefore exposed to levels be-

tween 2000 and 8000 ppm. Offspring from insects reared

at 4000, 6000, and 8000 ppm were exposed for a second

generation to the same levels to investigate effects of

repeated exposure on infection.
Adverse effects of fumagillin on budworm perfor-

mance were apparent, but comparison between exposure

levels was not appropriate because each level was tested

against a successive cohort of infected larvae over the

course of about 6 months. We therefore, conducted a

separate experiment to quantify adverse effects as a

function of exposure level within one rearing cohort. A

cohort of uninfected L2s was divided over diet con-
taining 0, 2000, 4000, 6000 or 8000 ppm of Fumidil-B.

Larvae were reared on artificial diet at 22� 1 �C, 60%
RH, and 16 h light/8 h dark. Survival was recorded at

the time of transfer to fresh diet (�10 days) and at pu-

pation. Fresh weights were recorded for 20 one-day-old

female pupae in each treatment. For each treatment we

set up three mating containers with 20 pairs to assess egg

production after 5 days at 22� 1 �C.

2.6. Disease management—heat and surface sterilization

We attempted to interrupt transmission of the para-

site from eggs to larvae by treating infected egg masses

with heat to reduce transovarial infection (see Hamm

et al., 1971; Kfir and Walters, 1997; Raun, 1961), and
with sterilants to eliminate possible surface-borne con-
tamination. We first determined how much heat and

surface sterilization spruce budworm egg masses can

tolerate without compromising their viability. Groups of

freshly laid (<2 days old), uninfected egg masses in

screen pouches were immersed in a water bath at am-

bient temperature (control), and at 39, 41, 43 or 45 �C
for 10, 20, 30 or 40min, while others were immersed in

distilled water (control), 10% formalin (3.7% formalde-
hyde), 33% formalin (12.2% formaldehyde) or 5% bleach

(0.26% sodium hypochlorite) for the same durations,

and then allowed to hatch. The effect of exposure to

41 �C for 20min followed by a 30min exposure to 33%

formalin on transmission of infection from egg to larva

was investigated at two levels of initial infection. Egg

masses from heavily or moderately diseased females

were treated two days after oviposition and allowed to
hatch. Disease prevalence and intensity of infection were

determined in post-diapause fifth instars resulting from

treated egg masses and from untreated controls.

2.7. Disease management—establishment of an uninfected

spruce budworm colony

Screening of spruce budworm breeding colonies
(Grisdale, 1984) and some sub-colonies that had been

separated from the main colony over the years for var-

ious reasons revealed 12 groups with low or possibly no

infection. To facilitate the selection of disease free in-

sects for the re-establishment of a colony, each sub-

colony was reared separately on regular diet to allow

previously undetected low-level infection to escalate to

detectable levels. Within each sub-colony, 55–80 indi-
vidual matings were conducted, using only early-eclos-

ing adults (i.e., first 75% of each gender) from male

pupae greater than 70mg and female pupae greater than

100mg, on the assumption that slow development and

low weights can be indicative of infection. Macerates of

individual parental females were examined microscopi-

cally for the presence of microsporidian spores (Naph-

thalene Black 12B stain; Section 2.1). Because the
colony was suspected to be infected by the spruce bud-

worm cytoplasmic polyhedrosis virus (CfCPV), macer-

ates were also stained with 0.1% bromophenol blue stain

(Fuxa et al., 1999) to check for the presence of occlusion

bodies. CfCPV was detected by using a dot blot method

as well. For that procedure, the double-stranded RNA

was isolated using a guanidine isothiocyanate–phenol–

chloroform separation method modified from Chom-
czysnki and Sacchi (1987), followed by precipitation

with absolute ethanol at )70 �C for 1 h. After centrifu-

gation, the precipitated RNA was resuspended in nu-

clease-free water, blotted onto nitrocellulose membranes

and hybridized against a 410 bp radio-labeled (32P)

CfCPV fragment. Offspring from infected females were

discarded, along with those families having fewer than



Fig. 2. Detection by PCR of Cystosporogenes infection in laboratory

colonies of various forest Lepidoptera. Lanes 1 and 12, molecular

weight (bp) markers; lane 2, control larva infected with Nosema fum-

iferanae; lanes 3 and 11, control larva infected with Cystosporogenes;

lane 4, uninfected control larva; lane 5, water control; lanes 6 and 7, C.

conflictana; lane 8, L. fiscellaria; lane 9, M. disstria; and lane10, C.

fumiferana. Ethidium bromide stained 1.2% agarose gel.
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50 larvae available to enter diapause. Upon completion
of diapause, offspring were reared on R-diet and slow

developers discarded after 10 days and again at pupal

harvest. A pooled sample of 10 fifth-instar larvae from

each family was examined microscopically, as well as by

PCR, for the presence of microsporidia and micro-

scopically for the presence of CfCPV occlusion bodies.

Pupae were selected from uninfected families by weight

(as above) and early-eclosing adults were used in limited
mass-matings of 50 pairs in each of 3–8 mating cham-

bers per sub-colony. The females from each chamber

were pooled upon completion of egg laying, homoge-

nized, and examined microscopically and by PCR for

infection. Offspring from clean matings were reared and

selected (as above) and then used to scale-up production

by conducting 5–10 mass-matings with 100 pairs once

per week over a 26-week period. Scale-up was staggered
by splitting sub-colonies and manipulating the duration

of diapause, which ranges from a minimum of 18 weeks

to a maximum of 36 weeks. A final level of quality

control was conducted by pooling the adults from each

mating (without separating the sexes) for homogeniza-

tion and microscopic examination for infection.
3. Results

3.1. Prevalence in laboratory colonies and cross-infectivity

Sampling of eastern spruce budworm production

cohorts that had entered diapause during the first half of

2001 revealed a variable but generally high prevalence of

microsporidiosis (Fig. 1). More than 40% of the larvae
were infected in 29 of the 37 cohorts, and only one co-

hort appeared to be free of infection. Intensity of in-

fection was variable with 0–100% but mostly <40% of

the larvae carrying a heavy infection. The infection was
Fig. 1. Prevalence of Cystosporogenes infection in production batches

of the eastern spruce budworm, C. fumiferanae. Percentage of L2s

carrying infection (% Inf) or carrying a heavy infection (% Heavy).
present in some of the other insect species that are

routinely reared in the same facility (Table 1). High

levels of spores of the same size and shape as those

found in C. fumiferana were encountered in C. conflic-

tana and L. fiscellaria and low levels in Choristoneura

pinus. Infection was also demonstrated by PCR, which

produced a strong signal in C. fumiferana, C. conflic-
tana, and L. fiscellaria, and a weak signal in M. disstria,

possibly indicating a low-level infection (Fig. 2). Using

spores that were purified from diseased C. fumiferana

larvae, infections were readily established in C. occi-

dentalis, L. fiscellaria and C. conflictana, as well as in L.

dispar and M. disstria (Table 1) (C. pinus was not

available when the cross-infectivity tests were con-

ducted). Infection in permissive hosts was concluded
from abundant production of spores of the same size

and shape as in the original isolate together with the

presence of various life stages in both midgut epithelium

and silk gland tissues (as determined by Giemsa stain-

ing, see Section 3.2).

3.2. Pathology and morphology

Phase-contrast microscopy of selected tissues dis-

sected from infected C. fumiferana revealed that the in-

fection was highly pervasive and not limited to the

midgut. In larvae, the infection was found in foregut,

hindgut, gonads, fat bodies, ganglia, Malpighian tu-

bules, and silk glands. In female moths, the infection

was present in all tissues examined, with particularly

heavy infections in the ovarioles, suggesting that the
parasite is vertically transmitted.

Light microscopy of Giemsa-stained tissue smears

from midguts, silk glands, and other tissues from C.

fumiferana and other hosts revealed various stages of the

parasite�s life cycle. The earliest stages observed were

uninucleate schizonts and spheroid schizonts with mul-

tiple nuclei. We also observed some elongated schizonts

that produced multinucleate chains. The first stages of
the sporulation process were multinucleate, spheroid



Fig. 3. Phase-contrast image of fresh Cystosporogenes spores immo-

bilized in 1.5% agar on a microscope slide. One spore has extruded its

polar tube (arrow).

K. van Frankenhuyzen et al. / Journal of Invertebrate Pathology 87 (2004) 16–28 21
sporogonial plasmodia with small densely staining nu-

clei. Sporogony was multisporous, with sporophorous

vesicles containing a large number of sporoblasts or

spores often in multiples of eight. Vesicle membranes

were easily ruptured, resulting in an abundance of free
spores in the tissue smears (Fig. 3). Fresh spores mea-

sured 2.59 (�0.12)� 1.66 (�0.12) lm (n ¼ 25).

Electron microscopy of infected ovarioles revealed

distinct asynchrony in the developmental cycle. Schiz-

onts, sporonts, sporoblasts, and mature spores were

present in the same host cells, as shown for an infected

follicle cell (Fig. 4A) and an oocyte (Fig. 4B). All stages
Fig. 4. Transmission electron micrographs of C. fumiferana ovaries infected w

schizonts (SC), sporonts (SP), sporoblasts (SB), and mature spores (S) insid
had monokaryotic (unpaired) nuclei, and were enclosed
by a membrane-like envelope separating the parasite�s
plasma membrane from host cell cytoplasm. The enve-

lope lacked ribosomes and did not appear to be associ-

ated with or derived from host endoplasmatic reticulum

(Fig. 5A). Stages that were thought to be schizonts had a

simple plasma membrane, lacking an electron-opaque

surface coat. Gradual withdrawal of the plasmalemma

from the vesicle envelope created a vacuole eventually
surrounding the dividing schizont (Fig. 5B). Schizonts

were sometimes present as multinucleate chains that

appeared to be dividing by multiple fission (Fig. 5C).

Sporogonic division took place inside the sporophorous

vesicle, resulting in groups of thick-walled and irregu-

larly shaped sporonts (Fig. 5D). The uninucleate

sporoblasts were characterized by the presence of future

spore organelles (such as polar filament primordia)
(Fig. 5E). Mature spores displayed a distinct electron-

opaque and wavy exospore surrounding a thicker elec-

tron-translucent endospore (Fig. 5F). The interior of

mature spores was usually too electron-opaque to dif-

ferentiate internal structures, but some showed a single

nucleus and 6–8 coils of the polar filament.

3.3. Molecular characterization

The sequence of the rDNA PCR product indicated

that our isolate was more closely affiliated with the ge-

nus Cystosporogenes than with Endoreticulatus, which

we initially suspected as the causative agent. The 352-bp

sequence showed an identity of 90% with E. schubergi

(GenBank Accession No. L39109), 93% with C. oper-

ophterae (Accession No. AJ302320), and 100% with C.

legeri (Accession No. AY233131). The latter sequence
ith Cystosporogenes. Infected follicle cells (A) and oocyte (B) showing

e sporophorous vesicles (SPV).



Fig. 5. Transmission electron micrographs of C. fumiferana fat body and oocytes infected with Cystosporogenes. (A) An early sporont (SP) and

mature spores in sporophorous vesicles surrounded by an envelope (SVE) that lacks ribosomes and is clearly distinct from nearby host cell rough

endoplasmatic reticulum (HER); (B) a schizont with two unpaired nuclei (N) dividing by binary fission. Plasmalemma is withdrawing from host

cytoplasm (arrow) to form vacuole; (C) a ribbon-like tetranucleate plasmodium undergoing multiple fission as indicated by invaginated plasma-

lemma (arrow); (D) sporophorous vesicle containing late sporonts (SP) with electron-dense material on plasmalemma; (E) two adjacent sporoph-

orous vesicles, one containing sporonts (SP) and one with mature sporoblasts (SB) showing polar filament primordia (arrows); (F) sporophorous

vesicle (SPV) containing mature spores displaying wavy exospore, electron-translucent endospore, a haplokaryotic nucleus (N), and 6–8 coils of the

polar filament (PF). Scale bar¼ 1lm in all images.
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had not yet been published at the time our PCR primers

were designed.
Analysis of the 1192-bp sequence (deposited in Gen-

Bank under Accession No. AY566237) of the small

subunit rDNA gene confirmed a perfect homology with

the C. legeri sequence, as shown in Fig. 6. Phylogenetic

analysis indicates that the spruce budworm isolate is

closely related to or is the same species as C. legeri

isolated from a laboratory colony of the European grape
vine moth, L. botrana, in Germany. The analysis

also indicates a close relationship to C. operophterae,
indicating that this genus is a tight monophyletic

group.

3.4. Disease management

Infection of reproductive organs and oocytes sug-

gested vertical, transovarial transmission. Vertical



Fig. 7. Cystosporogenes spore yield (mean number of spores per larva)

by infected C. fumiferanae larvae. Benlate treatment: larvae were

reared on diet containing 200pm Benlate; regular treatment: larvae

were reared on diet containing 200 pm Benlate for the first 10 days and

then transferred to diet without Benlate for the remainder of larval

development.

Fig. 6. Phylogenetic tree of small subunit rDNA sequence data of 16 species of Microsporidia. Both maximum parsimony and neighbor joining gave

the same tree, as shown on the left. Numbers on tree branches indicate bootstrap values. Maximum likelihood analysis (inset) shows a swap between

Glugoides intestinalis and the two closely related Endoreticulatus species. Other species were included as representatives of disparate Microsporidia

groups, Amblyospora connecticus was included as the outgroup.
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transmission was confirmed experimentally by mating

infected females with uninfected males. In each suc-

cessful mating (n ¼ 8), the offspring were infected

(pooled sample of 10 first instars per female). We sus-
pected that the 10-day exposure to 200 ppm Benlate

during early larval development was not effective in

preventing infection in later stages. Exposure to Benlate

for 10 days greatly reduced Cystosporogenes infection in

fifth-instar larvae. Only 62.5% of the larvae carried a

light infection whereas all larvae reared on diet not

containing Benlate were heavily infected. The sup-

pressing effect of Benlate was also clear from a 99%
reduction in spore yield, from an average of 107 spores/

fifth instar in the group that was not exposed to Benlate

to 105 spores/fifth instar in the Benlate-treated group

(Fig. 7). As soon as the Benlate exposure was discon-

tinued, however, infection resurged rapidly, as shown by

the increase in spore yield over time. There was only a

10-fold difference in spore yield between Benlate-treated

larvae and the control larvae by the time they had
reached the sixth instar, and once in the pupal stage

there was no difference between treatments. Therefore,

routine exposure to Benlate for 10 days in our rearing

program in all likelihood did not reduce prevalence of

Cystosporogenes in adults, thus permitting transmission

by infected females to subsequent generations.
Infection in adult females was reduced after exposing

lightly diseased cohorts (<30% of the larvae infected) to

high levels of fumagillin for one generation (Table 2).

Compared to the standard (benomyl) treatment, larval



Table 2

Effects of Fumidil-B exposure on Cystosporogenes infection in female C. fumiferana adults

Fumidil-B

exposure (ppm)
% Infection in females (n ¼ 30) after:

First-generation exposure Second-generation exposure

C a F b C F

8000 83.3 7.4 40.7 0.0

6000 41.1 0.0 25.9 0.0

4000 60.0 50.0 36.0 8.0

2000 80.0 80.0 — —

aC, control: larvae were reared on diet with benomyl for first 10 days and then transferred to diet without benomyl.
bF, treated: larvae were continuously reared on diet containing fumagillin.
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exposure to fumagillin greatly reduced infection in fe-

males in the 8000 and 6000 ppm treatments, caused a

slight reduction at 4000 ppm treatment, and had no

effect at 2000 ppm. Treatment of the offspring from

treated females for a second cycle completely eliminated

the infection remaining in the 8000 and 6000 ppm
treatments and greatly reduced infection at 4000 ppm.

Continuous fumagillin exposure at any of the levels for

one or two generations did not have the same detri-

mental effects on budworm reproduction as have been

reported for benomyl. There were no adverse effects on

adult emergence from pupae or the number of L2s

produced per mating cage, but we did notice a reduction

in larval survival and pupal weights (data not shown).
This was confirmed in a subsequent test specifically
Fig. 8. Rate of pupation of C. fumiferanae larvae continuously exposed

to Fumidil-B at 0, 2000, 4000, 6000, and 8000ppm.

Table 3

Effects of Fumidil-B on rearing performance of C. fumiferana

Fumidil

(ppm)

No. of

L2s

% Survival to

pupa

Female pup

Mean

8000 648 39.9 90.7

6000 613 46.6 104.6

4000 563 58.3 109.8

2000 671 47.8 105.7

0 668 63.2 113.4
designed to examine the effects of Fumidil on budworm

rearing performance. Fumagillin delayed larval devel-

opment regardless of exposure level, as reflected in the

progression of pupation (Fig. 8), and caused a signifi-

cant reduction of up to 36% in larval survival to pupa-

tion (v2 ¼ 90:3; df ¼ 4; P < 0:001), in female pupal
weight (up to 20% reduction) (F ¼ 3:28; df ¼ 4; 99;
P ¼ 0:014) and in fecundity (up to 30% reduction)

(F ¼ 4:77; df ¼ 4; 14; P ¼ 0:021) (Table 3).

We were unable to reduce transmission of Cystos-

porogenes by treating infected egg masses. Egg hatch

was variable in preliminary tests conducted to investi-

gate tolerance to heat and surface sterilization, but re-

sults indicated that budworm eggs can tolerate wet
exposure to 41 �C for up to 40min without seriously

affecting viability (Table 4). At 43 �C, egg hatch declined

rapidly with increasing exposure time, while there was

no hatch of eggs exposed to 45 �C for any duration.

Likewise, we did not observe highly detrimental effects

of surface sterilization with up to 33% formalin. In

contrast, 5% bleach greatly reduced egg hatch even after

a 10min exposure. A combination treatment of 20min
at 41 �C followed by 30min in 33% formalin produced

an acceptable egg hatch of 83%, but was not successful

in reducing transfer of the disease to subsequent larval

stages. The combination treatment did not reduce

prevalence of Cystosporogenes nor infection intensity in

fifth instars as compared with larvae reared from un-

treated egg masses (Table 5).

A new colony of C. fumiferana was established over a
2-year period by starting with offspring from individual

matings. A total of 740 mated pairs were set up using

adults from 12 relatively �clean� sub-colonies, which re-

sulted in 556 viable families (i.e., those having more than
al weight No. of eggs/female

SE Mean SE

3.9 128.2 9.7

4.6 119.9 4.3

6.0 142.7 2.4

5.1 164.2 2.8

3.5 177.4 21.8



Table 4

Effect of heat treatment and surface sterilization on viability of C. fumiferana eggs (% hatch)

Treatmenta Exposure time (min)

10 20 30 40

39 �C 76.6 100.0 62.2 96.3

41 �C 85.2 70.0 85.5 84.2

43 �C 96.1 28.8 12.7 3.2

45 �C 0 0 0 0

Water 90.5 91.9 96.7 87.2

5% Bleach 28.9 29.1 22.0 2.5

10% Formalin 86.6 82.3 90.6 70.9

33% Formalin 78.8 89.5 81.5 91.4

aHeat treatment: n¼ 50–115 eggs; hatch in control treatment (no heat exposure) was 96.8% and surface sterilization: n¼ 118–169; hatch in

control treatment (no exposure) was 97.6%.

Table 5

Effect of treating moderately and heavily infected C. fumiferana eggs

with heat (20min at 41 �C) followed by surface sterilization (30min in

33% formalin) on Cystosporogenes prevalence and infection intensity

in fifth-instar larvae (n ¼ 50)

% Larvae Moderately

infected eggs

Heavily infected

eggs

Treated Control Treated Control

No infection 24 38 0 0

Light infection 28 52 34 16

Moderate infection 42 10 32 36

Heavy infection 6 0 34 48
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50 L2s entering diapause). The families belonging to two

sub-colonies were discarded because 25–40% of the pa-

rental females in those groups were determined by mi-

croscopic analysis to be infected with Cystosporogenes.

Families (n ¼ 465) from the remaining 10 sub-colonies

appeared to be virtually free of Cystosporogenes infec-

tion, and only five of them were discarded due to sus-

pected infection. PCR analysis of 10 fifth-instar larvae
from each remaining family confirmed the absence of

Cystosporogenes. Another 128 families showed occlu-

sions staining similar to CfCPV in adult or larval

smears, and although molecular probing of parental

females could not confirm presence of the virus, the

families were discarded anyway as a precautionary

measure. Offspring from the remaining families (18–50

families per sub-colony) were then used to set up a total
of 59 limited mass-matings (3–8 mating chambers with

50 pairs per sub-colony). Once again, no microsporidia

were detected in any of the mating chambers by either

molecular analysis or microscopic observation of female

homogenates. Microscopic analysis indicated the pres-

ence of possible CfCPV occlusions in females from two

mating chambers that were subsequently discarded.

Molecular probing confirmed a low level of CfCPV in
one of these chambers. Production was scaled-up by

splitting the offspring from each sub-colony into 2–4

cohorts (depending on size of batch) for a total of 26
cohorts that were removed from diapause to set up 5–10

mass matings using 100 pairs per mating chamber at

weekly intervals. Microscopic analysis of pooled adults

did not detect microsporidia, although possible trace

amounts of CfCPV occlusions were found in approxi-

mately 10% of all mating chambers. Larval progeny

from chambers found to have possible CfCPV occlu-

sions were not used to maintain the colony. Newly es-
tablished cohort rearing and concomitant quality

control procedures allow for the replacement of cohorts

showing possible signs of disease. We have thus re-es-

tablished a microsporidia-free eastern spruce budworm

colony that can produce the weekly-required number of

larvae (50,000–100,000) for allocation to research

projects.
4. Discussion

Several species of Microsporidia have been reported

from C. fumiferana. The most common one is Nosema

fumiferanae (Thom.), a vertically transmitted parasite

that increases its prevalence during outbreaks (Thom-

son, 1955, 1958) and is often associated with population
collapse. Other Microsporidia that have been isolated

from field-collected spruce budworm larvae include

Thelohania sp. and E. schubergi (formerly Pleistophora

schubergi; see Cali and El Garhy, 1991) (Wilson, 1975).

Neither has been found at a high prevalence in natural

budworm populations, and only N. fumiferanae and E.

schubergi have been known to occasionally infect our

laboratory colony. This is the first report of a Cystos-

porogenes infection in C. fumiferana.

The genus Cystosporogenes was established by Can-

ning et al. (1985) to accommodate Pleistophora oper-

ophterae, a species that was described from winter moth,

Operophtera brumata (L.) (Canning et al., 1983). It was

transferred to the new genus based on ultrastructural

criteria, the most prominent one being that all stages

develop inside a vesicle that is bounded by a single
membrane of uncertain origin. That is in contrast with
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species in the genus Endoreticulatus, which develop
within a double membrane derived from host endo-

plasmic reticulum (Brooks et al., 1988). Endoreticulatus

schubergi was in the genus Pleistophora until an ultra-

structural study of an isolate from our spruce budworm

colony resulted in its transfer to the genus Endoreticul-

atus (Cali and El Garhy, 1991). Transmission electron

micrographs of our isolate show a single membrane that

is distinctly separate from the host�s rough endoplasmic
reticulum (Fig. 5A), suggesting that it belongs to the

genus Cystosporogenes and not Endoreticulatus.

Further evidence was derived from its pathology.

Infection by Endoreticulatus is typically confined to

midgut epithelial cells (Brooks et al., 1988; Milner and

Briese, 1986) and is therefore not transmitted vertically

(Briese and Milner, 1986) (Wilson and Kaupp, 1984).

Canning et al. (1983) report that C. operophterae pri-
marily infects the silk gland but that infection also

spreads to gut epithelial cells, Malpighian tubules, fat

body, muscles, and oocytes. Kleespies et al. (2003)

identified the midgut epithelium as the primary infection

site of C. legeri with the infection readily spreading to

other organs and tissues, such as fat body, ganglia, go-

nads, and eggs. Our isolate infected all tissues examined

in C. fumiferana, and was found to infect silk glands as
well as midguts in other permissive species. We dem-

onstrated experimentally that the parasite is vertically

transmitted in spruce budworm, and the electron mi-

crographs of developing oocytes suggest that transmis-

sion is primarily transovarial.

The placement of our isolate in the genus Cystos-

porogenes was confirmed by the high homology of its

small subunit rDNA with that of C. operophterae and a
perfect identity with the C. legeri sequence. All three

methods of comparative sequence analysis gave almost

identical results except that maximum parsimony and

neighbour joining analyses show Glugoides intestinalis to

be the sister taxon to the Cystosporogenes/Vittaforma

clade, whereas maximum likelihood analysis points to

the Endoreticulatus species as the sister taxon to the

Cystosporogenes/Vittaforma clade (Fig. 6). Prior to the
description of Cystosporogenes species, the Endoreticul-

atus species were the closest relative to Vittaforma cor-

neae, an opportunistic parasite of humans. The two

Cystosporogenes species that have been sequenced were

isolated from laboratory colonies of lepidopteran hosts.

Our isolate being identical in the ssrDNA to the isolate

from Lobesia botrana and similar to V. corneae (prob-

ably not a true human parasite) suggests that C. legeri
may be a generalist parasite which shows up, among

other places, in laboratory colonies where conditions are

crowded.

The molecular evidence strongly suggests that the

infection in our budworm colony was caused by C.

legeri or a very close relative. Our budworm isolate

shares several structural characteristics with the grape-
vine moth isolate, including the shape and size of spores
(C. legeri: 2.7 (�0.26)� 1.6 (�0.16)), and the number of

polar filament coils (8) in the mature spore. Host-range

tests have not been conducted for C. legeri, but tests

with the budworm isolate show that the parasite has a

broad host range, infecting species outside the genus

Choristoneura, in particular a geometrid (L. fiscellaria),

a lymantriid (L. dispar), and a lasiocampid (M. disstria).

A detailed ultrastructural comparison in cross-infected
hosts will be needed to determine if the two isolates are

indeed one and the same species.

We were able to cure Cystosporogenes from lightly

infected C. fumiferana cohorts by rearing larvae in the

presence of fumagillin at high concentrations. Exposure

of one or two generations to 6000 ppm or higher was

effective in eliminating infection from adult moths, but

not without a cost. Fumagillin exposure retarded larval
development and reduced their survival while at higher

levels we observed lower pupal weight and reduced fe-

cundity. Fumagillin should therefore only be used as a

temporary diet ingredient when there are signs of

emerging infection in the colony, and only if discarding

the contaminated cohort is not an option. Prophylactic

use of the fungicide benomyl during the first 10 days of

larval development, as was our standard practice, is not
recommended. Even though it clearly reduced infection

by Cystosporogenes during larval exposure, resurgence

of the infection during later stages of budworm devel-

opment negated its usefulness in maintaining a clean

colony. Briese and Milner (1986) reported suppression

of E. schubergi in Anaitas efformata (Geometridae) by

benomyl followed by a rapid resurgence of infection

during the non-feeding pupal stage, resulting in ob-
servable infection in adults.

We were not able to reduce transmission from in-

fected eggs to larvae by a combination of heat treatment

and surface sterilization. Spruce budworm eggs were

able to tolerate 41 �C for at least 40min. That temper-

ature may not have been high enough to cure heavy

infections in developing eggs. Allen and Brunson (1947)

reduced Nosema incidence in the potato tuber moth by
incubating eggs at 47 �C for 20min, while a 30min ex-

posure to 43.3 �C was required to eliminate Nosema

pyraustae from a European corn borer colony (Raun,

1961). Allen (1954) reports that Nosema spores can

survive a 20-min exposure to 55 �C. Considering the

prevalence of mature spores in developing oocytes, it is

not surprising that the heat treatment was not effective

in eliminating or reducing infection in moderately or
heavily infected egg masses.

A clean colony of eastern spruce budworm was es-

tablished by using offspring from individual matings

with Microsporidia-free females. Although we are not

sure where the Cystosporogenes infection originated,

several changes were made in the rearing protocols to

safeguard against re-infection. The spruce budworm
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colony was spatially separated from the rearing of other
insect species, in particular those that were demon-

strated to be permissive to Cystosporogenes. It is possi-

ble that Cystosporogenes is indigenous in wild

populations of one of those species, and was brought in

inadvertently with field-collected larvae. Another pos-

sible source of contamination is the use of field-collected

foliage as oviposition substrate, which has now been

replaced with wax paper. A third key change is the use
of inflated disposable plastic bags for mass-matings to

replace conventional wire-mesh mating cages, which

presented a decontamination challenge in view of

pathogen dispersal through meconium and wing scales.

And finally, we established a rigorous system for routine

quality control by microscopic and molecular exami-

nation of homogenized adults from each cohort to

prevent uncontrolled spread of any future infections
that will undoubtedly occur despite the precautions

taken.
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