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ABSTRACT The inßuence of an optical brightener, Tinopal LPW, on the activity of a puriÞed
genotype of the nucleopolyhedrovirus (SeMNPV) of the beet armyworm, Spodoptera exigua (Hüb-
ner), was determined in second to Þfth instar (L2-L5) S. exigua. When mixed with viral occlusion
bodies (OB) 1% Tinopal LPW signiÞcantly reduced the median lethal dose (LD50) of the virus in all
instars compared with insects treated with SeMNPV alone. Levels of enhancement, as determined by
LD50values, ranged from2.6- to580-fold, dependingon the instar.Thegreatest enhancementoccurred
on the two later instars, L4 (70-fold) and L5 (580-fold), which show a much higher resistance to
SeMNPV infection than earlier instars. Themedian time to death (MTD) valueswere not signiÞcantly
different in any instar among larvae treated with SeMNPV � Tinopal LPW and those treated with
SeMNPV alone. Larval development in SeMNPV � Tinopal LPW treated larvae was retarded, in
secondand fourth instars, comparedwithcontrolsor larvae treatedwithSeMNPValone.TheOByields
from SeMNPV treated larvae were almost 1.6-fold greater in second instars (9.3 � 106 OBs/larvae),
and 1.9-fold greater in fourth instars (1.9�108OBs/larvae), than those obtained in larvae treatedwith
SeMNPV � Tinopal LPW. The addition of 1% Tinopal LPW to the virus suspension did not alter the
genotypic composition of viral progeny during four successive passages of the virus.

KEY WORDS nucleopolyhedrovirus, Spodoptera exigua, insecticidal activity, optical brightener,
synergism

BEET ARMYWORM, Spodoptera exigua (Hübner) (Lepi-
doptera; Noctuidae), is an economically important
insect pest of many vegetable, ornamental and row
crops in temperate and subtropical regions (Cayrol
1972). In Europe, this pest attacks both greenhouse
and Þeld crops (Sunderland et al. 1992), with themost
serious crop damage resulting from the feeding of late
instars on leaves and fruits (Smits 1987).
This noctuid pest has been difÞcult to control be-

cause of varying degrees of resistance to many chem-
ical insecticides (Brewer and Trumble 1989, 1994),
although new chemistries, such as spinosad, indox-
acarb,methoxyfenozide, andothers, are nowavailable
for control of S. exigua (Yee and Toscano 1998). Bacu-
loviruses are safe and selective biological control
agents and their use has been advocated inmany parts
of the world (Moscardi 1999). A multicapsid nucle-
opolyhedrovirus, speciÞc to the beet armyworm
(SeMNPV), has been used successfully as a bioinsec-
ticide to control S. exigua populations in the Þeld
(Gelernter et al. 1986, Kolodny-Hirsch et al. 1993) and

greenhouses (Smits and Vlak 1988). This virus has
been produced commercially, registered in several
countries, and marketed for use in crop protection
under the name SPOD-X (Smits and Vlak 1994).
A range of compounds have been evaluated as po-

tential adjuvants for inclusion in baculovirus formu-
lations to overcome some of the limitations in the use
of these pathogens as bioinsecticides. Over the last
decade, several reports have shown that stilbene-de-
rived optical brighteners may protect the virus from
solar radiation (Shapiro 1992, Dougherty et al. 1996),
increase the susceptibility of lepidopteran pests to
viral infection (Hamm and Shapiro 1992, Shapiro and
Robertson 1992,HammandChandler 1996,Morales et
al. 2001,Okuno et al. 2003), reduce larval survival time
(Shapiro and Vaughn 1995, Vail et al. 1996, Shapiro
2000, Boughton et al. 2001), and extend the host range
of the virus (Shapiro and Dougherty 1994).
The majority of studies with optical brighteners

have been performed on early instars, except in the
case of the gypsy moth, Lymantria dispar (L.), (Sha-
piro and Robertson 1992, Webb et al. 1994) and the
soybean looper, Pseudoplusia includens (Walker),
(Zou and Young 1994). These studies have reported
stage-related differences in susceptibility to NPV-op-
tical brightener mixtures. This is of particular rele-
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vance because formost baculovirus-lepidopteran host
systems, including S. exigua, host larvae show increas-
ing stage-dependent resistance to virus infection
(Evans 1983, Briese 1986, Smits 1987, Escribano et al.
1999).
In the study described here, we have quantiÞed

mortality and time to death in beet armyworm L2ÐL5

instars after ingestion of SeMNPVmixedwith Tinopal
LPWcomparedwithSeMNPValone.Wealso assessed
any potential effect of Tinopal LPW on the genotypic
compositionof thevirus after serial passage invivoand
quantiÞed the effects of the optical brightener on viral
occlusion body production in L2 and L4 instars. We
selected Tinopal LPW as this has proved to be among
the most active optical brighteners for potentiation of
the insecticidal capacity of baculoviruses (Hamm
1999, Shapiro and Argauer 2001).

Materials and Methods

Insects.S. exigua larvaewereobtained fromacolony
maintained at the Universidad Pública de Navarra,
Pamplona, Spain, where they were incubated at a
constant temperature (25 � 2�C), humidity (70 �
5%), and photoperiod (16 h:8 h L:D) on an artiÞcial
diet.

Viruses. The wild-type SeMNPV isolate from Flor-
ida (SeMSeMNPV-US2) and the most abundant ge-
notype in this population, named Se-US2A, were used
for this study. Occlusion bodies (OBs) used in the
bioassays were produced by a single ampliÞcation
passage through L4 S. exigua. Twenty-Þve starved lar-
vae were inoculated orally with an occlusion body
(OB) suspension and reared until death. SeMNPV-
killed larvae were collected and OBs puriÞed as de-
scribed previously (Muñoz et al. 1998). OB titration
was determined by three independent counts using a
Neubauer chamber (Hawsksley, Lancing, United
Kingdom) under phase contrast microscopy at �400.

Bioassays.The LD50 values of amixture of SeMNPV
and1%Tinopal LPW(Sigma, St. Louis,MO)onL2, L3,
L4, and L5 S. exiguawere determined using amodiÞed
droplet feeding bioassay technique (Hughes et al.
1986). For each instar assayed, newly molted larvae
were starved for 16Ð20 h and then allowed to drink
from an aqueous suspension containing OBs, 1% (wt:
vol) Tinopal LPW, 10% sucrose (wt:vol), and 0.001%
(wt:vol) Fluorella Blue. An identical number of larvae
were fed viral OBs suspended in a solution of sucrose
and Fluorella Blue alone. Other groups of larvae were
offered 1% Tinopal LPW only, and mock infections
(water) as controls. A range of Þve doses of OBs
previously calculated to produce mortalities between
5 and 95%, and an OB-free solution were supplied to
groups of larvae. Twenty-Þve of the larvae that in-
gested the suspensionswithin 10minwere transferred
to25-well tissuecultureplatecontaining freshdiet and
reared at 25 � 2�C. Bioassays were performed three
times. Larvaeweremonitored three times a day for 7 d
after inoculation. Mortality results were subjected to
probit analysis (Finney 1971) using the POLO-PC
program (Le Ora Software, 1987).

Time-mortality data were analyzed only from
batches of L2 and L5 for which mortality was around
90%. The mean time to death (MTD) values were
estimated using the Generalized Linear Interactive
Modeling (GLIM) program with a Weibull distribu-
tion speciÞed (Crawley 1993).

In Vivo Serial Passages. To determine the genetic
stability and the relative proportions of the SeMNPV-
US2 genotypic variants in the presence of Tinopal
LPW, we performed four in vivo serial passages of the
virus. Initially, four batches of 25 newly molted L5

larvaewere droplet fed on suspensions containingOB
concentrations calculated to produce 90%mortality of
the following inocula: (1) wild type Se-US2; (2) ge-
notypic variant Se-US2A; (3) wild type Se-US2 � 1%
Tinopal LPW; (4) genotypic variant Se-US2A � 1%
Tinopal LPW. As controls, a cohort of larvae was fed
with 1% Tinopal LPW alone and another one was
mock-infected with water. SeMNPV-killed larvae
were individually collected and OBs puriÞed as indi-
cated above. For each passage, 100 �l aliquots of OBs
fromeach larva in a treatmentwerepooled, titred, and
subjected to restriction endonuclease (REN)analysis.
PooledOBswere labeled as P1 and used as inocula for
the second passage. The same procedure was used
through three additional successive passages (P2, P3,
P4) and in three replicate experiments.

Genotypic Analysis. Viral DNA from the P1, P2, P3
and P4 suspensions was isolated from 108 OBs in 300
�l of water and puriÞed as described by Muñoz et al.
(2000). Approximately 1 �g of viral DNA was incu-
batedwith the restrictionenzymePstI.Reactionswere
stopped by addition of loading buffer (0.25% wt:vol
bromophenol blue, 40% wt:vol sucrose in water),
loaded in 0.7%TAEbuffer (40mMTris-Acetate; 1mM
EDTA) agarose gels, and electrophoresed at 20Ð40 V
for 6Ð12 h. Ethidium bromide stained gels were then
photographed on aUV transilluminator using theGel-
doc software (Bio-Rad, Madrid, Spain).

Calculation of OB Yield.Newlymolted L2 and L4 S.
exigua larvae were selected as determined by head
capsule slippage. Batches of 50 larvaewere inoculated
with their corresponding LD90 values (148 OB or 56
OB � 1% Tinopal LPW for L2; 6453 OB and 20 OB �
1%Tinopal LPWforL4), as determined above. Similar
numbers of larvae were treated with 1% Tinopal LPW
or sterile distilled water as controls. Larvae that con-
sumed the inocula were placed individually on artiÞ-
cial diet and maintained at 26 � 2�C. The weight and
molting time of individual larvae was registered daily
until death to assess the inßuence of Tinopal LPW on
the development of infected larvae and OB produc-
tion. Weight measurements were Þrst taken immedi-
ately before inoculation in L4 larvae and 24 h postin-
oculation (h.p.i.) in L2. Larvae were weighed daily
until they died. When larvae became moribund and
showed clear signs of advanced infection, they were
individually transferred to clean Eppendorf tubes. At
8 h after death, cadavers were frozen and stored at
�20�C. Three replicates were performed for each in-
star.
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Themedian increase inweightwas calculated as the
difference between the weight (mg) at harvest and
the weight at inoculation for L4, or at 24 h.p.i for L2.
For calculation ofOB yields, 30 SeMNPV-killed larvae
from each instar were randomly selected for OB pu-
riÞcation as described above. PuriÞed OBs were re-
suspended in 0.5 ml of bidistilled water and appropri-
ately diluted for titration. OB yield per larva was
quantiÞed by counting triplicate samples of the di-
luted suspensions using aNeubauer chamber.OBpro-
duction and weight gain data were not normally dis-
tributed. The KruskalÐWallis nonparametric test was
therefore used to compare differences among treat-
ments, and the MannÐWhitney test was employed for
comparisons involving two samples using SPSS v 10
(SPSS Inc., Chicago, IL).

Results

Effect of Tinopal LPW on the Pathogenicity and
Virulence of Se-US2A. The addition of 1% Tinopal
LPW to Se-US2A enhanced viral pathogenicity in all
S. exigua instars tested, as indicated by a non-overlap
of the 95% conÞdence limits of the relative potency
(Table 1). The degree of potentiation of Tinopal LPW
was much greater in L4 (70-fold) and L5 (583-fold)
than in L2 (2.6 fold) or L3 (4.9 fold). Dose-mortality
regression lines with and without Tinopal LPW for L2

and L5 were Þtted in parallel with common slopes of
1.20 (�2 � 2.43; df � 1; P � 0.119) and 1.27 (�2 � 1.67;
df� 1;P � 0.195), respectively. InL3 andL4, however,
regression lines for SeMNPV � Tinopal LPW and
SeMNPV alone could not be Þtted in parallel. Relative
potencywas, therefore, calculated as the ratio of LC 50

values (Robertson and Preisler 1992).
Tinopal LPW did not alter the speed of kill of Se-

US2A in L2 or L5. TheMTD value (mean � SE) on L2

inoculated with SeMNPV � Tinopal LPW (108 �
2.3 h) was similar to that obtained from larvae inoc-
ulated with SeMNPV alone (107 � 1.6 h). The same
pattern was observed in L5 MTD values of the virus

with (137� 3.2 h), andwithout (137� 3.6 h), Tinopal
LPW.

Effect ofTinopalLPWonDevelopment of Infected
Larvae. Comparison of the median weight increase
between treatments revealed that virus infection was
themain factor resulting in reduced larval weight gain
(Table 2). A weak but signiÞcant delay in the devel-
opment of L4 larvae treated with SeMNPV � Tinopal
LPWwas observed with respect to those treated with
SeMNPV alone. L4 were homogenous in weight at
inoculation, whereas small but signiÞcant differences
in weight were detected between treatments for L2 at
24 h.p.i. (�2 � 26.7; df � 3; P � 0.001), which was
probably because of the inoculation process.
Molting at 48 h.p.i. was accomplished by 70% of

mock-infected larvae, 57% of Tinopal LPW-treated
larvae, 36% of larvae treated with SeMNPV alone, and
only 12.5% of SeMNPV � Tinopal LPW inoculated

Table 1. LD50 values and relative potencies of Se-US2A without and with Tinopal LPW for second, third, fourth and fifth instar S.
exigua

Treatment
Regression line LD50

(OB/larva)
�2

Relative
potency

C.L. (95%)

slope � SE intercept � SE Lower Upper

L2

Se-US2A 1.36 � 0.89 �1.27 � 0.18 12.7 3.1 1.0 Ñ Ñ
Se-US2A�T 1.07 � 0.13 0.51 � 0.53 5.0 0.6 2.6 1.7 3.9

L3

Se-US2A 0.71 � 0.10 3.78 � 0.21 52.3 1.5 1.0 Ñ Ñ
Se-US2A�T 2.08 � 0.33 2.88 � 0.39 10.6 2.5 4.9 3.0 8.2

L4

Se-US2A 0.92 � 0.10 2.82 � 0.27 260.5 1.4 1.0 Ñ Ñ
Se-US2A�T 1.72 � 0.16 4.02 � 0.14 3.7 1.4 69.9 45.4 107.5

L5

Se-US2A 1.19 � 0.12 �0.11 � 0.50 19656 1.7 1.0 Ñ Ñ
Se-US2A�T 1.46 � 0.18 1.75 � 0.31 34.8 2.3 583.2 393.6 875.9

T, Tinopal LPW (1%). Parameters obtained from the POLO-PC program (LeOra Software 1987). Relative potencies were calculated after
Þtting regression lines with a common slope of 1.20 for second instar (�2 � 2.43; df � 1; P � 0.119) and of 1.27 for Þfth instar (�2 � 1.67; df �
1; P � 0.195). For third and fourth instars the regression lines could not be Þtted in parallel, and thus the relative potency is expressed as the
ratio of LD50 values (Robertson and Preisler 1992).

Table 2. Weight gain and occlusion body yields in L2 and L4 S.
exigua following inoculation with SeMNPV alone or in mixtures with
1% Tinopal LPW

Treatment
Median initial
weight (mg)a,b

Median increase
in weight (mg)b

Median OB
yield/larva
(� 106)c

L2

Water 1.31 a 9.94 a Ñ
Water � T 1.27 a 10.00 a Ñ
Se-US2A 1.15 b 0.69 b 9.32 a
Se-US2A � T 1.15 b 0.62 b 5.36 b

L4

Water 8.60 a 190.30 a Ñ
Water � T 8.40 a 170.05 b Ñ
Se-US2 A 8.50 a 41.65 c 187 a
Se-US2A � T 8.20 a 34.00 d 103 b

T, Tinopal LPW (1%).
a Weights were registered at 24 hours post inoculation for L2 and

at inoculation for L4.
b Median values followed by the same letter are not signiÞcantly

different (Kruskall-Wallis, P � 0.05) for comparisons within instar.
c Median values followed by the same letter are not signiÞcantly

different (Mann-Whitney, P � 0.05) for comparisonswithin each pair
of treatments.
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larvae. Those larvae that consumed 1% Tinopal LPW
either in water or together with SeMNPV showed a
signiÞcantly retarded development (�2 � 188, df � 3;
P � 0.001). At the end of the bioassay, all of the non
virus treatedL4 larvae hadmolted,while only 41% and
20% of those treated with SeMNPV alone or SeMNPV
� Tinopal LPW, respectively, reached the Þfth instar.
Treatment with SeMNPV � Tinopal LPW signiÞ-
cantly retarded larval development compared with
the treatment of SeMNPValone (�2� 38.7; df� 3;P�
0.001).

Effect of Tinopal LPW on OB Production. The
addition of 1% Tinopal LPW signiÞcantly reduced the
median number of OB/larva produced in larvae in-
fected at L2 and L4 (Table 2). In addition, both instars
showed signiÞcantly reduced yields in terms of
OBs/mg of larva when they were inoculated with
SeMNPV � Tinopal LPW compared with the respec-
tive treatments of SeMNPV alone (MannÐWhitney
test,P� 0.05; Fig. 1).As expected,OByields produced
in later instars were higher than those in early instars,
reßecting the marked differences in weight at death
between instars.

Effect of Tinopal LPW on Genetic Stability. Tino-
pal LPW did not affect the genotypic composition of
either clone (Se-US2A) or wild-type (Se-US2wt) at
anyof the four successive in vivopassages.PstI proÞles
of viral DNA, obtained from each of the four passages
and from the three replicates of Se-US2A and Se-US2
with 1% Tinopal LPW, were identical to those of the
parental viruses (results not shown).

Discussion

In the present work, four different S. exigua instars
were used to study the inßuence of Tinopal LPW on
the insecticidal properties of Se-US2A. In addition, we
analyzed the genetic stability of the virus through four
successive passages in larvae in the presence and ab-
sence of the optical brightener.
The LD50 of Se-US2A was signiÞcantly reduced by

Tinopal LPW in all beet armyworm instars (L2

through L5). This synergistic effect had already been
observed in L1 and L2 S. exigua (Hamm and Chandler

1996, Shapiro 2000, Shapiro and Argauer 2001) but no
enhancement was detected for later instars (Zou and
Young1994). Inotherhost-virus systems, suchas those
ofP. includens(ZouandYoung1994)andL.disparand
their homologous NPVs (Shapiro and Robertson
1992), the addition of Tinopal LPW also enhanced
NPVmortality in the late instars to a similar degree to
that of early instars. However, our results clearly dem-
onstrate that for SeMNPV, the more developed the
larvae at the time of infection, the stronger was the
virus enhancing effect provided by Tinopal LPW.
In general, the synergistic effect of optical bright-

eners increases as larval susceptibility to the infection
decreases, independent of the host-virus system
(Hamm1999).For SeMNPV, thiswasdemonstrated in
several S. exigua biotypes with different susceptibili-
ties to infection by this virus (Hamm and Chandler
1996). Because host resistance to baculoviruses in-
creases with host age (Briese 1986), an effect espe-
cially evident in the S. exigua-SeMNPV system (Smits
1987), the tendency of optical brighteners to effec-
tively eliminate stage-dependent resistance to SeM-
NPV is of the greatest importance (compare L2 LD50

of 5.0 OBs with L4 LD50 of 35 OBs in the presence of
Tinopal LPW). In the Þeld, where the presence of
different larval stages at the same time and place is the
normal situation, the formulation of SeMNPVwith an
optical brightenermay allow effective control of dam-
aging late instars, permit the use of lower OB concen-
trations in each application and may enhance the
persistence of OBs through solar UV protection.
The effect of Tinopal LPW on the midgut peritro-

phic membrane (PM) may explain the similar doseÐ
responses observed in the different instars. Stilbene
optical brighteners degrade the chitin structure that
forms the PM (Wang and Granados 2000). SpeciÞ-
cally, Tinopal LPW increases the permeability of the
midgut PM allowing for a higher number of virions to
infect the midgut epithelial cells, thus, increasing the
probability of systemic infection (WangandGranados
2000). Recently, it has been demonstrated that the
viral-enhancing activity of the optical brighteners was
correlated with their ability to degrade the PM struc-
ture (Okuno et al. 2003). The occurrence of several
Anticarsia gemmatalis biotypes showing resistance to
their homologousnucleopolyhedrovirus andbearing a
thicker PM than nonresistant conspeciÞcs, supports
the hypothesis that the PM represents a key barrier to
baculovirus infection (Levy et al. 2002).
Tinopal LPW had no direct effect on MTD esti-

mates, which is contrary to most previous studies.
Approximately, 30Ð40% reductions in lethal time val-
ues (LT50) have been recorded for SeMNPV when
this virus was administered with Tinopal LPW (Sha-
piro and Argauer 2001). However, many of these re-
ductions result from comparing treatments that cause
signiÞcantly different levels of mortality. Because op-
tical brighteners greatly reduce NPV lethal doses,
NPV-Tinopal treatments constitute a greater relative
viral dose than treatments involving NPV alone and a
reduction of speed of kill would thus be anticipated.
For this reason, we compared the MTDs of SeMNPV

Fig. 1. Median yield values in millions of OBs/mg from
Spodoptera exigua inoculated with Se-US2A and Se-US2A �
1%Tinopal LPWin theL2 andL4 stages.Columnsheaded the
same letter are not signiÞcantly different for comparisons
within each instar (MannÐWhitney test, P � 0.05).
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� Tinopal LPW and SeMNPV alone that produced
similar levels of mortality. Results analogous to these
have been previously obtained with the nucleopoly-
hedroviruses of Agrotis ipsilon (Boughton et al. 2001),
Spodoptera littoralis (Murillo et al. 2003), and Spo-
doptera frugiperda (Martṍnez et al. 2000), for which
similar experimental approaches and data analyses
were employed.
The reduction of OB yield that we observed in

larvae treated with SeMNPV � Tinopal LPW com-
pared with larvae inoculated with SeMNPV alone is
consistentwith similar observations onL. dispar (Sha-
piro and Robertson 1992). These authors found that
larvae exposed to LdMNPV � Tinopal LPWmixtures
were about one-half the weight of larvae exposed to
LdMNPV alone, although no correlation between OB
yield and larval weightwas established. Previous stud-
ies indicated that Tinopal LPWretarded development
and reduced larval weight gain either when adminis-
tered in combination with an NPV (Sheppard and
Shapiro 1994, Wang and Granados 2000) or alone
(Martṍnez et al. 2003). Therefore, we expected a re-
duction in weight gain for those larvae that had been
inoculated with the brightener, which indeed oc-
curred in L4 larvae. Yet, the large reduction in OB
yield cannot be accounted for by the reduction in
larval weight gain alone, because clear differences
were also observed in the number of OBs/mg of larva.
The fact that Tinopal LPW reduces OB yield has

several practical consequences. First, this brightener
should not be considered for baculovirus in vivo mass
production. Second, Tinopal LPW could theoretically
affect pest management programs where baculovi-
ruses are applied according to an inoculative strategy
because the transmission process, and therefore, the
bimodal temporal pattern of mortality caused by the
virus in Þeld populations, relies on the in situ ampli-
Þcation and liberation of viral progeny (Woods and
Elkinton 1987, Sterling et al. 1988). However, Þeld
studies on L. dispar tend to contradict this prediction
(Webb et al. 1994). This type of strategy is not as
common in crop ecosystems as the inundative strat-
egy, in which control is essentially based on the ap-
plication of high rates of virus and therefore, baculo-
virus Þeld performance would not be impaired by the
use of Tinopal LPW.
Viral DNA restriction endonuclease proÞles re-

mained unchanged throughout four in vivo passages,
indicating that Tinopal LPW did not affect the geno-
typic composition of the wild type Se-US2 viral inoc-
ulum or the puriÞed Se-US2A genotype. Noticeable
changes in the genome such as large deletions, inser-
tions, or reorganizations were also not seen. More
subtle changes such as point mutations or small dele-
tions or insertions, which might have been produced
when virions infected gut cells in the presence of the
brightener, could not be detected by the means em-
ployed here and have not been reported for any other
host-virus systems to date. If such minor changes oc-
curred, they did not alter the most important biolog-
ical features of the virus as a bioinsecticide.

Despite the positive aspects that favor optical
brightener � NPV mixtures, studies on Þeld efÞcacy
under commercial growing conditions are required to
demonstrate that the potentiation observed in the
laboratory translates to the Þeld. The cost of these
substances as viral adjuvants (Martṍnez et al. 2000),
their effect onpollinators (Goulson et al. 2000) andon
crop growth (Goulson et al. 2003) are also issues of
concern for which further environmental evaluations
are required before optical brighteners can be in-
cluded in commercial baculovirus formulations.
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