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Abstract

The eYcacy of optical brightener formulations of a native Spanish isolate of Spodoptera exigua multiple nucleopolyhedrovirus (SeM-
NPV) was determined for control of S. exigua on greenhouse grown sweet pepper (Capsicum annuum) in Almeria, Spain. In laboratory
bioassays involving diet surface contamination, the 50% lethal concentration in fourth instars was reduced 25-fold and 5731-fold, com-
pared to SeMNPV occlusion bodies (OBs) alone, or in mixtures with 0.1% and 1% of the stilbene-derived optical brightener leucophor
AP, respectively. The eYcacy of spray applications of 1£ 1012 OBs/Ha SeMNPV alone, or in mixtures with 0.1% leucophor AP, was
tested in a greenhouse planted with sweet pepper. The prevalence of virus infection in larvae collected at intervals post-application and
reared on artiWcial diet in the laboratory was very high (62–97% mortality). Compared to the treatment involving SeMNPV OBs alone,
OBs applied in mixtures with leucophor AP resulted in a signiWcant increase in the prevalence of infection in larvae collected at 2 days
post-application, but not in insects collected subsequently. In contrast, a chemical insecticide treatment, lufenuron, performed poorly
(<45% mortality). Persistence of OBs on leaf surfaces was examined by subjecting leaf samples to laboratory bioassay in second instar S.
exigua. The reduction in OB activity over an 8 day period was greater in leaves sampled from the upper crop canopy compared to those
from the lower part of the plant but persistence was not improved in the presence of leucophor AP. The plastic greenhouse structure
reduced the intensity of incident UV-B (280–315 nm) readings by »90% compared to external readings. Applications of leucophor AP did
not adversely aVect the growth of sweet pepper plants over a 14-day period. We conclude that SeMNPV should be adopted as a biological
insecticide in greenhouses of this region.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Larvae of the beet armyworm, Spodoptera exigua (Hüb-
ner), cause serious damage in greenhouse crops in many
parts of the world. The greenhouses of Almeria, in southern
Spain cover some 28,000 ha and are the largest producers of
protected crops in Europe. Horticultural production in this
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region involves an expenditure of over 6 million euros/year
(US$7 million) on insecticides for control of S. exigua. The
intensive use of chemicals for the control of this pest has
resulted in high levels of resistance to virtually all commer-
cial insecticides in many parts of the world, including Alme-
ria (Belda, 1994; Brewer and Trumble, 1994; Mascarenhas
et al., 1998; Moulton et al., 2002; Smagghe et al., 1997,
2003; Wang et al., 2006). Heavy use of insecticides also
leads to a need for continual monitoring of pesticide resi-
dues in greenhouse produce (Garrido et al., 2004). Finally,
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the lack of eVective biological agents for control of S.
exigua means that broad-spectrum chemical insecticide use,
targeted at S. exigua populations, represents a barrier to
the eVective deployment of natural enemies for the control
of other important insect pests (whiteXy, aphids, thrips,
etc.) in greenhouses of the region. An eVective means for the
biological control of S. exigua is urgently required.

The use of S. exigua multiple nucleopolyhedrovirus
(SeMNPV) as a biological insecticide against S. exigua lar-
vae has proved to be valuable in covered crops in northern
Europe (Bianchi et al., 2001; Smits et al., 1987). This virus
was Wrst registered in the United States under the name
Spod-X® and was thereafter registered in The Netherlands
and other countries (Kolodny-Hirsch et al., 1997; Smits and
Vlak, 1994). However, the insecticidal activity of Spod-X is
adversely inXuenced by the presence of defective mutant
genotypes (Muñoz et al., 1998), and laboratory studies indi-
cate that Spanish populations of S. exigua are signiWcantly
more susceptible to a native Spanish isolate (named SeM-
NPV-SP2) than they are to Spod-X (Belda et al., 2000).

The insecticidal properties of baculoviruses can be
improved by the use of formulations that include stilbene-
derived optical brighteners. These compounds can increase
susceptibility to NPV infection by disrupting the peri-
trophic membrane (Okuno et al., 2003; Wang and Grana-
dos, 2000) or inhibiting sloughing (Washburn et al., 1998)
or virus-induced apoptosis of insect midgut cells (Dough-
erty et al., 2006). Laboratory studies on mixtures of SeM-
NPV and various optical brighteners have demonstrated
increased pathogenicity, sensu Thomas and Elkinton
(2004), compared to SeMNPV alone, especially in late
instars (Hamm and Chandler, 1996; Murillo et al., 2003;
Shapiro, 2000; Shapiro and Argauer, 2001), but Weld testing
of such mixtures has not be reported. However, previous
studies have indicated that the cost of these adjuvants
(Martínez et al., 2000) and their inXuence on the growth of
crops (Goulson et al., 2003) may give cause for concern.

Following application to plant surfaces, baculovirus
occlusion bodies (OBs) are rapidly inactivated by solar
ultraviolet (UV) radiation, particularly in the UV-B range
of 280–320 nm (Killick, 1990; Morris, 1971). Stilbene opti-
cal brighteners can signiWcantly improve OB persistence by
absorbing UV radiation and re-emitting the energy as visi-
ble blue light (Dougherty et al., 1996; Shapiro, 1992; Shap-
iro and Farrar, 2003). However, in glasshouses, virus
inactivation proceeds less rapidly than under Weld condi-
tions due to Wltering of UV radiation by the glass structure
(Smits et al., 1987). The majority of greenhouses in Almeria
are constructed of plastic sheets that also Wlter part of the
UV spectrum. In addition, a whitewash treatment of the
plastic applied during the summer months is likely to
reduce further the intensity of UV radiation incident upon
crop leaf surfaces.

The present study aimed to evaluate the eYcacy of opti-
cal brightener formulations in greenhouse conditions of
Almeria and to examine OB persistence and possible plant
growth eVects associated with the use of these adjuvants.
For this, we selected the native Spanish SeMNPV-SP2 iso-
late and the optical brightener leucophor AP which is an
inexpensive stilbene derivative that had been identiWed as a
potent synergist of nucleopolyhedrovirus in a previous
study (Martínez et al., 2003).

2. Materials and methods

2.1. Insect colony, virus strain and optical brightener

Spodoptera exigua larvae were obtained from a laboratory
colony maintained at 25§2 °C temperature, 70§5 °C
humidity and 16:8 light dark photoperiod in the Universidad
Pública de Navarra, Spain. The wild type SeMNPV-SP2
used in this study, was isolated from infected S. exigua larvae
during a viral epizootic in vegetable greenhouses in El Ejido,
southern Spain (Caballero et al., 1992). This isolate com-
prises a mixture of at least four genotypes (Muñoz et al.,
1999). SeMNPV was produced in Wfth instar S. exigua larvae
orally inoculated and reared on artiWcial diet until death.
Virus-killed larvae were triturated and occlusion bodies
(OBs) were puriWed as described previously (Muñoz et al.,
1998). The OBs were suspended in distilled water, counted
using a Neubauer improved chamber (Hawsksley, Lancing,
United Kingdom) and stored at 4 °C prior to use. The optical
brightener leucophor AP (CAS Registry No. 68444-86-0), an
anionic disulfonated stilbene brightener derivative with a
molecular weight of 970.5 (Croma, Guipuzcoa, Spain), was
obtained as a liquid and diluted to 0.1% and 1% (vol/vol)
using distilled water for laboratory studies or tap water for
greenhouse spray applications.

2.2. Laboratory activity of SeMNPV + leucophor AP 
mixtures

To quantify SeMNPV potentiation by two diVerent con-
centrations of leucophor AP, laboratory bioassays were
performed using a diet surface contamination technique
described by Cisneros et al. (2002). A sterile plastic lid
(102£ 102£ 4 mm) was Wlled with artiWcial diet to form a
2 mm thick layer. When solidiWed, a 1.0 ml volume of virus
suspension was spread evenly using a hard loop over the
diet surface (11,000 mm2). Each bioassay involved Wve con-
centrations of virus estimated to result in 10–90% larval
mortality. A plastic grid 100£ 100 mm divided into 25
squares, each with an internal area of 20£ 20 mm, was
pressed into the diet to form 25 identical compartments,
into each of which was placed a fourth instar S. exigua. The
plastic grid was then covered with a Wlter paper and
another lid. Larvae were held at 25§1 °C, 70% RH in the
dark and checked for mortality after 7 days. The bioassay
was performed three times using 25 larvae per concentra-
tion. Both untreated controls and optical brightener control
larvae (leucophor AP only) were treated identically. All
treatments included 0.05% (vol/vol) wetter-sticker (Agral®,
Syngenta Agro SA, Madrid, Spain) to reduce clumping of
OBs. Results were subjected to logit regression with the
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Generalized Linear Interactive Modeling (GLIM) program
with a binomial error distribution speciWed (Numerical
Algorithms Group, 1993).

2.3. EYcacy of formulations in greenhouse conditions

Experiments on the eYcacy of optical brightener formu-
lations of SeMNPV were conducted on sweet pepper (Cap-
sicum annuum L.; Solanaceae) in greenhouses in Almeria
during October 2003. The experiment involved four treat-
ments: (i) control without virus, (ii) 1£ 1012 OBs/ha SeM-
NPV alone, (iii) 1£1012 OBs/ha SeMNPV + 1% leucophor
AP, (iv) chemical insecticide at the label recommended rate
of 0.05% lufenuron (Match 5 EC®, Syngenta). Each plot
comprised 10 plants of 1.2 m height and planted at 1 m
intervals with a 1 m space between rows, giving each plot an
area of 10 m2. Six replicate plots were marked for each
treatment in a fully randomized design. A natural S. exigua
larval infestation was augmented by releasing 20 labora-
tory-reared S. exigua second instars per plant. All applica-
tions were made using a compressed-air hand sprayer
(Matabi 7®, Antzuola, Guipuzcoa, Spain) and all applica-
tions included 0.05% Agral wetter-sticker. All plots were
treated with 750–800 ml of each spray treatment to run oV,
which is equivalent to the standard volume of spray appli-
cation used in greenhouse crops in the region (500–1000 l/
ha).

Between 12 and 25 S. exigua larvae were randomly col-
lected by hand from plants in each plot at time point 0
(before application), and at 2, 5 and 8 days after applica-
tion, and reared in the laboratory in 25  ml plastic cups with
artiWcial diet at 25 °C until death or pupation. Virus mortal-
ity was registered daily. Percentage mortality was calcu-
lated for each treatment, normalized by arcsine
transformation and subjected to repeat measures analysis
of variance (ANOVA) in SPSS ver.12.0 (SPSS, Chicago,
IL). The characteristics of the variance–covariance matrix
were examined for this and all subsequent multivariate
analyses by applying Mauchly’s sphericity test (Stevens,
2001). The signiWcance of treatment eVects at each sample
time were determined by within-subject pairwise compari-
sons among the estimated marginal means with Bonferroni
correction.

2.4. Persistence of OBs on leaf surfaces

To evaluate the inXuence of optical brightener on the
persistence of SeMNPV OBs on sweet pepper foliage,
leaves were selected at random from the upper or lower
halves of the plant at 1 h after application, and at 2, 5 and
8 days after spray application. Each sample involved six
leaves randomly collected from each half of the plant
among the 10 plants in each plot. Six replicate plots of each
treatment were evaluated. These leaves were placed in
labeled polythene bags, immediately frozen and stored at
¡20 °C until use. Apical leaves that appeared and expanded
following spray application were not sampled to avoid
errors from analyzing foliage that had not been treated
with OBs. Similarly, leaves that were obviously contami-
nated by infected corpses of larvae were also rejected for
sampling.

The density of viable OBs on leaf samples was estimated
by bioassay. Batches of frozen leaves (6 leaves/sample) were
triturated in a blender and 10 g (wet weight) were mixed
with 40 g of artiWcial diet containing 0.1% leucophor AP.
All bioassays included leucophor AP in the mixture to
avoid the possible variation of activity caused by traces of
the optical brightener residue that could be present on leu-
cophor treated foliage. The mixture was agitated and
spread in a Petri dish, allowed to solidify and fed to groups
of 30 second instar S. exigua. Virus mortality was recorded
1 week after larvae had been transferred to the diet.

The relationship between the prevalence of mortality
observed in the bioassay and the density of viable OBs on
leaf surfaces was determined by calibration of the bioassay.
A calibration curve was obtained by bioassay of 10 g sam-
ples of homogenized leaves, mixed with one of four diVer-
ent quantities of OBs (5£ 104, 5£ 105, 5£ 106, and 5£ 107

OBs), and stirred thoroughly into artiWcial diet containing
0.1% leucophor AP. Leaves for the calibration curve had
been collected in untreated areas of the greenhouse and fro-
zen at the same time as the experimental leaf samples. The
relationship between foliar wet weight and surface area was
established by weighing and measuring the surface of 20
groups of four randomly selected leaves. This was achieved
using the image analysis program (WINDIAS, Delta-T
devices Ltd, Cambridge, UK). The density of OBs on
foliage could then be estimated by comparing the percent-
age mortality of virus treatments, in larvae that consumed
diet + experimental leaf samples with the resulting calibra-
tion curve. Mortalities of larvae from each replicate were
corrected for control mortality by applying Abbott’s (1925)
formula. Estimated OBs density were normalized by loge
transformation and subjected to repeat measures ANOVA
in SPSS ver.12.0.

2.5. Optical brightener eVects on plant growth

Four diVerent concentrations of leucophor AP were eval-
uated to determine the eVect of this product on plant growth.
Sweet pepper plants were planted in plots of 1£1m in an
800m2 greenhouse in the experimental center of “La Mojon-
era”, Almeria, Spain. Spray applications were performed in
July 2004. Leucophor AP was diluted in sterile water to
obtain concentrations of 0.1%, 1.0% and 5.0% (vol/vol). A
control treatment, with water alone, was used as the refer-
ence treatment. All applications included 0.05% Agral wetter-
sticker. Thirty plants were individually sprayed with each
concentration of leucophor AP using a compressed-air hand
sprayer (Matabi 7®, Antzuola, Guipuzcoa, Spain) to run-oV.
Plant height, plant dry weight and the number of leaves per
plant were determined at 14days after spraying. Two plants
were lost during the experiment. Results were subjected to
multivariante ANOVA using SPSS ver.12.0.
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2.6. Greenhouse UV measurements

The intensity of UV-B radiation was determined in the
range 280–315 nm using a portable spectroradiometer
(model IL1400A, International light Inc., Newburyport,
MA) Wtted with a solar blind vacuum photodiode detector
(SEL240/SPS300/T/W) from the same manufacturer. Read-
ings were taken at randomly selected points outside and
inside commercial greenhouses of the Almeria region. All
measurements were performed between 12 and 20 Septem-
ber 2005, on sunny, cloudless days. The following measure-
ments were taken:

(a) Daily variation in solar UV-B radiation
The intensity of solar UV-B was measured simulta-

neously every hour from 1000 to 1800 h in the exterior and
interior of Wve diVerent commercial greenhouses to esti-
mate the pattern of changes in UV-B intensity during the
day. Internal greenhouse measures were taken at ground
level in the central corridor of each greenhouse. External
measurements were made at ground level at a distance of 3–
4 m from the greenhouse door.

(b) Variation in UV-B intensity between greenhouses
UV-B radiation values were measured inside Wve diVer-

ent greenhouses in the experimental center “Las Palmeril-
las” in Almeria. Another 15 values were registered outside
the greenhouses in direct sunlight at the same time. The
greenhouses were unplanted at the time of measurement
and diVered in orientation and structure. Four of the Wve
greenhouses were covered with a lifespan plastic Wlm and
the other covered with a polymethacrylate structure and a
shade cloth. Measurements were taken between 1330 and
1430 h, corresponding to the maximum observed daily UV-
B intensity. Spectroradiometer readings between green-
houses were subjected to ANOVA in SPSS ver.12.0.

(c) Variation in UV-B in diVerent parts of the sweet pepper 
crop

Incident UV-B was measured for 20 randomly selected
sweet pepper plants (1.6 m height) at four randomly
selected points: (a) at the top of the plant canopy, (b) in the
central part of the upper crop canopy, (c) in the central part
of the lower crop canopy and (d) at soil level in the corridor
between plants. Measurements were performed in four
diVerent commercial greenhouses between 1330 and 1400 h.
Results were subjected to non-parametric Kruskal–Wallis
test.
3. Results

3.1. Laboratory activity of SeMNPV + leucophor AP 
mixtures

No mortality was observed in untreated controls or in
insects treated with optical brightener alone. LC50 values
were reduced from 57.3 OBs/mm2 diet surface for insects
treated with SeMNPV alone to 2.29 and 0.01 OBs/mm2 in
the presence of 0.1% and 1% leucophor AP, respectively
(Table 1). Concentration-mortality regression lines for
SeMNPV alone and SeMNPV + leucophor AP could not
be Wtted in parallel, therefore, relative potency was calcu-
lated as the ratio of LC50 values (Robertson and Priesler,
1992). The potency of SeMNPV in fourth instars was
increased 25 times and 5731 times in mixtures containing
0.1% and 1% leucophor AP, respectively.

3.2. EYcacy of formulations in greenhouse conditions

A total of 754 S. exigua larvae were recovered from
greenhouse plots, all of which were third, fourth and Wfth
instars (Fig. 1). Average virus mortality of control larvae
varied from 2.7% and 9.9% depending on time point, indi-
cating the natural presence of SeMNPV in the insect popu-
lation. Mortality in larvae collected from virus and

Fig. 1. Prevalence of virus mortality of Spodoptera exigua larvae collected
from greenhouse sweet pepper plants at 2, 5 and 8 days after application
and reared in the laboratory until death or pupation. Mortality of insects
recovered from plants treated with lufenuron was not due to virus infec-
tion. Average (§SE) sample size in each collection of larvae was
75.0 § 11.4 insects per treatment. Bars labeled with identical letters were
not signiWcantly diVerent for comparisons between treatments within each
sample (repeated measures ANOVA with intra-subject pairwise compari-
son of estimated marginal means, P > 0.05 Bonferroni correction).
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Logit regression analysis of concentration-mortality response of fourth instar Spodoptera exigua inoculated with SeMNPV alone and with leucophor AP
by the diet surface contamination method

a Calculated as the ratio of LC50 values compared to SeMNPV OBs alone.

Treatment Slope (§SE) LC50 (OBs/mm2) Range of 95% CI Relative potencya

SeMNPV 0.589 § 0.08 57.31 43.92–76.59 1
SeMNPV + 0.1% Leucophor AP 0.948 § 0.09 2.29 1.73–3.03 25.02
SeMNPV + 1% Leucophor AP 0.561 § 0.12 0.01 0.004–0.019 5731
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chemical treatments diVered signiWcantly from that of the
control (F3,19D54.1, P < 0.001). Formulation of SeMNPV
with 1% leucophor AP resulted in a signiWcant increase in
the prevalence of mortality in larvae collected at 2 days
post-application and reared in the laboratory until death,
compared to SeMNPV alone, whereas at 5 or 8 days post-
application, SeMNPV alone, or in formulation with optical
brightener, both resulted in »90% mortality in insects col-
lected and reared in the laboratory until death
(treatment¤ time interaction F6,38D3.09, PD 0.014). In con-
trast, the insect growth regulator lufenuron performed
poorly. This chemical insecticide applied at the recom-
mended rate resulted in less than 45% mortality in insects
reared in the laboratory, highlighting the problem of pest
resistance to commercially available pesticides in this
region.

3.3. Persistence of OBs on leaf surfaces

Virus mortality in control larvae fed mixtures of
untreated leaves + diet varied from 0.1% to 11.2%, indicat-
ing a low presence of naturally occurring OBs. A logit
regression (yD0.8130x¡12.07) of larval mortality on the
density of viable OBs (OBs/mm2 leaf surface) was per-
formed based on a total area (upper + lower leaf surfaces)
of 82,500 mm2 for the 10 g leaf samples used to calibrate the
assay. The proportion of virus mortality observed in insects
that fed on foliage + diet mixtures was inserted into the
regression equation to estimate the number of viable OBs
present on foliage samples, and thus, their density on a
given area of foliage. The density of viable OBs immedi-
ately after spraying was estimated to be approximately
180–200 OBs/mm2 and did not diVer initially according to
leaf location or formulation (Fig. 2A and B). Mortalities
observed in larvae that fed on leaves sampled at 5 days
post-application were equivalent to about 34 OBs/mm2 in
the upper crop canopy (Fig. 2A) and equivalent to 122 OBs/
mm2 in the lower crop canopy (Fig. 2B). The reduction in
activity over time was greater in leaves sampled from the
upper crop canopy compared to those from the lower part
of the plant (F1,20D 7.26, P < 0.014). Formulation of SeM-
NPV with optical brightener did not increase virus persis-
tence compared with the virus alone (F1,20D0.021,
PD 0.885). Eight days after application a small increase in
the density of viable OBs was observed in upper canopy
foliage that was probably due to contamination of leaves
by OBs from infected cadavers that died on upper parts of
the plant.

3.4. Optical brightener eVects on plant growth

Mean (§SE) plant height varied from 30.5§ 0.8 cm for
plants treated with 1% leucophor AP to 32.6§1.1 cm for
plants treated with 0.1% leucophor AP. Mean plant bio-
mass (dry weight) varied from 41.6§3.4 g for plants treated
with leucophor AP to 47.8§3.6 g in the control plants.
Mean number of leaves per plant varied from 37.5§1.9 for
plants treated with 1% leucophor AP to 46.2§3.3 for con-
trol plants. The application of diVerent concentrations of
leucophor AP (0.1%, 1.0% and 5.0%) on the foliar surface
did not signiWcantly aVect sweet pepper plant height, bio-
mass or number of leaves, measured at 14 days post-appli-
cation, compared to control plants (MANOVA, Pillai’s
trace F9,342D1.419, PD 0.18).

3.5. Greenhouse UV measurements

The highest intensity of incident UV-B radiation (75–
85�W/cm2) outside greenhouses was observed between
1300 and 1400 h each day that readings were taken
(Fig. 3A). The intensity of UV-B radiation inside green-
houses during the same period was reduced by 75–95% of
that of the external incident UV-B, with values in the range
of 4–20 �W/cm2 due to the Wltering eVect of the plastic
sheeting.

A survey of Wve diVerent greenhouse structures indicated
that greenhouses diVered signiWcantly in UV-B transmis-
sion (F4,70D366, P < 0.001) with average (§SE) values in
greenhouses constructed of polyethylene plastic Wlms
between 7§0.24 and 17.8§0.33 �W/cm2, compared to
3.4§ 0.33�W/cm2 in the greenhouse constructed of poly-
methacrylate (exterior UV-B intensity while readings were
taken was 76.75§3.81 �W/cm2).

SigniWcant diVerences were also observed in UV-B inten-
sity in diVerent parts of the crop (Kruskal-Wallis HD 27.85,
dfD3, P < 0.001), despite signiWcant diVerences between
greenhouses (Kruskal-Wallis HD16.98, dfD3, PD0.001).

Fig. 2. Variation of the density of viable occlusion bodies (OBs) on leaf
surfaces over time in leaves sampled from (A) upper crop canopy and (B)
lower crop canopy. OB densities were estimated by a calibrated laboratory
bioassay. Numbers in parenthesis above the bars indicate the percentage
of virus mortality observed in each bioassay.
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Measurements taken in the upper crop canopy were always
higher than observed in other parts of the plants (Fig. 3B).
Summer whitewash treatment reduced UV-B penetration
compared to the unwhitewashed greenhouses that were
used to measure daily variation in UV (Fig. 3A) and the
inXuence of plastic verses polymethacrylate structure.

4. Discussion

The present study aimed to determine the eYcacy of
SeMNPV alone and in mixtures with an optical brightener
for control of S. exigua larvae in greenhouse conditions.
The laboratory LC50 of SeMNPV in fourth instar S. exigua
was reduced by 25-fold and 5731-fold when present in mix-
tures with 0.1% and 1% leucophor AP, respectively. A posi-
tive relationship between brightener concentration and the
potentiation of nucelopolyhedrovirus pathogenicity has
been established previously (Martínez et al., 2003; Shapiro
and Argauer, 1997; Thorpe et al., 1999; Zou and Young,
1996). The degree of optical brightener potentiation also
tends to be greater in late instars that are normally more
resistant to baculovirus infection than their younger coun-
terparts (Hamm, 1999). These results are consistent with

Fig. 3. Measurement of intensity of incident UV-B radiation. (A) Daily
variation of incident UV-B radiation inside and outside greenhouses; (B)
Intensity of UV radiation measurements in diVerent part plants of sweet
pepper crops in four diVerent greenhouses in Almeria measured at 1330–
1400 h.
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those reported previously for S. exigua inoculated with
SeMNPV in mixtures with Tinopal LPW (Hamm and
Chandler, 1996; Murillo et al., 2003) or Blankophor HRS
(Shapiro and Argauer, 2001), wherein LC50 values were
reduced by between 144- and 876-fold depending on the
brightener, host instar and method of inoculation.

Application of 1£ 1012 OBs/ha SeMNPV in greenhouses
resulted in excellent control of S. exigua larvae, exceeding
that reported in preliminary greenhouse trials in Spanish
sweet pepper crops (Belda et al., 2000). Similar rates of
application have proved to be highly eVective for S. exigua
control on tomato (Smits et al., 1987) and ornamentals
(Young and McNew, 1994), whereas lower rates of applica-
tion (3£ 1011 OBs/ha) have proved to be very eYcient in
chrysanthemum (Bianchi et al., 2000b) and other horticul-
tural crops (Kolodny-Hirsch et al., 1997).

Compared to SeMNPV alone, application of SeMNPV
in mixtures with 1% leucophor AP resulted in increased
mortality only in those larvae collected at 2 days post-appli-
cation and reared in the laboratory until death. This sug-
gests that the optical brightener formulation increased the
rate of acquisition of lethal infection compared to larvae
that fed on foliage treated with OBs alone. By combining
data from various studies involving the application of
5£ 1011 OBs/ha of SeMNPV on chrysanthemum, Smits
(1986) estimated that virtually 100% of Wrst to fourth
instars acquired a lethal infection within 48 h of applica-
tion, whereas about 80% of Wfth instars became infected
during the same period. Since Wfth instars are much less
sensitive to SeMNPV than early instars (Bianchi et al.,
2000a; Smits and Vlak, 1988), applications against popula-
tions of S. exigua late instars results in poor control (Bian-
chi et al., 2002). Susceptibility to infection may also change
over periods of 24 h or less, depending on the physiological
conditions of the larvae (Teakle et al., 1986).

Optical brightener formulations appear to improve the
rate of virus acquisition but whether this is reXected in cor-
responding improvements in the degree of crop defoliation
remains to be determined. Evidently, the rate of acquisition
of infection in baculovirus formulations with optical
brighteners merits further study. In all cases, the prevalence
of mortality in larvae from virus treatments was signiW-
cantly greater than observed with the lufenuron chemical
treatment, probably due to pest resistance.

About 90% of solar UV-B radiation is reXected or
Wltered by the plastic structure of the greenhouse. We
therefore expected that the rate of inactivation of OBs
applied inside greenhouses would be considerably less
than would occur in unprotected Weld crops. Over 60% of
the original virus activity remained on sweet pepper
plants at 5 and 8 days after application. Similar results
were observed following application of Trichoplusia ni
nucleopolyhedrovirus in collard plants in glasshouse con-
ditions: 63% of the original virus activity remained after
5 days in comparison with 32% on plants exposed to open
Weld conditions and 83% on plants reared in a dark room
(Jaques, 1967).
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The persistence of SeMNPV OBs in greenhouse condi-
tions was signiWcantly aVected by the intensity of UV radia-
tion that reached each part of the crop (Fig. 3B). Killick
and Warden (1991) reported that the shading of lodgepole
pine, Pinus cordata (Loud.), foliage provided by upper
branches decreased the overall UV exposure of virus depos-
its on many plant surfaces, especially in larger trees. Simi-
larly, our UV-B measurements in sweet pepper revealed
that virus persistence was signiWcantly greater on the lower
crop canopy than on the upper part of the plant. Other
authors have reported diVerences when comparing virus
persistence on the upper and lower leaf surface, as a direct
consequence of the intensity of incident UV radiation
(Peng et al., 1999; Yearian and Young, 1974; Young and
Yearian, 1989). Plastics with selective UV transmission
properties may also aVect the population densities of other
pests including whiteXy, aphids and thrips in covered vege-
table crops (Costa et al., 2002).

The contribution of other factors to the inactivation of
baculoviruses on plants under Weld conditions appears to
be insigniWcant when compared to sunlight (Young and
Yearian, 1986). Few studies have been published on the
eVect of temperature on the persistence of virus on host
plants. Laboratory tests suggest that temperatures of 40 °C
or higher for extended periods inactivate baculoviruses.
However, high temperatures may also increase the sensitiv-
ity of OBs to UV radiation (McLeod et al., 1977). Air tem-
peratures in the greenhouses of Almeria frequently attain
40 °C at midday during the summer months, despite white-
wash treatments and abundant ventilation, although we
observed good persistence of OBs despite high air tempera-
tures.

In conclusion, laboratory studies indicated that leuco-
phor AP signiWcantly reduced the quantity of OBs needed
to cause a lethal infection in fourth instar S. exigua. The
low cost of leucophor AP (»US$5/kg) may facilitate its use
in SeMNPV formulations to improve the control of late
instar larvae and increase the rate of acquisition of the
infection, with corresponding beneWts for the severity of
crop damage by this pest on greenhouse crops. The optical
brightener had no signiWcant eVects on plant growth fol-
lowing single applications at concentrations up to 5%. This
agrees with the study of Goulson et al. (2003) who observed
25–40% reductions in the growth of monocots following
two applications of optical brightener but no signiWcant
eVects on the growth of dicotyledonous species. SeMNPV
provided excellent control of S. exigua infestations in
greenhouse sweet pepper crops in Almeria, whereas the
insect growth regulator lufenuron performed poorly, prob-
ably because of pest resistance. We suggest that SeMNPV
should be adopted as a biological insecticide in greenhouses
of this region.
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