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Abstract

To evaluate the relationship between immune suppression and host range six lepidopteran species were parasitized by the ichneu-
monid parasitoidCampoletis sonorensis. Parasitism inhibited the growth of permissive hosts (Heliothis virescens, Helicoverpa zea,
andTrichoplusia ni), whereas growth of semi-permissive (Spodoptera exigua, Agrotis ipsilon) and non-permissive hosts (Manduca
sexta) was not significantly affected. The 29–36 kDa ovarian protein (OP), responsible for transient immunosuppression in the
permissive hostH. virescens, bound to and was endocytosed by hemocytes of permissive and non-permissive hosts. Expression of
the cysteine-rich polydnavirus gene, VHv1.4, was detected in all the hosts, but declined only in semi- and non-permissive hosts at
later times after parasitization. The VHv1.4 protein bound to hemocytes of permissive and semi-permissive hosts, but did not bind
to hemocytes of the non-permissive host,M. sexta. Melanization of larval hemolymph was severely inhibited by parasitism in
permissive hosts, but was unaffected inM. sexta.In the semi-permissive host,A. ipsilon, hemolymph melanization was transiently
inhibited while viral genes were expressed. In conclusion,C. sonorensisOP transiently inhibits encapsulation in all hosts that were
tested. The host range ofC. sonorensisseems to be determined by whether or not theC. sonorensisichnovirus (CsIV) is able to
establish persistent infections of parasitized larvae to provide long-term suppression of host immunity. 2000 Elsevier Science
Ltd. All rights reserved.
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1. Introduction

Insects possess effective cellular and humoral immune
responses that protect against microbial infection and
invasion of larger foreign organisms (Lackie and Vasta,
1988; Ratcliffe, 1993). Encapsulation is a cellular
immune response primarily directed towards invasion by
larger foreign organisms. During encapsulation, hemo-
cytes adhere to and form a multicellular capsule around
the foreign object (Ratcliffe, 1993). Endoparasitic wasps
develop in the hemocoel of their insect hosts and are,
thereby, constantly exposed to attack by the host’s
immune system. Certain parasitoids from the families
Braconidae and Ichneumonidae have developed an
unusual strategy to protect their progeny from the host’s
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immune reactions (Strand and Pech, 1995). These wasps
employ factors associated with the female reproductive
system including venom, ovarian proteins, and a sym-
biotic polydnavirus. Studies have shown that in many
systems, polydnaviruses alone or in conjunction with
other factors actively suppress host immunity (Edson et
al., 1981; Stoltz et al., 1988; Luckhart and Webb, 1996).

Polydnaviruses are classified phylogenetically on the
basis of their segmented, double-stranded DNA gen-
omes. The viruses from this family are further classified
into two genera, the bracoviruses and the ichnoviruses,
based on their differences in morphology and symbiotic
associations (Stoltz, 1995; Stoltz et al., 1995). TheCam-
poletis sonorensisichnovirus (CsIV) has been charac-
terized to the largest extent at the molecular level. In the
waspC. sonorensis, ovarian proteins and CsIV cooperat-
ively protect parasitoid eggs and larvae by disrupting the
host encapsulation response as well as other aspects of
innate immunity (Edson et al., 1981; Li and Webb, 1994;
Luckhart and Webb, 1996; Webb, 1998). Thus far two
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gene products belonging to the “cysteine-rich” gene fam-
ily have been implicated in host immunosuppression.
These gene products, VHv1.1 and VHv1.4, are both gly-
cosylated and secreted, and specifically bind to host
immunocytes (Li and Webb, 1994; Soldevila et al.,
1997; Cui et al., 1997).

Host cellular immune responses to parasitoid eggs
appear to be one important factor determining the level
of success of parasitism and restricting host range. For
example,Drosophilastrains that show different immune
responses to the parasitoid waspLeptopilina boulardi
have been established (Carton and Bouletreau, 1985). In
the susceptible strain the wasp develops normally,
whereas in the resistant strain the parasitoid egg is recog-
nized and encapsulated (Carton and Nappi, 1991; Vass
et al., 1993).C. sonorensisis a generalist parasitoid and
parasitizes as many as 27 different lepidopteran species
(Lingren et al., 1970). However, the level of success for
parasitism varies greatly among host species. In the lab-
oratory,C. sonorensiswasps oviposit in lepidopteran lar-
vae of several species including those in which parasit-
oid development is not successful. Hosts that do not
support endoparasite development are considered non-
permissive to parasitism. The molecular basis for suc-
cessful parasitism or determination of host-range for
most parasitoids is not well understood. Although CsIV
and OPs are both able to suppress cellular immunity in
Heliothis virescens, the extent to which these factors
contribute to the success of parasitism in other host spec-
ies is unknown. In this report we examine the female
wasp-derived factors, OPs and CsIV, for their roles as
physiological determinants of host range in lepidopteran
species that were permissive, semi-permissive and non-
permissive to parasitism byC. sonorensis.

2. Materials and methods

2.1. Insects

TheC. sonorensiscolony was maintained onH. vires-
censand Helicoverpa zealarvae as described (Krell et
al., 1982). Six lepidopteran species observed to have
varying degrees of permissiveness to parasitism byC.
sonorensiswere selected:H. virescens, H. zea, Tricho-
plusia ni, Spodoptera exigua, Agrotis ipsilon, andMand-
uca sexta. All of the noctuid species are reported hosts of
C. sonorensis, but parasitism success among these hosts
differs (Lingren et al., 1970). The sphingid,M. sexta, is
a non-host and does not supportC. sonorensisdevelop-
ment. All the insects were from established laboratory
colonies. Larvae of the six lepidopteran species were
individually parasitized in 150 mm petri dishes. For nor-
mal and heavy parasitism, a third-instar larva was
allowed to be stung twice or 8–10 times, respectively.
All non-parasitized and parasitized larvae were reared

individually in plastic cups on an artificial diet appropri-
ate to each lepidopteran species.

2.2. Encapsulation of parasitoid eggs and success of
parasitism

To examine encapsulation responses toward parasitoid
eggs and larvae, 10 or more parasitized larvae from each
lepidopteran species were dissected every 24 h up to 5
days post-parasitization (pp). The parasitoid eggs or lar-
vae were recovered from hosts and examined under a
light microscope for the presence of a surrounding hem-
ocytic capsule (positive encapsulation response). To
examine the success of parasitism in different host spec-
ies, 60 third-instar larvae of each lepidopteran species
were parasitized. Parasitized larvae were reared indi-
vidually and wasp emergence was recorded. The weights
of control and parasitized larvae were recorded at inter-
vals indicated in figure legends over the various experi-
mental periods.

2.3. Immunological procedures

The expression of the CsIV “cysteine-rich” gene pro-
ducts, the VHv1.4 and VHv1.1 proteins, and the titers
of the wasp 29–36 kDa OP in different host species were
studied by immunoblotting. Parasitized insects were bled
at 1, 3, 5, 7, and 9 days pp and the hemolymph was
diluted 1:10 in cold Pringle’s saline. Only insects con-
taining 1–5 parasitoid eggs were used. Hemolymph from
five parasitized larvae from each species was pooled for
immunoblot analysis. Tenµl of the diluted hemolymph
was used for immunoblotting as previously described
(Cui et al., 1997; Soldevila et al., 1997). To detect OP,
hemolymph plasma was collected from early fourth-
instar larvae ofH. virescens, T. ni, A. ipsilon, and M.
sextaat 2, 24, 48, 72, and 96 h for immunoblot analyses.
Polyclonal antisera against the VHv1.4 (Cui et al., 1997),
VHv1.1 (Li and Webb, 1994) and 29–36 kDa ovarian
proteins (Webb and Luckhart, 1994) were used as pri-
mary antibodies.

Binding of OP and the VHv1.4 protein to the hemo-
cytes of lepidopteran hosts was examined by indirect
immunofluorescence assay (IFA) (Cui et al., 1997). For
OP, hemocytes were collected from larvae parasitized 3
h earlier and processed for IFA. For the VHv1.4 protein,
hemocytes collected from non-parasitized third-instar
larvae of different lepidopteran hosts were seeded on
slides and incubated with VHv1.4 protein-containing
plasma from parasitizedH. virescenslarvae (3 days pp).
Hemocytes from non-parasitized larvae incubated with
plasma from non-parasitized insects were used as nega-
tive controls. At least eight replicates were performed
for each host species. Polyclonal antisera against the
VHv1.4 and OP were used at a dilution of 1:200 in PBS
(135 mM NaCl, 2.5 mM KCl, 5 mM Na2HPO4, 2 mM
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KH2PO4 pH 7.4) and fluorescein isothiocyanate (FITC)-
conjugated goat anti-rabbit IgG at 1:100. Immunofluo-
rescence was examined using a Nikon Optiphot epifluo-
rescent-illumination microscope at 400× and 1000×
magnifications.

2.4. The effect of parasitism on host hemolymph
melanization

Fourth-instar larvae from four lepidopteran species
were parasitized and examined for inhibition of hemo-
lymph melanization at selected times pp. Hemolymph
was collected individually from each host larva using a
microcapillary and melanization of individual hemo-
lymph drops on parafilm was recorded at 10 min interval.
Larvae from which hemolymph was collected were dis-
sected to verify parasitism. The degree of melanization
was scored as “+” for rapid intense melanization of the
hemolymph within 10 min as normally observed in non-
parasitized larvae; “±” for slower, less intense melaniz-
ation with darkening of the hemolymph occurring
between 10 and 20 min; and, “2” for complete absence
of hemolymph melanization in 30 min. Results are given
as percent larvae in experimental cohorts of 6–9 larvae
for each host species showing the particular level of mel-
anization response.

3. Results

3.1. Host permissiveness

To evaluate host suitability forC. sonorensis, 60 third-
instar larvae of six lepidopteran species were individu-
ally parasitized.H. virescens, H. zea and T. ni larvae
supported wasp development in over 60% of the parasit-
ism events with 68, 71, and 65% emergence at the com-
pletion of larval development, respectively. In contrast,
in other noctuids such asA. ipsilonandS. exigua, which
are reported to be permissive hosts forC. sonorensis
(Lingren et al., 1970) we found thatC. sonorensiswas
unable to complete development under normal parasitiz-
ation conditions. Strain-specific differences in host suit-
ability are known to exist (Carton and Nappi, 1991),
which may contribute to the apparent differences in host
range. When second and third instarA. ipsilon larvae
were heavily parasitized (an average of nine eggs reco-
vered from each larva), 5% of the super-parasitized lar-
vae supported complete development and emergence for
the parasitoid. Therefore, we considerA. ipsilon andS.
exigua as semi-permissive hosts under our laboratory
conditions. The tobacco hornworm,M. sexta, was a non-
permissive host forC. sonorensis. The wasp was unable
to complete its development inM. sextaunder any of
the experimental conditions (Table 1).

3.2. Effect of parasitism on host weight gain

Parasitism by solitary parasitoid wasps often stunts
growth of host lepidopteran larvae. Consistent with earl-
ier reports (Vinson et al., 1979; Webb and Dahlman,
1985), we found an inhibitory effect of parasitism on the
growth of permissive hosts,H. virescens, T. ni and H.
zea(data not shown). InA. ipsilon, the development and
growth of parasitized larvae was delayed up to 7 days
pp, but under normal parasitization conditions larvae
recovered and were not significantly different in weight
at 10 days pp. The growth of the non-permissive host,
M. sexta, was not significantly inhibited byC. sonorensis
parasitism (Fig. 1).

3.3. Encapsulation of wasp eggs

We compared the rate of encapsulation ofC. sonor-
ensiseggs in six lepidopteran species at different time
points pp (Table 1). For the most permissive hosts,H.
virescensand H. zea, eggs were not encapsulated over
the first 2 days pp, at which time they hatched and
initiated larval development. InT. ni, up to 25% of para-
sitoid eggs were encapsulated at time points of 3 days
and later, while very few larvae mounted an effective,
rapid response in the first 48 h (8.7% of encapsulation).
In the two semi-permissive hosts,S. exiguaandA. ipsi-
lon, encapsulation of wasp eggs was both rapid and
robust with over 80% of wasp eggs encapsulated at 2
days pp. The non-permissive host,M. sexta, developed
normally, showed no signs of parasitism, and encapsu-
lated 100% of wasp eggs or larvae at 4 days pp (Fig.
2). However, when multiply parasitized (|9 eggs/larva),
encapsulation ofC. sonorensiseggs in M. sexta was
delayed. In all the hosts tested, the vast majority of wasp
eggs (93%) initiated embryonic development as
developing embryos were observed upon recovery from
parasitized larvae. Under conditions in which encapsul-
ation responses were delayed, eggs hatched with encap-
sulated wasp larvae recovered after 2 days pp from semi-
and non-permissive hosts (Fig. 3). The initiation of
development indicates that there was no host-dependent
block to initiation ofC. sonorensisegg development in
species evaluated in this study. A host-specific block of
embryonic parasite development has been reported in
some lepidopteran larvae parasitized byMicroplitis
demolitor (Strand and Trudeau, personal
communication).

We evaluated timing of theA. ipsilon encapsulation
response to washedC. sonorensiseggs by injecting eggs
into hosts and then recovering eggs by dissection to
evaluate encapsulation at 8 h. In 100% of theA. ipsilon
larvae the majority of the injected eggs were fully encap-
sulated by 8 h (85–100% of injected eggs encapsulated
N=7 larvae). These results demonstrate thatA. ipsilon
larvae mount a rapid encapsulation response towardsC.
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Table 1
Encapsulation ofC. sonorensiseggs in several hosts [% of encapsulated eggs (number of eggs examined)]

Days ppa 1 2 3 4 5

H. virescens 0 (52) 0 (60) – – –
H. zea 0 (45) 0 (47) – – –
T. ni 0 (23) 8.7 (23) 21.2 (33) 22.6 (31) 25.0 (38)
S. exigua 53.6 (28) 83.3 (36) 100 (36) 100 (68) –
A. ipsilon 38.0 (34) 84.6 (39) 100 (26) – –
M. sextab a 37.5 (32) 62.5 (40) 91.0 (22) 100 (26) –

b 1.1 (88) 29.0 (83) 62.9 (62) 86.0 (57) 100 (40)

a All species were parasitized as late third-instar larvae. Only those having fewer than six wasp eggs per larva were included.
b Two degrees of parasitism were assessed forM. sexta: a, normal parasitism with fewer than six wasp eggs recovered per larva; b, intensive

parasitism with 6–21 wasp eggs (average 8.9) recovered per larva.

sonorensiseggs in the absence of protective factors from
the female wasp’s reproductive tract.

3.4. Effect of parasitism on hemolymph melanization

The inhibition of hemolymph melanization caused by
parasitism ofH. virescenswas consistent with previous
observations (Stoltz and Cook, 1983). Prior to 12 h pp,
inhibition of melanization was not evident (Shelby et al.,
2000). Beginning at 12 h and continuing throughout
endoparasite development, hemolymph melanization
was severely inhibited in parasitizedT. ni andH. vires-
censlarvae (Table 2). By contrast, inA. ipsilon andM.
sexta, hemolymph melanization was transiently inhibited
from 12 to 96 h pp. In the non-permissive host,M. sexta,
complete recovery of hemolymph melanization was evi-
dent at 80 h pp (Table 2). The recovery in hemolymph
melanization is temporally correlated with reductions in
hemolymph titer of OP and Cys-motif genes.

3.5. OP hemolymph titers and hemocyte binding

The rapid inhibition of encapsulation and hemocyte
pathologies inH. virescensduring parasitism were asso-
ciated with the presence of the wasp ovarian protein
complex (Webb and Luckhart, 1994, 1996; Luckhart and
Webb, 1996). InH. virescens, the hemolymph titer of
OPs declines over time and is almost undetectable after
5 days (Luckhart and Webb, 1996). Hemolymph titers
of OP in both the permissive and non-permissive hosts
tested in this study, also decreased in a similar manner
over time pp. OPs are present and could potentially
inhibit immune responses in the early period of parasit-
ism when titers were high, but this transient protection
would be lost as OP titers decrease. When hemocytes
were analyzed by IFA at 3–6 h pp, OPs were associated
with hemocytes in all the tested lepidopteran species
(data not shown). The fluorescent labeling of hemocytes
from permissive and semi-permissive hosts was similar
to that observed inH. virescens(Webb and Luckhart,

1996), while fluorescent foci were smaller and more per-
ipheral inM. sextahemocytes.

3.6. VHv1.4 protein expression and binding to
hemocytes

CsIV gene expression is required to sustain sup-
pression of host immunity inH. virescens larvae
(Luckhart and Webb, 1996). To address the relationship
between host permissiveness and CsIV gene expression,
we examined the expression of the cysteine-rich VHv1.4
protein in parasitized larvae of six lepidopteran species
(Fig. 4). In H. virescens, VHv1.1 and VHv1.4 proteins
are detected at 6 h in the hemolymph, reach peak con-
centrations of about 50 ng/µl by 24 h pp, and remain at
approximately this level through the remainder of endo-
parasite development (Li and Webb, 1994; Cui et al.,
1997; Soldevila et al., 1997). Similar VHv1.4 expression
patterns were observed in the permissive hosts,H. zea
and T. ni. Interestingly, expression of VHv1.4 protein
was also detected in parasitizedS. exigua, A. ipsilonand
M. sexta, however, protein titers progressively decreased
in these hosts to undetectable levels by 9 days pp
(Fig. 4).

We further investigated the interaction of the VHv1.4
protein with hemocytes from the several host species.
IFA studies with hemocytes from the selected lepidop-
teran species showed that the VHv1.4 protein binds to
hemocytes of all the noctuid species examined, but did
not bind toM. sextahemocytes (Fig. 5). Binding patterns
were very similar forH. virescens, H. zeaandT. ni hem-
ocytes with multiple, large fluorescent foci within most
labeled cells.S. exiguaand A. ipsilon hemocytes had
similar labeling with large fluorescent foci. In all cases
where hemocytes were labeled, cells having granulocyte
morphology were preferentially labeled.
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Fig. 1. Effect of parasitism byC. sonorensison larval weight gain and developmental progress of permissive (A) and non-permissive (B) hosts.
T. ni was monitored only up to day 5 because of a high mortality rate in this experiment. Parasitoid emergence occurred 10–11 days pp from hosts
permissive toC. sonorensis. Non-parasitized hosts and hosts non-permissive to parasitism byC. sonorensiscontinued normal development to
pupation by 10–11 days and thereafter.
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Fig. 2. Temporal encapsulation response towards parasitoid eggs and larvae in permissive and non-permissive hosts. Hosts were naturally parasit-
ized and eggs dissected at various times post-parasitization. Eggs and larvae were collected from a permissive host (H. virescens; Hv), from a non-
permissive host (M. sexta; Ms) and from a semi-permissive host (A. ipsilon; Ai). C. sonorensiseggs and larvae are not encapsulated inH. virescens,
eggs are encapsulated inM. sextawhile larvae are encapsulated byA. ipsilon.

4. Discussion

The direct relationship between host immunosuppres-
sion and parasitoid survival led us to consider the impor-
tance of wasp immunosuppressive factors in host range
determination. Suppression of cellular encapsulation
responses to eggs and larvae of many braconid and ich-
neumonid wasps requires polydnaviruses. InH. vires-
cens, injection of CsIV alone causes symptoms similar

to natural parasitism (Edson et al., 1981). Luckhart and
Webb (1996) demonstrated that CsIV andC. sonorensis
ovarian proteins cooperate on a temporal basis to sup-
press theH. virescensencapsulation response. The OP
acts at earlier time points of parasitism, providing acute
but transient effects, while CsIV maintains persistent
immunosuppression through the remainder of endopara-
site development.

As a generalist parasitoid,C. sonorensisdevelops suc-
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Fig. 3. Persistence of OP in the hemolymph of parasitized larvae.
Hemolymph plasma from different host larvae was analyzed by west-
ern blotting at the indicated days pp using an antiserum against OPs.

Table 2
Inhibition of hemolymph melanization in several species by parasitism

Melanizationa

Non-parasitized Parasitized
Host Hours pp + ± 2 + ± 2

H. virescens 12 100 0 0 0 100 0
T. ni 100 0 0 20 60 20
A. ipsilon 100 0 0 29 57 14
M. sexta 100 0 0 86 14 0
H. virescens 32 0 40 60
T. ni 0 20 80
A. ipsilon 50 25 25
M. sexta 25 38 37
H. virescens 56 0 20 80
T. ni 0 0 100
A. ipsilon 44 22 34
M. sexta 88 12 0
H. virescens 80 0 11 89
T. ni 0 0 100
A. ipsilon 72 20 8
M. sexta 100 0 0

a Percentage of host larvae scored for hemolymph melanization as: complete melanization within 10 min (+), slower rate of melanization between
10 and 20 min (±), and no melanization after 30 min (2). For each time period and host species, 5–9 larvae were examined.

cessfully in a variety of lepidopteran species, mostly
members of the family Noctuidae (Lingren et al., 1970).
Although wasp larval development may also depend on
ecological and physiological factors, host immune
responses to parasitoid eggs and larvae is clearly an
important factor capable of limiting parasitoid success
(Strand and Pech, 1995). In the six lepidopteran species

tested in this study, varying degrees of resistance to the
C. sonorensisparasitoid were observed.A. ipsilon and
S. exiguawere highly resistant whileT. ni, H. virescens
and H. zeawere highly susceptible. In this report, we
have assessed the respective contributions of ovarian
proteins and CsIV to the ability ofC. sonorensisto suc-
cessfully parasitize these lepidopteran hosts.

The abundance of OPs at earlier times in the hemo-
lymph of parasitized hosts has been associated with inhi-
bition of cellular encapsulation. OPs bind to hemocytes
from all six lepidopteran species tested, regardless of the
degrees of host permissiveness. In the permissive host,
H. virescens, injection of purified OP causes transient
suppression of the host encapsulation response (Luckhart
and Webb, 1996). The association of OP with host hem-
ocytes causes the cytoskeletal changes in immunocytes
that render them unable to encapsulate foreign objects
such as wasp eggs (Luckhart and Webb, 1996). As OP
is internalized into hemocytes and degraded, its hemo-
lymph titer decreases and the host encapsulation
response recovers. In all insects tested, the decline in
hemolymph OP titer after parasitism was similar. Five
days after normal parasitism OPs were not detected in
the hemolymph. However, super-parasitism (|10 ovi-
position events) favors titer elevation and persistence of
OP in the hemolymph. OP function may also be dosage-

dependent as evidenced by delayed encapsulation
response in super-parasitized larvae. The host larvae
tested are able to mount an immediate encapsulation
response toward injected wasp eggs washed free of virus
and OPs with over 80% of the eggs being encapsulated
within 24 h (data not shown). However, in parasitized
hosts no more than 54% of eggs were encapsulated at
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Fig. 4. Expression of the cysteine-rich protein VHv1.4 in different
hosts. Hemolymph was collected from host larvae at 1, 3, 5, 7, 9 days
pp and the plasma analyzed by western blotting with an antiserum
against the VHv1.4 protein. Hemolymph fromH. virescensat 3 days
pp was included as a positive control (Hv). Host larvae are as in the
legend for Fig. 3.

24 h after normal parasitism (Table 1). Complete encap-
sulation of eggs was delayed to 3 or 4 days pp in semi-
and non-permissive hosts. Increasing the amount of OP
and virus introduced through multiple parasitism events
further delayed the onset of an effective encapsulation
response in the non-permissive hostM. sexta. In super-
parasitizedM. sextaat 3, 4 and 5 days pp, encapsulation
of parasitoid larvae was frequently observed demonstrat-
ing that the onset of the encapsulation response was
delayed until after egg hatch (|48 h). Since the onset of
encapsulation is temporally correlated with the decline in
hemolymph OP titer and the virally encoded Cys-motif
proteins do not bind toM. sextahemocytes, a conserva-
tive interpretation of the data is that theM. sextaencap-
sulation response is delayed by the association of OPs
with host hemocytes until OP titers decline to a level
permitting its recovery.

Establishment of a persistent viral expression is corre-
lated with the ability of CsIV to inhibit encapsulation
and alter other host physiological systems. CsIV

Fig. 5. Detection of VHv1.4 protein binding and uptake by host hem-
ocytes. Right panels (experimental) consist of hemocytes from non-
parasitized larvae of permissive and non-permissive host species over-
laid with plasma from parasitizedH. virescens. Left panels consist
of control hemocytes overlaid with plasma from non-parasitizedH.
virescens. VHv1.4 protein localization was detected by IFA using an
antiserum against the VHv1.4 protein.

expression is detected in all hosts tested but declined
over time in semi- and non-permissive hosts. In many
parasitoid/host systems, polydnaviruses have been
shown to be the major mediators of host immune dys-
function (Lavine and Beckage, 1996). Although polyd-
navirus replication has not been detected in lepidopteran
hosts, polydnavirus gene expression appears to be
required for immunosuppressive activity. In bracoviruses
gene expression may be transient (Harwood and
Beckage, 1994; Asgari et al., 1997) or persistent (Strand
et al., 1992), whereas in CsIV it is persistent (Blissard
et al., 1986, 1989; Cui and Webb, 1996; Cui et al., 1997;
Webb and Cui, 1998). CsIV infection alone can also
cause cytoskeletal changes inH. virescenshemocytes,
but this effect is not observed before 24 h pp (Luckhart
and Webb, 1996), indicating that CsIV gene products
may have to accumulate in the hemolymph before an
effective titer is achieved (Soldevila et al., 1997).

More than 12 viral mRNAs are detected inH. vires-
censlarvae parasitized byC. sonorensis(Blissard et al.,
1986). CsIV genes isolated to date belong to one of the
two gene families: the Cys-motif gene family and the
rep gene family (Summers and Dib-Hajj, 1995; Webb,
1998). Rep gene family members contain one or more
copies of an expressed 540 bp sequence (Theilmann and
Summers, 1987). The CsIV Cys-motif gene family mem-
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bers share features such as having one or two copies of
an |50 amino acid cysteine-rich motif, and being
secreted and glycosylated protein products (Dib-Hajj et
al., 1993; Cui et al., 1997). Two members of the Cys-
motif family, VHv1.1 and VHv1.4, have been implicated
in immunosuppression (Li and Webb, 1994; Cui et al.,
1997). In this study, we monitored expression of CsIV
Cys-motif proteins and correlated viral gene expression
with host permissiveness. In all hosts examined, viral
gene expression was similarly rapid in its onset with
Cys-motif proteins detected by 12 h and reaching peak
titer at 12–24 h. By contrast,Cotesia kariyaibracovirus
gene expression is detected only in its habitual host but
not in a non-permissive host (Hayakawa et al., 1994).
Similar results are reported by Harwood et al. (1998) in
sphingid hosts ofC. congregata. In the permissive hosts,
H. virescens, H. zea, and T. ni, VHv1.4 proteins were
present at high titers in the hemolymph throughout para-
sitism. However, Cys-motif protein titers declined in
semi- and non-permissive hosts. The decreasing hemo-
lymph titer of Cys-motif proteins may result from the
clearance of CsIV-infected cells (e.g. by apoptosis) or
inhibition of viral gene expression in infected cells. The
decline of Cys-motif protein titers in semi- and non-per-
missive hosts to undetectable levels may contribute to
the failure to inhibit some aspects of host immunity (e.g.
antiviral response). In an earlier report, Cook et al.
(1984) described a similar correlation between protein
expression and host permissiveness. The success of para-
sitism by C. sonorensisin several hosts was correlated
with expression of an abundant parasitism-specific, 50–
55 kDa glycoprotein, in the hemolymph of parasitized
insects. The appearance of this protein can be induced
in permissive hosts by injection of purified CsIV, and is
similar in size to the VHv1.4 protein (Cui et al., 1997).

Host permissiveness is probably associated with the
pathology of host immunocytes during parasitism. Hem-
ocyte population changes and immunocyte pathology in
the permissive hostH. virescens, induced byC. sonor-
ensisparasitism or calyx fluid injection, have been docu-
mented (Davies et al., 1987; Davies and Vinson, 1988).
In other lepidopteran host/parasitoid systems, parasitism
causes hemocyte transformation, which results in the
suppression of the host cellular immunity, encapsulation
and nodulation (Stoltz and Guzo, 1986; Guzo and Stoltz,
1987; Lavine and Beckage, 1996). A direct correlation
between host permissiveness and hemocyte spreading
has been observed by Prevost et al. (1990). In a semi-
permissive host,Spodoptera frugiperda, C. sonorensisis
able to develop successfully in|60% larvae. Host plas-
matocyte pathology of individual host larva is correlated
with its permissiveness to the wasp (Prevost et al., 1990).
Since CsIV gene expression is correlated with the per-
missiveness of the hosts, it is plausible that direct viral
infection of host hemocytes and/or targeting of viral pro-
teins is responsible for host immune suppression, and

therefore, the permissiveness of the host to the parasit-
oid. Injection of CsIV inH. virescenscauses pathologi-
cal effects to immunocytes similar to those resulting
from OP binding (cytoskeletal changes, abnormal in
vitro spreading behavior, and hemocyte dysfunction;
Luckhart and Webb, 1996; Webb and Luckhart, 1996).
However, no specific viral gene products have been
demonstrated to cause all effects. Binding of the VHv1.1
protein to granulocytes (GRs) and plasmatocytes was
observed (Li and Webb, 1994), while VHv1.4 protein
targets predominantly GRs (Cui et al., 1997). We have
assessed the binding of VHv1.4 protein to the hemocytes
of different host species. The VHv1.4 protein bound to
hemocytes of all noctuid species, but not toM. sexta
hemocytes. The persistence of the cysteine-rich proteins
at high titers and binding to immunocytes could contrib-
ute to the immunosuppression in susceptible hosts such
asH. virescens, H. zeaandT. ni. The data suggest that
CsIV persistence and high level expression is required
for sustained suppression of insect immunity.

Many insects parasitized by hymenopteran parasitoids
experience alterations of hemolymph phenoloxidase
activity in addition to other pronounced physiological
abnormalities (Sugumaran and Kanost, 1993). Polydna-
virus-induced decrease of hemolymph melanization
occurs in both bracovirus and ichnovirus systems (Stoltz
and Cook, 1983; Beckage et al., 1987, 1990). Recently,
Shelby et al. (2000) determined that inhibition ofH.
virescenshemolymph melanization by CsIV results from
alterations in hemolymph catecholamine concentrations
and reductions in the activity of several enzymes in the
melanization pathway. Results here show that melaniz-
ation is inhibited in permissive hosts but less affected in
non-permissive hosts. In both permissive and non-per-
missive hosts, the inhibition of melanization is not evi-
dent at early time points pp (less than 12 h). Thereafter
in permissive hosts, melanization was permanently sup-
pressed, while in non-permissive hosts hemolymph mel-
anization gradually recovered. As CsIV is the factor
responsible for inhibition of phenoloxidase activity inH.
virescenslarvae (Shelby et al., 2000), that recovery of
phenoloxidase activity in non-permissive hosts is prob-
ably linked to decreases in virus expression. Inhibition
of melanization may not directly benefit unencapsulated
parasitoid eggs or larvae, but rather indirectly support
endoparasite development by inhibiting humoral
immune responses to virus infection and thereby
enhance virus persistence. The demonstration that
insects mount antiviral immune responses involving
melanization (Washburn et al., 1996, 2000) suggests that
blocking melanization could allow sustained expression
of viral genes.

OPs and CsIV probably interact to define the physio-
logical determinants of host range for the parasitoidC.
sonorensis. Both OP and CsIV have dosage-dependent
functional activities in host immunosuppression. Even in



1406 L. Cui et al. / Journal of Insect Physiology 46 (2000) 1397–1407

permissive hosts, reduction of CsIV dose compromises
immunosuppressive function (Webb and Cui, 1998). The
role of OP in providing immunosuppression at early
times after parasitization is further corroborated by the
delayed encapsulation responses observed in semi- and
non-permissive hosts under conditions of multiple-paras-
itizations. Multiple parasitization delivers higher
amounts of OP which delayed encapsulation, even in a
non-permissive host where virus expression had no
demonstrable effect. If sustained immunosuppression is
not achieved, host immunity recovers and parasitoid
eggs or larvae are killed. In permissive hosts, CsIV
expression persists, whereas in semi- and non-permissive
hosts the virus expression is reduced at later times of
parasitism (data not shown). The reduction in virus
expression in non-permissive hosts is evidence for
recovery of an active anti-viral immune response or host-
specific viral gene silencing. Host range of the parasitoid
C. sonorensisthen may represent the conjunction of
those species susceptible to both OP and CsIV immuno-
suppressive activities.
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